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1.INTRODUCTION

1. INTRODUCTION

This PhD thesis is focused on the characterization of lanthanide ions-doped nano-
perovskites under extreme conditions of pressure or temperature for potential applications
in photonics and optical sensors. It was performed bewteen April 2015 and April 2018 at
Departamento de Fisica of Universidad de La Laguna in order to achieved Doctor degree
in “Astrofisica especialidad en Estructura de la Materia”. This thesis was carried out
under supervision of Dr. Ulises Ruyméan Rodriguez Mendoza and the tutelage of Dr.
Inocencio Rafael Martin Benenzuela, and was supported by Ministerio de Economia y
Competitividad (MINECO) of Spain under National Program of Materials (MAT2013-
46649-C4-3-P, MAT2013-46649-C4-4-P, MAT2015-71070-REDC, MAT2016-75586-
C4-3-P, and MAT2016-75586-C4-4-P) and by the EU-FEDER fundes. | want to thank
MINECO for the FPI (Formacion de Personal Investigador) grant (BES-2014-068666).

The present thesis has been written in the “compendium of published articles” format,
and it is formed by five parts. Firstly, a general introduction about the state of the art and
objectives of this work. Secondly, a theoretical background of the techniques used during
the thesis period. Thirdly, all experimental methods needed to carry out this study. In the
fourth place, the article compendium with an explanation of each paper developed in this

thesis. Finally, the conclusions.

The papers which compose the compedium, with the position of each journal within its

field, are listed below:

I. M.A. Hernandez-Rodriguez, A.D. Lozano-Gorrin, I.R. Martin, U.R. Rodriguez-
Mendoza and V. Lavin “Spectroscopic properties of Nd** ions in YAP nano-
perovskites”, Journal of Luminescence 188 (2017) 204-208. (OPTICS, Q2 (25/92)).

Il. M.A. Hernandez-Rodriguez, V. Monteseguro, A.D. Lozano-Gorrin, F.J.
Manjon, J. Gonzalez-Platas, P. Rodriguez-Hernandez, A. Mufioz, V. Lavin, |L.R.
Martin and U.R. Rodriguez-Mendoza “Structural, Vibrational, and Elastic Porperties
of Yttrium Orthoaluminate Nanoperovskite at High Pressures” Journal of Physical
Chemistry C 128 (2017) 15353-15367. (CHEMISTRY, PHYSICAL, Q1 (31/146);
NANOSCIENCE & NANOTECHNOLOGY, Q2 (25/86); MATERIALS SCIENCE,
MULTIDISCIPLINARY, Q1 (43/274)).
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1.INTRODUCTION

IIl. M.A. Hernandez-Rodriguez, A.D. Lozano-Gorrin, L.R. Martin, U.R.
Rodriguez-Mendoza and V. Lavin “Comparison of the sensitivity as optical
temperature sensor of nano-perovskite doped with Nd3* ions in the first and second
biological windows” Sensors & Actuators B: Chemical 255 (2018) 970-976.
(CHEMISTRY, ANALYTICAL, Q1 (6/76); ELECTROCHEMISTRY, Q1 (3/28);
INSTRUMENTS & INSTRUMENTATION Q1 (2/58)).

IV. M.A. Hernandez-Rodriguez, A.D. Lozano-Gorrin, V. Lavin, U.R. Rodriguez-
Mendoza and I.R. Martin “Yttrium orthoaluminate nanoperovskite doped with Tm®*
ions as upconversion optical temperature sensor in the near-infrared” Optics Express
25 (2017) 27845-27856. (OPTICS, Q1 (17/92)).

V. Miguel A. Hernandez-Rodriguez, Juan E. Mufioz-Santiuste, Victor Lavin,
Antonio D. Lozano-Gorrin, Placida Rodriguez-Hernandez, Alfonso Mufioz, Vemula
Venkatramu, Inocencio R. Martin and Ulises R. Rodriguez-Mendoza “High pressure
luminescence of Nd** in YAIOs nano-perovskites. A crystal-field analysis” Journal of
Chemical Physics in press (2018). (CHEMISTRY, PHYSICAL, Q2 (65/146);
PHYSICS, ATOMIC, MOLECULAR & CHEMICAL, Q2 (10/36)).

VI. M.A. Hernandez-Rodriguez, U. R. Rodriguez-Mendoza, V. Lavin, J.E. Mufioz-
Santiuste, I. R. Martin and A.D. Lozano-Gorrin “High pressure sensitivity of anti-
Stokes fluorescence in Nd** doped yttrium orthoaluminate nano-perovskites ” Journal
of Luminescence 196 (2017) 20-24. (OPTICS, Q2 (25/92)).

The main goal of these papers is the complete characterization of lanthanide ions-doped
nano-perovskites at ambient conditions and extreme conditions of temperature or
pressure. The two first papers represent the first steps regarding the initial characterization
of undoped nano-perovskites and doped nanoperovskites. The article | allowed to define
the optimal thermal treament during sol-gel synthesis of nano-perovskites, by means of
optical measurements in order to obtain pure chemical perovskite phase, and the article
Il includes an extensive structural, vibrational and elastic properties characterization of
undoped nano-perovskites from ambient to extreme conditions of pressure. Articles 111
and 1V comprise one of the main part of this thesis (PhD) regarding the analysis of the
viability of nano-perovskites doped with lanthanide ions, specifically in Tm®* and Nd**
ions as optical temperature sensors working in the NIR. Finally, the fifth and sixth papers
suppose the last part of the experimental results of this thesis, focusing on the analysis of
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1.INTRODUCTION

the viability of nano-perovskites doped with Nd** ions, i.e. YAIO3 nano-perovskite doped
with 1 mol % Nd®* ions as optical pressure sensors working in the NIR. In addition, a
detailed crystal-field analysis was also performed in article V.

The combination of the outstanding luminescence properties of lanthanide ions doped
nano-perovskite and the mechanical and chemical stability of the nano-perovskites makes
them useful for a variety of applications, such as, optical applications, optical pressure

sensors and optical nano-thermometers.

1.1. State of the art
1.1.1. What is an optical sensor?

A sensor is defined as “a device that detects and responds to some type of input from the
physical environment”, in the case of optical sensors, optical properties of a certain
material, which can be, for instance, its absorption or emission spectra, lifetimes...,
depend strongly on the environment conditions of temperature, pressure, pH, etc. Hence,
when these parameters undergo changes, then the optical response of the material is
automatically altered. This peculiar behaviour leads to the well-known optical sensors,
which are being developed for their application as probes to detect physical or chemical
fluctuations, when the environment conditions changes respect to their initial ones.

Generally, two elements are required to develop an optical sensor (see Fig. 1.1):

i) An optically active material that acts as a probe which is place at the place
of interest.

i) A measuring system, usually composed by a low pump power laser source
for the excitation and an optical detector which is attached to a

spectrometer.

As opposed to other similar devices, such as thermocouples or pH-meters, an optical
sensor does not need any physical connections such as wires between the optically active
material and the detector, since the electromagnetic radiation does not need any specific
guiding system for its propagation. Nonetheless, the optically active material
luminescence can be focused on an optical fiber in order to guarantee a better
measurement, being this the third element that can be considered in the development of
optical sensors [1].
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Low power
laser source

Optical
detector

Fig. 1.1. Simple diagram of an optical sensor and its elements.

Optically active material

In these devices, the fluctuation of a physical or chemical magnitude from an initial
condition to a final one is recorded as a variation of the luminescence response. This
response can be translated into in different ways, such as changes in the spectral position,

band shape, intensity, bandwith and even lifetime [2] (see Fig. 1.2).

Initial condition
Final condition

Spectral position Band shape

Wavelength Wavelength

Inten sity Bandwidth

Wavelength Wavelength

Polarization Lifetime

Emitted intensity (arb. units)

Wavelength

Fig. 1.2. Different luminescent responses of an optical sensor due to fluctuations of physical or chemical magnitudes
of the environment.

1.1.2. Optical pressure sensors

Matter under extreme conditions of pressure is a subject that gathers many fields of
science, such physics, geology, biology, chemistry and even material science with a
common objetive which is mimicking and understanding the processes and phenomena
that happen in the interior of the planet Earth and any other planetary object. These
phenomena usually involve phase transitions, chemical reactions or microbioligal
activities. In this sense, high pressure technique results to be a really powerful tool that
allows the scientist to control in a reversible way, the volume of a sample and, thus,

controlling also its chemical, magnetic and optical properties.

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por:

MIGUEL ANDRES HERNANDEZ RODRIGUEZ Fecha: 01/02/2018 12:01:36

UNIVERSIDAD DE LA LAGUNA

ULISES RUYMAN RODRIGUEZ MENDOZA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 12:06:33

INOCENCIO RAFAEL MARTIN BENENZUELA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 14:40:10

ERNESTO PEREDA DE PABLO
UNIVERSIDAD DE LA LAGUNA

15/02/2018 14:03:46

117217



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada

N° registro:

2018/3184

N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

1.INTRODUCTION

Generally, the pressure on a certain material is induced by using a pressure cell, whose
design differs depending on the working pressure range to be achieved [3].

In order to achieve the highest posible pressures without shattering the anvils, diamond
was used. This is not only the hardest material in the Earth, it also presents unique features
for high pressure experiments as is its transparency in the optical UV-VIS-NIR and in the
range of hard X-rays. In addition, diamond has an extraordinary thermal conductivity
which allows experiment with temperature and pressure simultaneously. The principles
of the current diamond anvil cells (DAC) are similar to the Bridgman’s anvils [4], i.e. a
sample placed between the flat parallel faces of two opposed diamond anvils (see Fig.
1.3) is undergone to pressure when a mechanical force pushes these two anvils together.
Besides, the versatility to generate pressure due to new devices, including the possibility
as well of observing the properties of a material under pressure just by using a microscope
as main features of DACSs, allow performing a wide variety of studies in a wide pressure
and temperature ranges, such as, structural characterization by X-ray diffraction,
absorption and fluorescence; as well as vibrational experiments using Raman
spectroscopy, etc. Accordingly, DACs have become the most useful ultra-high-pressure
device which allow scientists discovering of new states of matter and understand the basic

physics linked to ultra-high-pressure phenomena.

Force Force

E M radiation

Pressure
Media _—~Ruby

Force Force

Fig. 1.3. Scheme of a current pressure DAC with its components.

In general, current DACs setup is very straightforward. Briefly, a thin metal sheet
(gasket), with a thickness size around 200-250 pm, pre-indented by own anvils with a
centered drilled hole together with the diamons themselves constitutes what is called the
hydrostatic chamber or cavity (see Fig. 1.3). The sample is introduced in this cavity along
with the pressure transmitting medium (PTM) and the pressure sensor. The hydrostatic
chamber size is conditioned by the pressure range that is going to be achieved, so that a
high pressure on the order of tons of GPa, the size must be very small around of 100 pm

diameter and 50 um high.
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1.INTRODUCTION

Concerning the PTM, its choice depends on its chemical reactivity with the sample and
its structural behavior. Usually, a solution of methanol: ethanol: water (16:3:1) is the most
commonly used as PTM, which a hydrostaticity limit around 10 GPa. However, pressures
that exceed 10 GPa another kind of PTM is required, such as argon, nitrogen, hydrogen,
etc [3].

The determination of the pressure inside the hydrostatic sample chamber of the cell,
requires a calibrated standard. The transparency of the anvils in the optical range allows
to estimate the working pressure via an in-situ, indirect measurement of the calibrated
pressure-sensitive luminescence of an optically ion, i.e. transition metal or lanthanide, in
amicro-sized or nano-sized crystalline host located in the sample chamber. These sensors
are called as optical pressure sensors.

Regarding the ideal pressure sensor, there are some requirements that have to be satisfied
in order to be used in high pressure experiments, described by Barnett et al. [5]. These

requirements are:

i) Optical pressure sensor must have a single and isolated emission line from the
whole spectrum.

ii) The broadening of the emission line must be neglectable small.

iii) The emission line shift must be strongly-dependant with the pressure.

iv) Simultaneously, its temperature dependence must be neglectable or very
small.

V) For higher sensitivity or accuracy, line width must be insignificant compared
with the displacement of the latter.

vi) Host matrix must be very stable at high pressures and temperature.

The most employed optical pressure sensor since its discovery in 1973, is the Cr®*: Al,Os
(ruby), in which pressure is determinate by monitoring the redshift of the Ry (692.7 nm)
and Ry (694.2 nm) bands (E—*A;). The main advantage of this sensor are its
fluorescence efficiency and large shift of the emission bands compared with its width
when the pressure increases. On the other hand, chromium (Cr®*) ion fluorescence can be
obtained by exciting with conventional lasers (Ar+, diode laser or solid state) and
recording it with straightforward detection equipments.

Nonetheless, ruby has several drawbacks which are:

i) Notably temperature induced broadening which leads to the overlap between
R1 and Rz emission lines.
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ii) Large inhibition of the emission above 500 °C.
iii) Low sensitivity below 1 GPa, a range specifically relevant for biologic
systems.

iv) Possible overlap of its emission with the sample fluorescence [6].

Considering the requirements for the ideal optical pressure sensor, the search of the
viability of lanthanide ions fluorescence in different host materials as alternative have
become in a relevant issue.

The main feature of the lanthanide (Ln®*) ions is the 4f-electrons shielding which leads
to lesser sensitivity to the environment and thus sharper absorption and emission covering
UV-Visible-NIR than those of the 3d-electrons Cr3*,

The first detailed study in which the Ln3* ions fluorescence was used as optical pressure
sensor was performed by Barnett et al. [5] in 1973, who studied the luminescence of
neodymium (Nd®*) ion in yttrium aluminium perovskite crystal (YAIOs or YAP) matrix,
object of study of this PhD. The pressure and temperature dependence were measured
and compared with those obtained for the YAIOs and Y3AlsO1, doped with Cré*, The
results of the study stated that Nd* ion emission lines shift with pressure were smaller
than those obtained for Cr®* ions. However, temperature broadening of Nd3* lines were
notably lesser than Cr3* ones.

Later, in 1989 an alternative to ruby was considered and studied by Lacam et.al whose
work focused on the SrB4O7 doped with Sm?* ions [7]. The advantage of employing the
former ion is that it has a narrowed, isolated and intense emission singlet line associated
to the SDo —"Fo transition. In addition, the pressure shift of this singlet is similar to ruby’s.
With these features many other works were possible, extending the calibration of this
sensor up to megabar range in 1990 [8] and also calibrated above 120 GPa in 1997 [9]
and more recently in 2013 [10].

Following years, other host materials doped with Sm®* ions were investigated, for
instance, YAG: Sm*" under extreme condition of pressure and/or temperature. The
evolution of the doublet Y1 (618 nm) and Y2 (616 nm) of Sm** with pressure at room
temperature up to 180 GPa [11] was analyzed and it was found that the pressure-induced
shift peak was comparable to the ruby’s. Simultaneously, it was found that the
temperature-induced shift was notably smaller than ruby’s. In fact, experiments above
673 K (400 °C) at 25 GPa stated that was possible determinate the pressure from Sm3*

without any temperature correction in this range [12]. Calibration up to 338 GPa at room
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1.INTRODUCTION

temperature [13,14] and more recently, up to 120 GPa at 1246 K (973 °C) were carried
out [15].

Interesting experiments in high-pressure conditions were carried out in yttrium Nd®*-
doped gadolinium (YGG) and gadolinium gallium (GGG) and especially gadolinium
scandium gallium (GSGG) garnet co-doped with Cr®* in which the R1,2(*Far2) — Z1(*lsr2)
emission lines associated to the transition *Fs — *lo2 for their use as optical pressure
sensor working in the NIR [16,17].

So far, many studies in different crystal garnets doped with Nd** ions at high pressure
have also been performed, such as LazLu>GasO12 (LLGG) [18], YAG [19] and GGG [20],
paying special attention to the emission lines associated to the R1,2(*Fa2) — Zs(*loi2) Stark
transition.

However, few works have been done concerning the perovskite-based materials doped
with Ln3* working as optical pressure sensor, beyond the studies done by Barnett and Hua
[5,21]. Not to mention the overall lackness of studies focused on Ln®* doped-
nanostructured materials at high pressure conditions. To the best of my knowledge, there
are not many studies focused on nanoperovskites doped with Ln** working as optical
pressure sensor [22,23].

1.1.3. Optical temperature sensors

Temperature is probably the most relevant parameter in all kinds of science. Futhermore,
the accurate measurement of this parameter is an issue that must be considered. Sensors
in general are widely employed in daily life, metrology, climate and marine research,
medicine, biology, air condition, in practicaly all devices for heating and cooling, in
production plants and the storage of food, etc. Statistically, the share of sensors for
temperature amounts almost the 70-80% of the world sensor market [24]. There are many
types of thermometers, such as: i) liquid-filled glass thermometers based on the materials
thermal expansion [25]; ii) thermocouples based on the Seebeck’s effect [26]; iii) optical
sensors [27].

In the sense of environmental and health issues, there is a tendency to substitute classic
liquid-filled thermometers by another alternative, the thermocouples.

The former ones are non-toxic, very straightforward to use and have a vast analytical
range (3 to 3300 K approximately) with good accuracy. In addition, the signals can be
easily digitized [24]. Considering these feature, they have become the most often used
industrial sensors. However, they are not exempt of many drawbacks, such as
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1.INTRODUCTION

thermocouples and related systems require an electrical link to the sensor at the sampling
site. They also have limitations if applied in corrosive environments, and are strongly
affected by interference from electromagnetic fields. Not to mention that contact
measurements require convective heat transfer and thus need to reach equilibrium
between the sensor and the object. This can alter the sample temperature during the
measurement, especially if the size of the sample is small compared to the sensor head.
Classic bimetallic and liquid-filled thermometers, pyrometers, thermocouples and
thermistor are not suitable for temperature measurement with small spatial resolution
below ~10 um, whose dimension is common in cellular systems, for instance.

Optical sensors for temperature, in contrast to other thermometers, do not need any
physical connections such as wires between the optically active material and the detector,
since the electromagnetic radiation does not need any specific guiding system for its
propagation as it was mentioned in the section 1.1 of this thesis.

The characterization of these devices is a relative novel field of research with potential
applications in different disciplines such as chemistry, biomedicine or electromagnetism,
in which limitations such as the working range, a slow response or a high sensitivity to
electromagnetic interferences of conventional sensors, such as thermocouples or
pyrometers, need to be overcome [28-30].

Temperature determination in these devices are based on the existence of two emitting
levels of an optically active ion which are close enough each other in energy to be
considered in quasi-thermal equilibrium. One of the most employed technique to calibrate
an optical temperature sensor is known as the fluorescence intensity ratio technique (FIR),
R, which calculates the ratio of the areas under the emission bands of these two close
energy thermalized levels as a function of the temperature, which is proportional to their
transition energies, emission cross-sections and population distributions, and follows a
Boltzmann-type distribution [28-30]. The former technique possesses the advantage of
reducing the influence of the measurement conditions leading to a relative simple
experimental setup. In order to develop an optical temperature sensor, two requirements
should be considered:

i) Selection of a suitable optically active ion.

i) The host material in which the optically active ion is embedded.

Concerning the optically active ion, the first option would be the transition metal ions due
to their high temperature sensitivity. Nonetheless, their luminescence decreases notably
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1.INTRODUCTION

with the temperature [31]. An alternative option to metal transition ions is the used of
Ln®* ions, which present high efficient luminescence and rich energy level diagrams that
show in most of the cases, small energy gaps between two levels, enough to be populated
by these ions following a Boltzmann’s distribution [28-30]. However, from the practical
point of view, not all of Ln®* ions are suitble to be used to calibrate the optical response.
Futhermore, some general requirements must be fullfiled in order to considere the use of

a certain Ln®" ion:

i) The energy gap between the thermalized levels must be large enough to avoid
overlapping of two nearby emissions.

i) At the same time, this energy gap must be short enough to ensure a minimum
population of the upper level in the temperature range of interest.

iii) The radiative probabilities of the thermalized levels must be high enough to

show large emission intensities.

Ln* ions such as praseodimium (Pr¥*), Nd*, Sm®, thulium (Tm®"), europium (Eu®"),
holmium (Ho®*) and erbium (Er®*) have energy level pairs which satisfy these criteria and
have been employed as optically active ion for optical temperature sensors [1,30,32-36].
The first study in 1990 performed by Jérgensen et al. [37] in which the 2Hiiz, *San
thermalized levels of Er®* in fluorindate fibers was analyzed using the FIR technique in
the temperature range between 293 K (20 °C) and 473 K (200 °C) with an experimental
deviation around 2 K (2 °C). However, these fibers showed limitations above 523 K (250
°C), due to the presence of fluorides in their structure.

Later, other works with different host materials and Ln* ions as optical temperature
sensors have been arousen, for instance, analysis of Er®*-doped and Er®*/Yb**-codoped
fluorindate and chalcogenide fibers [38,39]. A fiber optic sensors based on silica doped
with ytterbium (Yb®) and Nd®* were reported to be especifically useful on temperature
sensing in the ranges of 303-883 K (30-610 °C) and 223-1773 K (-50-1500 °C) with a
resolution of +1 K (1 °C) and +2.5 K (2.5 °C) [40] respectively, and the last one
improved to ~1.3 K (~1.3 °C) [41].

VK. Rai et al. published many works focused on different host materials doped with Ln%*
ions. One of these works studied the dependence of the Pr3* ion luminescence in tellurite
glass from 273 K (0 °C) up to 443 K (170 °C), showing a very high experimental deviation
around 8 K (8 °C) [42]. Another one, but focused on an oxyfluoroborate glass doped with
Sm®* reported its possible application for ratiometric luminescent up to 500 K (227 °C)

10
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with a thermal sensitivity around 0.00126% K [32]. Also, the first study of the invidual
behavior of the Er®* emission associated to 2H1y2,%Sss2 transition in a tellurite glass host
matrix with the temperature was carried out [43].

Particularly interesting are the temperature influence on the luminescence of Eu®* and
terbium (Tb%")-doped host materials. These materials can be excited using UV light which
results in a sharp emission band at 611 nm that corresponds to the °Do—"F, Eu®* ions
transition. For example, the host Sr-CeO. doped with different concentration of Eu®* in
which the thermal quenching happens allowing the use of this feature for sensing in the
temperature range from 273 K up to 523 K [44]. On the other hand, it is found that the
life time of Y203: Eu®* (4.52% w/w) and YAG: Tb** (5% w/w) drops from 1000 to 0.4
us on going from 823 K (550 °C) to 1273 K (1000 °C) with an accuracy around of + 5%
[45].

Also, host materials doped with dysprosium ions (Dy**) to be used as optical temperature
sensors were reported, such as YAG: Dy*[46].

In the last decade, the nanostructured materials have become a hot topic due to their
possible application in several fields, which cannot be contemplate by using the bulk
counterparts, especially in biomedicine and nanomedicine. Nanomaterials have been
evaluated as efficient tools for diagnostic and therapy for in-vitro and in-vivo
applications. In particular, the nanomaterials doped with Ln®*.

The first paper on intracellular sensing of temperature using upconverting nanoparticles
(UCNPs) was published by Vetrone et at. in which NaYFa: Er¥*/Yb® upconverting
nanoparticles was usded to monitorize the temperature inside a cell [2] with a temperature
resolution of 0.5 K. More recent study, reports the temperature evolution of the
luminescence of various UCNPs of the type NaYF4 codoped with Yb** and X (X= Er®*,
Ho® and Tm®") [47], especially NaYFa: Er¥*/Yb® showing a very high temperature
response within the physiological range of temperature from 293 (20 °C) up to 318 K (45
°C).

From the point of view of biological applications, nanomaterials doped with Nd** ions
have become very interesting, because their absorption and emission lie in the well-
known “near infrared biological windows” (NIR-BW) of human (see Fig. 1.4). These
windows are not more than the infrared spectral region where the scattering of the light
due to water and hemoglobin is almost negligible [48]. This feature allows the possible

application of these materials in biological systems.
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Fig. 1.4. Optical windows in biological tissues.

The ratio of the luminescence centered at 863 and 870 nm which correspond to the Stark
levels of the “Fsp— “lgi2 transition was studied in NaYFs doped with Nd**, finding a
strongly dependency of the former ratio with the temperature and governed by the
Boltzmman law [49]. This sensor works in the temperature range of 273 K (0 °C) to 423
K (150 °C), being particularly useful for deeper tissue penetration because of the two
emissions in the NIR.

U. Rocha et al. published an interesting work focused on the LaFs nanoparticles doped
with large concentration of Nd** which can simulteneously operate as biologically
compatible nanoheaters and optical temperature sensor [50,51].

Other type of nanomaterials doped with Nd** for biomedical application have been
reported, for instance YAG: Nd** nanoparticles [52] whose water dispersibility allowed
to test their performance as temperature sensing in microelectronic systems and
optofluidic devices. Also, these nanoparticles showed their operability in the biological
windows, being successfuly employed for subtissue thermal sensing with potential use
for early detection and controlloed thermal treaments. The both heating and sensing
capabilities of YO nanoparticles doped with Nd3* for photothermal therapy application

was tested and reported this year by Kolesnikov et al. [53].

1.1.4. Perovskites

Oxide perovskites with general stoichiometry ABOs are simple structures formed by
corner-linked BOeg cation-centred octahedra with larger A cations occupying the voids
within the three-dimensional framework of octahedra. In the ideal cubic perovskite
structure, the A cations are surrounded by twelve equidistant oxygen ions. Most of the
ABOs compounds crystallize with the orthorhombic distortion of the perovskite structure.

12
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1.INTRODUCTION

The orthorhombic structures are originated from the ideal cubic structure via the titling
and distortion of the BOs octahedra [54-56]. Perovskites are of great interest in materials
science because the relatively simple crystal structure displays many diverse electric,
magnetic, piezoelectric, optical, catalytic and magnetoresistive properties. In addition,
perovskites are of interest in Earth sciences because (Mg, Fe)SiOz transforms to a
perovskite structure with Pbnm symmetry at high pressures and temperatures and is

believed to form the bulk of the Earth’s lower mantle [57].

Fig. 1.5. CaTiOs (left) and (right) SrTiOs oxide perovskites.

1.1.5. Ln%-doped perovskites

Perovskites have been intensively studied due to their importance from both the viewpoint
of fundamental physics and device applications. In particular, ABOs-type perovskites
oxides, where A and B denote two different cations, have gained interest for their potential
application in oxide-based electronics, due to their fascinating and multifunctional
electronic properties beyond conventional semiconductors. Most perovskites are wide
band gap semiconductors and show exceptional optical properties, which are used for
optoelectronic devices as nonlinear optical crystals [58,59], scintillators [60],
photoluminescence and electroluminescence materials [61,62] and solar cells [63]. In
particular, perovskite doped with Ln3* ion can be found in several applications as optical
sensors, for instance NaosBiosTiOs doped with Er®* or codoped with Er¥*-Yb* and
BaTiOs doped with Er®* [64,65] as optical temperature sensor and Nd**-doped with
YAIOs as optical pressure sensor [21]. Among all perovskites, yttrium orthoaluminate
perovskite (YAIOz) has shown excellent physical and chemical properties, such as high
hardness, good structural stability, and large mechanical strength, which make it an
excellent candidate as a laser host material for Ln®* [66—69].

However, the research in nanomaterials has attracted the interest of scientists from several

fields due to their unique properties [70], being one of their main advantages that they
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1.INTRODUCTION

keep the bulk counterpart properties for sizes larger than 10—20 nm. The interest in rare-
earth-doped nanoperovskites is based on the fact that the chemistry and optical
spectroscopy of the analogous perovskite bulk crystals are well-known, opening the
possibility to establish meaningful comparisons between the properties of the nanosized
and bulk materials. In this regard, several works focused on studies of the properties of
Ln* doped nanoperovskites have been carried out. [71-75] Among interesting
applications of nanoperovskites, it can be cited their use as optical temperature sensors
[64,65,76,77], CO sensors [78] and single photon emitters [79].

1.2. Justification and objectives

The study of the nano-sized materials is currently in trending topic, because it allows new
approaches to many field of science, from developing new materials nanoscale
dimensions to direct control of the matter on the atomic scale. Such fields which can be
nano-electronics, nano-mechanics and even nano-photonics have been constantly
evolving during the last few decades in order to give a solid basis of the nanotechnology.
Many phenomena become relevant as the system dimensions decrease. Along these
phenomena, it is particularly interesting the one associated to quantum size effects, in
which the physical, mechanical, electrical and optical properties among other of a
nanometric (typically at distances between 1 to 10 nm) changes notably compared with
its macroscopic counterpart. Not to mention that these nanoscale materials can be used
eventually as bulk, because it can shows the same properties that their macroscopic

counterparts exhibit.

One of the objetives of this thesis is to synthesize undoped and lanthanide ions doped
nano-perovskites via sol-gel synthesis method for several applications in the nano-
technology field, especially, in sensing, biomedicine, bioimaging, nano-optoelectronics,
as optical sensors in extreme condition of pressure or temperature experiments. These
nano-perovskites are mainly characterized and studied by experimental techniques.
Orthoaluminate nano-perovskite (YAIO3) was selected to be studied in this thesis. Firsly,
by optical techniques, especially, the site selection spectroscopy, the optimal thermal
treatment during sol-gel synthesis of nano-perovskites was defined. In the second place,
an extensive structural, vibrational and elastic properties characterization of undoped
nano-perovskites at ambient to extreme conditions of pressure was perfomed and

compared with theoretical results. This study includes X-ray diffraction and Raman
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1.INTRODUCTION

scattering measurements both ambient and extreme condition of pressure. Thirdly, the
viability of Nd**-doped YAIO; and Tm®-doped YAIOs nanoperovskites as optical
temperature sensor working in NIR for biological applications was performed. In
addition, the potential application of Nd**-doped YAIO3z nano-perovskite in sub-tissue
luminescence imaging. Finally, the last part of the experimental results of this thesis,
focusing on the analysis of the viability of nano-perovskites doped with Nd** ions, as
optical pressure sensors working in the NIR. In addition, a detailed crystal-field analysis

was also carried out.
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2. THEORETICAL BACKGROUND

2. THEORETICAL BACKGROUND

2.1. Lanthanide ions

Lanthanides ions (Ln%*) are a group of 15 elements from lanthanum (Z=57) to lutetium
(Z=71) (see Fig. 2.1). The main difference of these atoms compared to the rest of
elements is that the outer shells do not get filled as the atomic number increases, but the
inner shell 4f does. Lanthanum has the former shell empty, while the lutenium one is
full.

uaiaioe srtes | La | Ce | Pr | Nd |Pm | Sm [ Eu [Gd | Tb | Dy |Ho | Er | Tm | Yb | Lu

ACTINIDE SERIES Ac [Th | Pa| U | Np|Pu|Am |Cm| Bk | Cf [ Es [Fm |Md| No | Lr

Fig. 2.1. Periodic table of elements. Lanthanide elements are highlighted (red).

Regarding the spectroscopy, the electrons that lodge in 4f incomplete shell are distributed
in accordance with the Pauli Exclusion Principle. This distribution leads to unpaired
electrons which can be interact with the UV, visible or IR radiation. In contrast to
transition metals, 4f electrons of the lanthanides cannot create any bond with the
environment. This phenomenon is due to the called lanthanide contraction [80-82] in
which the 5d and 6s electrons are attracted toward the nucleus, resulting in a smaller
atomic radius, i.e. the lanthanide contraction describes the ionic radii reduction of the
lanthanide series from lanthanum (1.16 A) to the luthenum (0.97 A). This leads to a
shielding of the 4f shell electrons that unable their interaction with the environment. The
former feature can be translated to in many of Ln®* properties that can be studied by
optical spectroscopy. The effect of the environment over the 4f shell electrons can be
treated as a perturbation, which are small enough compared to the electrostactic and spin-
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2. THEORETICAL BACKGROUND

orbit interactions between 4f electrons themselves, from the point of view of atomic
physics.

The determination of the Ln®* energy levels is described in the mark of the atomic theory
formalism. In this sense, the electrostatic Hamiltonian that describes a Ln®* ion composed
by N electrons and Ze nuclear charge is:

H = HO+Hre+HSO+Hterms (2-1)

electrostatic

where Ho are the Kinetic energy and potential interaction between the N electrons and the
field created by the point nucleus of infinite mass, Hre is the Coulumb interaction between
electron pairs, Hso is the spin-orbit interaction and Heerms Other weakers electrostatic and
magnetic interactions such as spin-spin, spin-other orbits, etc.

The non-relativistic part of the Hamiltonian of a free ion with N electrons and point
nucleus with infinite mass is described as follow [82]:

Hejectrostatic = Ho + Hie _i[;vff};[i} (2.2)
where 7, e, m and rij are the Planck constant, electron charge, mass and the electron-
electron distance respectively.

Since the 4f electrons are more relevant from the point of view of optic spectroscopy, the
central field approximation can be applied. The former approximation considers that 4f
electrons move independently each other within a total field, which is the sum of fields
created by the ion’s nucleus and the central field symmetric created by the electrons
potential from filled shells and the rest of 4f electrons. In this sense, eq. (2) is rewritten

as follow:

’ ’ r J hz
Helectrostatic = |_|O + Hre = Z[_%V? —V(I’I):|+Z|:

= i~

ez} 2.3)
r.

ij
This new Hamiltonian only takes into account the 4f electrons contribution to the energy.
The eigenvectors of H’, are provided by the Slater determinant and the energy of each
final state only depends on on the set values known as the electronic configuration, (n1
I1)...(nn In). The parity of these states is given by (-1)"...(-1)" while the degeneration is
given by the Pauli Exclusion Principle [83]:

(41+2)!

NI(41+2-N)! 24)
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2. THEORETICAL BACKGROUND

By this way, L?, L, S? and S, form a complete set of commuting of observables where the
eigenvectors of the former system are given by the quantum numbers L, S, mj, ms and are
a linear combination of Slater determinants.

Coulomb interaction, H're between 4f electrons leads to the splitting of the electronic
configuration in a LS coupling, i.e. Russel-Saunders coupling, 2*1L terms. The LS terms
are associated to (2L+1)(2S+1) eigenstates. Nonetheless, the number of total levels is the

same from the electronic configuration:

Z(2L+1).(23+1): (41+2)!

Z NI+ 2-N)! (25)

Concerning the spin-orbit interaction, Hso, it breaks partially the degeneration of the LS

multiplets:
Hso:ié(ﬁ)'gl'i; (2.6)
O 1 .dU(n)
"f(ri)_Z(mc)z roodr @D

where ri is the radial coordinate, s; is the spin, |; is the i-th electron angular momentum
and &(ri) is a term that depends on the central field potential and distance between

electron-nucleus.

Hso commutes with the total angular momentum J=L+S= Zsi +Z|i . Futhermore,

the Hamiltonian, H = Hé|emr05[a[ic + Hso , eigenstates can be expresses as eigenstates of the

operators J and Jz [83].

Since the excited LS coupling levels of the configuration 4fN are very close, the Russel-
Saunders coupling is not longer valid. Hence, the spin-orbit coupling is comparable to the
electrostatic interaction, i.e. H ’electrostatic=Hso giving rise to the Intermediate coupling. In
this case, the energy levels of free ion will be a linear combination of Russel-Saunders
states:

[Ma[LS]IM)=>" Y c(a’'L'S"J)-[I"a'L'SIM) (2.8)

L's*
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2. THEORETICAL BACKGROUND

where the c¢(a’L’S’J’) coefficients are obtained in the calculus and the sum in o’ is
extended to all quantum numbers to distinguish two states with the same value of L and
S. Figure 2.2 shows the Dieke diagram of Er®* in LaClz host matrix [84].

5
4t°sd S 5"4
5
03
S,
S0,
%00
2-10%em™ a3
g/ =
A
416 6
. 2} 103 em™
I t £—3.
B | o
Electostaic

Hamiionian
o Coulomb  Spin-orbit

Interacsion efiect Coupling

Fig. 2.2. Energy level diagram of free Eu®* ion. The sucesive splitting of the levels associated to the non-relativistic
electrostatic Hamiltonian, due to the Coulomb interaction and the spin-orbit coupling are shown.

2.1.1. Crystal field interaction: Ln%* ion in a host matrix

When a Ln** ion is introduced in a solid matrix, the influence of such material upon the
ion is reflected in an inhomogeneous electric field that weakly interacts with its 4f
electrons. This interaction provokes the degeneracy breakdown of the free ion levels
leading to a splitting of these levels, which depends strongly on the point symmetry of
the ion.

The former field, which will be responsible of the degeneracy breakdown of the free ion
levels (and thus, the splitting of these levels), presents the same point symmetry as the
Ln®" ion, so that the observed splitting in the absorption and emission of the ion will be
strongly related to this symmetry (see Fig. 2.3). In other words, the fine structure levels
and the intensities of the radiative transitions between levels of the same ion could be
different in distinct host material.

The Hamiltonian that describes the influence of the host matrix ligands (optically inert)
upon an Ln®" ion (optically active) is:

H =H +H +H +H

ion+matrix free ion electron—static matrix electron—dynamical matrix dynamical —matrix (2-9)

a) Hieion: is the Hamiltonian that describes the isolated ion.
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2. THEORETICAL BACKGROUND

b) He|ectmn_mic matrix - describes the host matrix effect upon the Ln* ion. This effect

is characterized by a electrostatic filed with a specific symmetry that interacts

with the 4f electron. It also known as the static crystal field interaction.

C) He,ectmn,dynamm marrix - describes the effect’s degree of the ligand ions vibrational

modes upon the Ln3* ion, through the 4f electron-phonon coupling.

d) denamicm,mam : represents the vibrational energy of the host matrix atoms which

is responsible of the non-radiative dexecitation between Ln®* ion levels.

Since the last two interactions are weaker than the static crystal field, perturbation theory
can be applied upon the Ln®" ion levels. These two interactions have a relevant role in
optical transitions between the mentioned level, altering the shape and intensity of an
electronic transition, leading to vibronic bands or inducing non-radiative transitions.
The interaction of the crystal field is described in the mark of one-electron model in which
the ligand ions interacts with each 4f electron of the Ln®* individually [85]. This provokes
a total perturbation that can be expressed as the summation of the each electron ones. The
electrostatic field upon 4f electrons is originated by indivual set of point charges, thus
both Ln® and resultant crystal field present the same point symmetry and as it was
mentioned before, the splitting of the absorption and emission bands will be strongly
related to this symmetry.

The static crystal field interaction, can be obtained from the classic expression of the

electrostatic potential, with the origin of coordinates in the Ln®* nucleus and considering
an electrostatic distribution ©(R) due to the environment ligands. On the other hand, the

potential energy considering the Ln®" ion charge 0 :—|e| in the points (I’iﬂi,(pi) is:

#(R) (2.10)
Rl

W, =3 qV (ri)=—le[>v (ri)=—lel >
where ris the 4f electron position and R is the ligand ion position in the environment.

The summation is over the 4f electrons and the integral sweeps upon the variables

(r,6,9,) in the whole solid volume.
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2. THEORETICAL BACKGROUND

By expanding the integral of eq. 2.10 using the multipole expansion, it is possible to

separate the radial and angular part of it:

St =3 R (Cosyy)

i<i rl—rz‘ i< k=0 I.

(2.11)

3

R (COSVU): > (_1)“ Cq(1)-Cg (i)

q=—k

where the P, (Cos 7".) are the Legendre polynomials which are expressed in terms of the

irreducible tensors Cq(k) )

Taking into account eq. (11), the potential energy is expressed as follow:

W, = ZB:qu (‘9i'(pi)

k.q.,i

B; =6 p(R) -5 ("o )

>

(2.12)

where qu are the crystal parameters in the Wybourne notation [82]
2.1.2. Crystal field interaction. Symmetry

The Hamiltonian that represents the crystal field interaction in the Wybourne notation is:

Hee = 2 B;C{Y (i) (2.13)

k,q.i

where the irreducible tensor operator Cék) acts upon the 4f electron and the qu crystal

field parameters satifistifies the condition B, =(-1)° (B('; )* with q <0, because Her
is hermitian. Futhermore, the relation of these coefficients is:

Bg = (Bko)

B =(-1)" (B, - iSkq) (2.14)
BY, =(-1)"(B) =B, +is

q kg

and HCF can be rewritten as follow:
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2. THEORETICAL BACKGROUND

k=0 -1

HCF:iZ[Bkocgk)(i)+zk:(qu(CE§)(i)+(—1)“C;“(i)))ﬂskq((sz’(i)—(—l)qcék’(i)))} (2.15)

This Hamiltonian is a general expresion of the crystal field interaction in which Bkq and
Skq can be adjusted by experimental results. In addition, the Hcr presents an even and odd
part which are responsible of the splitting of the free ion levels and the intensity of
intraconfigurational transitions f-f respectively (see Fig. 2.3).

i) The splitting magnitude depends on the intensity of the interaction of the host

matrix ion (ligands ions).

i) The resulting number of levels due to the splitting depends on the crystal

symmetry.
5
4t°sa S
L So,
s
D3 o
Sp, o
5o,
N
2-10%em™ g3
7 =
FJ J
ut] :
$}10%em
l ]
= 102 e
: | X
Elecrosiatc I
FlamBoNE  Coulomb  Spin-orbit  Crystal feid

ineracfion efiect Coupling  interacion

Fig. 2.3. Energy level diagram of free Eu* ion. The sucesive splitting of the levels associated to the non-relativistic
electrostatic Hamiltonian, due to the Coulomb interaction, the spin-orbit coupling are shown and the crystal field
interaction.

2.2. Optical spectroscopy

When a Ln® ion is in an excited state, eventually it tries to return to its ground state.
During this process, Ln®* ion budges the energy previously absorbed to the environment
as photons, phonons, combination of both or even by interaction with other optically
active ion.
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2. THEORETICAL BACKGROUND

2.2.1. Radiative emission

Radiative emission is the most direct channel in which a Ln®* ion can return to the ground
state, releasing photons during the process. This proccess is associated to a certain
probability which is specific to each electronic level. Usually, this probability is denoted
by Wrap and it is the inverse of the time that Ln®* ion takes to return to its ground state
only considering the spontaneous emission as the unique possible de-excitation:
Trap = L (2.16)
W

RAD

If the rest of probabilities were considered then, the experimental time would be:

1 1
—— = Wapp +Wyp +Wer = ——+Wypp +Wer (2.17)
TEXP z-RAD
where Wwvp and Wer are the multiphonon and energy transfer processess probabilities

respectively.

2.2.2. Multiphonon relaxation process

Multiphonon relaxation processess transform totally or partially the electronic excitation
into vibrational energy (phonons). These processess are typically of picoseconds order,
so they happen inmmediately after the electronic excitation. In the case of Ln%*, these
processess are less competitive than the ones in transition metal ions, due to the nature of
the 4f inner electrons. Thus, it is possible to observe luminescence from many excited
states [86]. The transition between two states with emission of p phonons, having the
same energy for simplicity, according to the perturbation theory is:

W, (T)=W,[1+n]" (2.18)

where n is the occupation number of a phonon mode and W, is the multiphonon de-
excitation rate at T=0 when n=0 and the phonon modes are all initially in their ground
stated. As the temperature increases Wp rate increases because of larger phonons

emission.

Wp rate can be related to the energy gap AE between two consecutive level by the “energy

gap law™:
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2. THEORETICAL BACKGROUND

W, (T)=W, exp[-aAE] (2.19)
where o=In(R)/7 and R=Wp/Wp.1. Wo and « are constants which are specific to each host
material and any Ln®" within it.

2.2.3. Energy transfer processes

Energy transfer occurs when the absorption and emission does not take place whitin the
same optically active ion (center). There are radiative and non-radiative energy transfer
processes depending on if photons participate in the transfer process or not, and between
renosant and phonon-assisted energy transfer (see Fig. 2.4)

/%ii/%

Resonant radiative Resonant non-radiative Phonon-assisted
transfer transfer non-radiative
transfer

Fig. 2.4. Several basic energy transfer processes between two ions. Aceptor ion (A), which is initially in the ground
state, receives the energy from the donor ion (D).

l. Radiative energy transfer process

The radiative energy transfer rate is defined as the product of the D ion and the absorption
probability of the A ion (ref 14 virginia):

hyv

2.20
c4rR? ( )

Woa (V) = Aup9p (V) Bi2a0a (V)

where go (v) and ga (v) are the line profile of D and A respectively, Azip, Bi2a and R are
the Einstein’s coefficient for the spontaneous emission, induced absorption and the

distance between D and A ions (see Fig 2.5).
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Fig. 2.5. Resonant energy transfer from D to A an the optical transition line shapes go(E) and ga(E).

Equation 2.20 can be rewritten in a different way, considering the definition of absorption

cross section ¢ as follow:

_ Anp9o () 029a (V) _ Coapap
47R? R® (2.21)

Conrap = #O-A = _[ 9 (V)gA (V)dV

W, (V)

where oa is the acceptor integrated absorption cross section.

The former process has some features that need to be mentioned. First at all, the position
of the sample will affect the experiment results. Secondly, the dependence on the line
profiles changes in the emission spectrum of D ion. Thirdly, D ion lifetime does not
depend on the concentration of the acceptors, although this lifetime will decreases if the

transfer process is between the same type of ions.
I1.  Non-radiative energy transfer processes

In these kind of processess, there are two different statistical treament, being the first the
one, which neglects the migration between donors contribution and the second one, which
considers the former contribution.

In the first case, when D ion is excited by a pulsed radiation at t = 0 in absence of A ions,
the probability of finding a D ion in the excited state at time t, is described by:

p(t)=exp(-t/z,) (2.22)
T, :1/(WRAD Jr\NMP)
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2. THEORETICAL BACKGROUND

Following the pulsed excitation of the D ions system, the probability of a D ion at a

position Rj is excited at time t is given by:

dp (t)

200 L Sw (R0 @29)
where R; is the position of A ion j and Wpa is the energy transfer probability between D

and A ions.

The solution of this equation, with pi (0) = 1 and considering, from the macroscopic point
of view, @ (t) as the average of pi (t) upon an infinitive large number of D ions:

t

4 3 3/S
¢(t):exp|:_z__;CAF(]'_S)(CDAT) :| (2.24)

where S = 6,8,10 correspond to the different type of multipolar interactions (dipole-
dipole, dipole-quadrupole and quadrupole-quadrupole, respectively), Cpa is the energy
transfer parameter which depends on the type of multipolar interaction between D and A

ions. 7'(x) is the gamma function.

On the other hand, the temporal evolution of the emission of the D ions, I(t) after the

pulsed radiation is given by Inokuti-Hirayama’s expression [87]:

H(t)=1 (O)eXp{‘i‘QCTIT (2.25)

4 3
Q- ?”c r(l—gj(cmrf“

When the A ions inside the matrix are different each other, then a slightly modification of

the former equation must be considered.
t t 3/S
I(t)=1 (O)exp{——Q’(j }
4 4 (2.26)
A
Q 74lr(1_7jzcm DAzt 3/5

Concerning the case in which the migration between D ion is considered, there are two
ways to approach this problem, the first one, the energy migration is considered as a
diffusion process [88] and the second one, as a random process in which the excitation is
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2. THEORETICAL BACKGROUND

jumping between D ions (“hopping”) until it is transferred to an A ion [89,90] (see Fig.
2.6).

Fig. 2.6. Energy transfer with migration.

2.2.4. Upconversion processes

Upconversion (UC) is a proccess in which the absorption of two or more photons leads
to the emission of light at higher energy than the excitation radiation. UC is a non-linear
anti-Stokes type emission. There are different mechanisms that give rise to the conversion
of the infrared energy into visible one:

i) Energy transfer upconversion (ETU) mechanism consists in a sequential energy
transfer from an excited D ions to another nearby A ion. Therefore, two excited ion
can eventually transfer their energy to an A ion promoting it to a higher energy state
(see Fig. 2.7 left)

ii) Excited state absorption (ESA) mechanism consists in a consecutive absorption
of the incident photons by the same ion, so that, the former ion absorbs one photon,
promoting it to an excited state. Eventually, this ion in its excited state, absorbs

another photon, causing a second excitation.

iii) The cooperative luminescence proccess consists in a sequential absorption of two
photons by two different active ions, causing their promotion to their excited states.
After that, both ions decay at the same time to their ground states, creating a single

photon whose energy comes from of both ions.
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Energy transfer upconversion (ETU)  Excited State Absorption (ESA) Cooperative process
D 4
® " @| e @/
M M m M N BNV
(1) Photon absorption (1) Photon absorption (1) Photon absorption
(2) Transfer (2) Photon absorption (2) Transfer
(3) Upconverted emission (3) Upconverted emission (3) Upconverted emission

Fig. 2.7. Diagrams of different upconversion process: (left) ETU; (center) ESA and (right) Cooperative. Dashed line
on the Cooperative process diagram represents a virtual energy state.

UC processess do not happen with the same probability, in fact, a certain UC mechanism

could be predominat in a specific system but not in other one. In any case, four steps

should be taken into account in order to know what is the predominant UC mechanism:

i) Relative positions of the different energy levels involved

ii) Upconverted emission intensity dependence with the pump power of the

excitation source
iii) Upconverted emission intensity dependence with with the D ions concentration
iv) Temporal evolution of the upconverted emission

2.2.5. Temperature dependence of the Ln%-doped host material optical

properties. Fluorescence Intensity Ratio (FIR)

The emission radiation from an excited ion tends to reach a less energetic level or even
the fundamental state. This occurs dependending on the radiative probability respect to
the total probability, i.e. radiative, multiphonon and energy transfer.

Nonetheless, when both initial and final states are known, the transition intensity is
constant, unless the temperature of the sample changes. This temperature dependence of
the intensity is due to the phonon emission probability. In general, the luminescence tends
to decrease as the temperature increases, while decreasing the temperature leads to an
increment of the luminescence. This dependence of the luminescence with temperature
allows to determinate the sample temperature.

The intensity ratio between two transitions associated to i-th and j-th level, which
radiatively decay to a k-th level is usually considered in order to remove any experimental
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2. THEORETICAL BACKGROUND

errors due to the temperature influence. In this case, the fluorescence intensity ratio (FIR)
is [91,92]:

R:LL:NKD.AﬂmWQ
L Ny (M) Ay,

(2.27)

where Ni, Ai Sik and Avik are the ions population of the i-th excited state, the radiative
probability, branching ratio related to the phonon emission from level i to level k and the
energy of the emitted phonon respectively. However, thermalized levels are more
sensitivity to temprature changes, these levels are electronic multiplets 25*1L; multiplets,
which are very close each other in energy, around hundred of cm™ energy separation AE
and thermally coupled. As it was briefly mentioned in section 1.1.3, there are some
requirements that must be fulfilled in order to consider a pair of thermally coupled level

for optical temperature sensors:

i) The energy gap between the thermalized levels must be large enough to avoid
overlapping of two nearby emissions (~300 cm™ < AE < 2000 cm™).

i) At the same time, this energy gap must be short enough to ensure a minimum
population of the upper level in the temperature range of interest.

iii)  The radiative probabilities of the thermalized levels must be high enough to

show large emission intensities.
iv) Sample luminescence must be obtained by conventional lasers

V) Emission sample must be in a spectral region where detectors are more

efficient
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Fig. 2.8. Dieken’s diagram of some lanthanide ions. Thermalized levels are also indicated.

Equation 2.27 represents the fluorescence intensity ratio with the temperature. However,
it is necessary to rewrite the former equation in order to show an expression that describes
the temperature dependence of the i-th level population N; (T). In the case of thermalized
system, the ions population of each excited level is well described by the Boltzmann
distribution [93,94]. Then, the population of ions found in a certain excited level (Nj)
respect to the ground stated population (Na) is:

N9 ir) 2.28
N, g (229

where Kg, gi and Eiz are the Boltzmann’s constant, the degeneracy (2J+1) of the i-th level
and the energy gap between the ground state and the i-th excited state respectively. From

the former relationship, the population ratio thermalized level is:

Nij(T) _&e(;?]

= 2.29
N, () g (229)

This expression is valid if the Ln®*-doped host material (optical temperature sensor) is in
thermal equilibrium. In this sense, the optical temperature sensor interacts with two
radiation sources at the same time: the thermal radiation of its environtment and the laser
radiation source which leads to the emission of the sample. Thus, equation 2.29 must be
satisfied in these conditions.
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2. THEORETICAL BACKGROUND

I. Ln%-doped host matrix into contact with a thermal radiation without

laser radiation

In spite of there is not pumping laser, thermal radiation from the environment could

promote a small amount of ions to an excited state.

For a simple three-level scheme of a certain Ln®" ion, in which N1, N2 and N3 are the
populations of the ground state and thermalized levels respectively. The intensity ratio

between level 2 and 3 will be used as R = I3/l (see Fig. 2.9).
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Fig. 2.9. Excitation and de-excitation probabilities between Ln3* ions energy levels which interacts with a thermal

radiation source.

For this system, the rate equation are given by:

dN '

ditlz_Bupv N, =By Ny + AN, + AyN, + B, N, + By Ny + 7N,

dN !
ditzz_Alez_%?,Nz_Buvaz_?’Nz_stvaz+Asst"'stvas"'%st"'Blzval (2.30)
dN

T::_AnNe,_A32N3_732N3_B13A/N3_stA/Ns+723N2+B13va1_stvaz

where Ajj, Bijpv, Bijpv are the photon emission probability calculated by Judd-Ofelt theory,
the photon absorption and emission probabilities induced by thermal radiation pv (T) and
Bij and Bj are the Einstein’s coefficients for induced absorption and emission
respectively, and yij is the phonon emission or absorption probability. y” is the probability
that N2 ions level have in order to return to the fundamental level by emitting phonons.
The phonon decay to a lower level N5 should not be neglected as it will be discussed later.
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2. THEORETICAL BACKGROUND

For a system which interacts with the black body radiation, the relation between the
Einstein’s coeffiecients for all pair of levels Bix=Bxi, then the system will evolve until

reaching an equilibrium, veryfing Boltzmann’s law [91,95](ref 22 y 23):

—Exn —Ea

N, _P(E) _ i Ny _P(E) _ it (2.31)
P(E,)

N, P(E) N,

From former expression:

—Ex

N, P(E) — kel (2.32)

N, P(E,)

This last expression represents the total probability and population ratios P(E3)/P(E2) and
Ns/N2 in a regime of thermal equilibrium.

1. Ln3*-doped matrix interacting with thermal and laser radiations

When a laser excitation is considered, it is possible to promote ions from N level to Na
level (see Fig 2.10). In the former case, a term which represents the effect of the laser

@N1 is added in first and third equations:

*

dN '

dt1 =—¢N, =B, N; =By, N + AN, + AyN; + B, 0 N, + Bapy Ny + 7N,

dN, '

dt2 ==A,N, = 75N, =B, Ny = 7'N, =Boyoy Ny + ANy +Boyo Ny + 75Ny + B o Ny (2:33)
aN;

W:_pﬁlNa_AszNa_Vsst_Bmpv Ny =Bty N3+ 755N, + By Ny —Bpy N, + 9N,

The superscript (*) emphatizes the interaction with the laser.

J'B.- N BN [ 2002000 cm”

q| BN, Bi: Ny | ByNy

Fig. 2.10. Excitation and de-excitation probabilities between Ln®* ions energy levels which interacts with a thermal
radiation and low laser sources.

32

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por:

MIGUEL ANDRES HERNANDEZ RODRIGUEZ Fecha: 01/02/2018 12:01:36

UNIVERSIDAD DE LA LAGUNA

ULISES RUYMAN RODRIGUEZ MENDOZA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 12:06:33

INOCENCIO RAFAEL MARTIN BENENZUELA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 14:40:10

ERNESTO PEREDA DE PABLO
UNIVERSIDAD DE LA LAGUNA

15/02/2018 14:03:46

39/217



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada

N° registro:

2018/3184

N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

2. THEORETICAL BACKGROUND

In this system, the thermal equilibrium is not totally reached, being the population ratio

in this case:

N;_P(E3)+¢(A21+Bu/q/+823A/+723+7/’)¢&=e% (234)

N;_ P(E2)+¢(A13+BZ3A/+732) N,

In spite of total thermal equilibrium is not reached, it can be assumed that the values for

population ratio of Na/N2 are more or less similar than the ones from eq. (2.34):

.
Ny
:

N2

_ P(E)+¢(An+Bus +Bup +7:+7') z%:e%‘:ﬁ _N; (2.35)
P(E2)+¢(A&3+Bz3:q/+7/32) B2 N,

This result can be extended to any Ln®* in a host matrix, since all terms, both numerator
and denominator are negligible compared to the products of the multiphonon

probabilities, whose ration is the Boltzmann’s law.

The calibration procedure for the optical temperature can be obtained by combining egs.
2.27 and 2.35:

—Exp

R () _No(M) ABuhvag, wr (2.36)
LM N, (T) Ap,hv,0,

The former equation can be rewritten in a more convenience way, considering the study
of the intensity ratio between Stark levels associated to the same or different electronic

levels of a certain Ln®* in a crystal, as follow:

2 (2.37)
C= ASy Ashvs
A B Poshv,

where Ais and E3; is the radiative probability associated to each Stark level involved, and
Ea2 is the energetic separation between these levels. Equations 2.36 and 2.37 allow to
study the temperature evolution of the intensity ratio between two electronic levels or
thermalized Stark levels.

The use of thermally coupled levels in fluorescence intensity ratio (FIR) technique
presents several advantages over the use of two noncoupled levels. First, the theory of the
relative changes in the fluorescence intensity originating from thermally coupled levels
is well understood and therefore, their behaviour is easier to predict. Second, the
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2. THEORETICAL BACKGROUND

population of the individual thermally coupled levels is directly proportional to the total
population, thus, any changes in the total population due to changes in the excitation laser
source power, will affect the individual levels to the same extent. This feature allows to
reduce the dependence of the measurement technique on the excitation power, which is
relevant for the stability of the sensor. Last but not least, the employment of relative

closely spaced energy levels suggests that the fluorescence wavelengths will be close.

For sensing application, it is relevant to know the rate at which th fluorescence intensity
ration changes for a certain change in temperature. This magnitude, known as relative
sensitivity Sget, is defined as:

_AE
KoT?

1|drR

SeeL =—|— 2.38
REL R ‘d-l- ( )
From the last equation, it is clear the using pairs of energy levels with larger differences,
increasesd the sensitivity. However, this is true only to some extend, because if the energy
gap between two levels is higher enough, then the population and hence the fluorescence

intensity from the upper thermilizing level will decrease.

2.3. Raman spectroscopy

Raman scattering is a spectroscopic technique used to observe vibrational, rotational, and
other low-frequency modes in a system. Raman spectroscopy is widely used in chemistry
to provide a structural fingerprint by which molecules can be identified.

The Raman effect takes place when electromagnetic radiation interacts with a solid,
liquid, or gaseous molecule’s polarizable electron density and bonds. The spontaneous
effect is a type of inelastic light scattering, where a photon (vo) excites the molecule in
either the ground (lowest energy) or excited rovibronic state (a rotational and vibrational
energy level within an electronic state). The former excitation puts the molecule into
a virtual energy state for a very short time before the inelastic photon scattering proccess
takes place. The former scattered photon can be of either lower (Stokes) or higher (anti-
Stokes) energy than the incoming photon, compared to elastic, or Rayleigh, scattering
where the scattered photon has the same energy as the incoming photon.

For the total energy of the system to keep constant after the molecule moves to a new
rovibronic state, the scattered photon shifts to a different energy, and thus a different
frequency. This energy difference is equal to that between the initial and final rovibronic
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2. THEORETICAL BACKGROUND

states of the molecule. If the final state is higher in energy than the initial state, the
scattered photon will be shifted to a lower frequency (lower energy) so that the total
energy remains the same. This shift in frequency is called a Stokes shift (vo - vm), or
downshift. If the final state is lower in energy, the scattered photon will be shifted to a
higher frequency, which is called an anti-Stokes (vo + vm) shift, or upshift.

Raman scattering is a typical example of inelastic scattering, due to the energy and
momentum transfer between the photons and the molecules during the interaction. On the
other hand, Rayleigh scattering is a elastic scattering, i.e. the energy of the scattered light
has the same frequency as the incoming electronic radiation, as shown in Fig. 2.11. It
worth to mention that Raman scattering is a proccess with an order of magnitude around

106 weaker than the Rayleigh’s one.

Raman
®
%
Q
o
h h
—E—} Samp|e _Vo_->
Rayleigh

Fig. 2.11. Raman effect mechanism.

Usually, radiation is characterized by its wavelength (A). Nonetheless, in spectroscopy,
the frequency (V) or wavenumber (v) are more commonly used, which also are linearly

related with the energy:

A=clv
AE =hv (2.39)
v=1/A=hlv

where AE is the difference between two energy levels, h is the Planck’s and c is the
velocity of light.

According to classical assumptions, Raman scattering can be explained as follows:

When a diatomic molecule is irradiated by a electric field E of the electronic magnetic

field (laser beam) that fluctuates with time t:

E =E,Cos(27v,t) (2.40)
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2. THEORETICAL BACKGROUND

where Eo is the vibrational amplitude and Vjis the laser frequency, an electric dipole

moment P is induced:
P = u+aE =y, +aE, Cos(27v,t) (2.41)

where 1 and «E are the permanent dipolar moment ann the induced dipolar moment

respectively. Constant « is the polarizability. When the diatomic molecule is vibrating

with a certain frequency vm, the nuclear displament q is defined as:
q =0, Cos(27v,t) (2.42)

where qo is the vibrational amplitude. When these amplitudes are small enough, then « is

a linear function of q:
oa
a =0, +[6qjq0 +... (243)

where ao and (aa/ﬁq) are the polarizability at the equilibrium configuration and the rate

of change of « respect to q, evaluated at the equilibrium position. Combining egs. 2.41,

2.42 and 2.43, P can be expressed as:

P =y, +aE, Cos(2;zv0t)+[(2—”J g, Cos(27zv,t)
5 a (2.44)
+%E(£j Qo[ Cos {27 (v, +v, )1} + Cos {27 (v, —v, )t}

Second term of the former equation is the Rayleigh scattering contribution, which
describes the oscilaltion of a dipole that radiates light of frequency vo. The third one is
related to the infrarred absorption and the fourth one is the Raman scattering contribution.

Figure 2.12 shows Raman scattering in terms of a diatomic energy level scheme.
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Fig. 2.12. Raman spectrum showing the Rayleigh, Stokes and anti-Stokes lines (on the left). Diagram of vibrational
and electronic levels of a molecule comparising infrared absorption, Rayleigh and Raman scattering.

2.3.1. Vibrations in molecules

In the case of a molecule consisting in a N atoms, the problem is the same to the diatomic
molecule, but it also more complicate. N atoms means that there is going to be 3N degrees
of freedom in order to describe the molecular system. Nonetheless, for a free and non-
linear molecule, only three coordinates (Euler’s angles) are required to describe
completely the orientation of this molecule in the space. For a linear molecule, just two

oriental coordinates are needed.

Taking into account these arguments, it is possible to establish the following statements

regarding the total degrees of freedom to describe a non-linear and linear molecule:

i) 3N(total)-3(translational)-3(orientational) 3N-6 vibrational degrees of

freedom.

ii) 3N(total)-2(translational)-3(orientational) 3N-5 vibrational degrees of

freedom.

Ignoring any dynamics considerations, the normal vibration of a molecule can be
described in terms of its geometry, i.e. the molecule symmetry by certain symmetry
operations in its equilibrium configuration. These operations or more especifically,
coordinate transformations, leave the energy of the molecule invariant to the former
operations. In addition, this set of coordinate transformations forms a group in the
mathematical sense. This application of the group theory permits the classification of
normal modes according to the symmetry species for each group [96]. It is worth to

mention that there are two types of symmetry classification of the molecular vibrations:
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2. THEORETICAL BACKGROUND

i) There is always one symmetry species in a group which conserve the molecule

equilibrium configuration, i.e. symmetric and asymmetric vibrational modes.

i) The symmetry operation called inversion, which consists in a exchange of

equivalent atoms (or coordinates) with respect to a center of inversion.

A molecule that posses a inversion center, all normal modes of vibration are either
symmetric or antisymmetric, i.e. “g” or “u” with respect to the inversion operation. In
such case, symmetrical vibration modes under inversion will be Raman-active. On the

opposite case, they will be infrared-active.

In general, the classification of vibration normal modes in symmetry species does not
give rise to certain description of the nature of molecular vibrations [97], but, more
relevant, to direct information of the selection rules that govern infrared and Raman
spectral activity (see Fig. 2.13).

Number of operation ~ Classes of symmetry or
of each class covering operations

=) (2 @& @
—

N
/ _4,\.\ [ 1 1 1 T Gl Gy Gz
f \
“ 4| 1 1 -1 T.
\ / (r.1,) (on-ay.a-)
\E | 2 -1
\ ya J(RR) (amas)
NIV S .
[ IR activity ~ Raman activity
v
Types of representations Characters of
corresponding to the irreducibl ireducibl
repl tations group rep! itation:
(symmetry species)

Fig. 2.13. Diagrammatic interpretation of the character table associated to the Cav point group.

2.3.2. Selection rules

Selection rules must be applied on each normal vibration in order to determine if such
vibration is active in the IR or Raman spectra. According to quantum mechanics, a
vibration is Raman-active and IR-active if the dipole moment and polarizability changes
during the vibration respectively.

Concerning the Raman activity, the plarizability is considered. When a molecule is
irradiated by a laser beam, it suffers distortions, because the positively charged nuclei are
attracted toward the negative pole, and electros toward the positive pole. This charge
separation leads to an induced dipole moment P given by:
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2. THEORETICAL BACKGROUND

P~qE (2.45)

Due to the vectorial nature of P and E of three components, eq.22 must be rewritten in

matrix form as follows:

PX aXX axy Xz EX
P l=la, o, a,|E, (2.46)
F)Z aZX zy aZZ EZ

First matrix in the right side of the former equation is called the polarizability tensor.
According to quantum mechanics, a vibration is Raman-active if one of the polarizability

tensor components changes during the vibration.
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3. METHODS

3. METHODS

3.1. Sol-gel synthesis method

The sol-gel method is a wet-chemical technique, also known as chemical solution
deposition, which is commonly employed in a variety of fields, such as, material science
and even ceramic engineering. This method is used for the fabrication of materials,
usually a metal oxide, beginning from a chemical solution (called “sol”) that acts as the
precursor for discrete particles or polymer networks (“gel”) [98]. Typical precursors use

to be nitrates or chlorides/alkoxides metal.

In this chemical process, the 'sol' (or solution) gradually evolves towards the formation
of a gel-like diphasic system containing both aliquid and solid phases whose
morphologies range from discrete particles to continuous polymer networks. In the case
of the colloid, the particle density could be so low that a significant amount of fluid could
need to be removed previously for the gel-like properties to be recognized. This can be
managed in many ways. The simplest method is to permit time for sedimentation to
happen, and then pour off the remaining liquid. Centrifugation can also be used to

accelerate the process of phase separation.

Removal of the remaining liquid (solvent) phase requires a drying process, which is
typically accompanied by a significant amount of shrinkage and densification. The rate
at which the solvent can be removed is ultimately determined by the distribution
of porosity in the gel. The ultimate microstructure of the final component will clearly be
strongly influenced by changes imposed upon the structural template during this phase of

processing.

Afterwards, a thermal treatment, or firing process, is often necessary in order to favor
further polycondensation and enhance mechanical properties and structural stability via
final sintering, densification and grain growth. One of the distinct advantages of using
this methodology as opposed to the more traditional processing techniques is that

densification is often achieved at a much lower temperature.

The precursor sol can be either deposited on a substrate to form a film (e.g., by dip
coating or spin coating), cast into a suitable container with the desired shape (e.g., to

obtain monolithic ceramics, glasses, fibers, membranes, aerogels), or used to synthesize

40

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por:

MIGUEL ANDRES HERNANDEZ RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA

Fecha: 01/02/2018 12:01:36

ULISES RUYMAN RODRIGUEZ MENDOZA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 12:06:33

INOCENCIO RAFAEL MARTIN BENENZUELA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 14:40:10

ERNESTO PEREDA DE PABLO
UNIVERSIDAD DE LA LAGUNA

15/02/2018 14:03:46

471217



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/3184
N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

3. METHODS

powders (e.g., microspheres, nanospheres) [99]. The sol-gel approach is a cheap and low-
temperature technique that permits for the fine control of chemical composition of the
product. Even small quantities of dopants, such as organic dyes and lanthanide elements,
can be introduced in the sol and end up uniformly dispersed in the final product. It can be
used in ceramics processing and manufacturing as an investment casting material, or as a

means of producing very thin films of metal oxides for various purposes.

Sol-gel derived materials have many applications in optics, electronics, energy, space,
(bio) sensors, medicine (e.g., controlled drug release), reactive material and separation
(e.g., chromatography) technology.

In this thesis, the former method was employed in order to synthesize pure undoped and
lanthanide doped nano-perovskites. The average main size achieved by this method was
around 40 nm. A large number of nano-perovskites was prepared, however some of them,
such as, Nd** -doped YAIO3 with different mol % concentration of the former ion (0.1,
0.5, 1.0 and 2.5 mol %), Tm**-doped YAIOs (2.5 mol %) and undoped YAIO; were
studied.

3.1.1. Sol-gel synthesis method. Steps

Sol-gel is a really straigthforward synthesis method which steps are summarized in the
diagram of Fig. 3.1. Briefly:

1) Nitric acid (HNOs) was used as a solvent in which the precursor materials,
nitrates X(NOz3)s_yH20, where X site is associated to the transition metals
and/or lanthanide ions and “y” corresponds to the water molecules number
and the citric acid (CeHsO7) as complexing agent. The former agent lead to a
better distribution of the different metals in the resulting precursor, giving rise

to a more efficient reaction at high temperature and a proper dwelling time.

2) Nitrates compounds in a stoichiometric molar ratio were dissolved in 25 mL
of 1 M HNOs under stirring at 353 K (80 °C) for 3 h.

3) Then citrid acid, with a 1:2 molar ratio of metal ions to citrid acid, was added
to the solution. Such solution was stirred and heated at 363 K (90 °C), until

reaching the transparency of the solution.

4) Then, 4 mg of polyethylene glycol was added to the solution, leading to the

formation of a gel.
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3. METHODS

5) A first thermal treatment upon the former gel was carried out at 673 K (400

°C) for 6 h in order to remove the residual nitrates and organic compounds.

6) A second thermal treatment was performed at 1823 K (1550 °C) to achieve the

nano-crystalline powder sample.

400°C (8) 1650°C (12h)
— . \ > A\
& & B

/ \\
2. / \
)
)

7,
S

700
’,/’ \)g)q

, \ y \
23°c  Firstthermal treatment 23 23°C  Second thermal treatment 23s¢

w 2,

S U

Fig. 3.1. Sol-gel synthesis method steps diagram.

3.1.2. Perovskite structural characterization

The perovskite crystallographic structure has been extended to other compounds with the
general formula ABOs. Perovskites present four formula units per unit cell with the

formula ABOa. The structure is formed by corner linked octahedra containing the B cation
(BOe) with dodecahedral interstices containing the A cation (AO12) (see Fig. 3.2).
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3. METHODS

Fig. 3.2. YAIOs perovskite unit cell. YO12 dodecahedra (red) and AlOs octahedra (green) are highlighted.

Generally, perovskites are characterized by a orthorhombic structure, in particular,

YAIOs crystallizes in the orthorhombic Pnma structure (see Fig. 3.3), i.e. Pbnm with a

different setting [100]. However, they can crystallize in a variety number of space groups

depending on the ratio of the cation sizes, which causes various tilts and twists of the

octahedra. With no tilts, twists, or distortions, the structure is cubic (Pm3m).

Intensity (arb. units)

sl LA Ja nt . A

20 30 40 50 60 70 80

20 (degree)

Fig. 3.3. X-ray diffraction pattern of the YAIOs nano-perovskite. Rietveld refinements including the difference

between calculated and observed patterns are also shown (red)

According to theoretical considerations, the Pnma structure of ABOs perovskite with four

formula units per primitive cell, has 60 vibrational modes distributed in 24 Raman-active
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3. METHODS

modes (I'r), 25 infrared-active modes (I'ir), 8 silent modes (I's) and 3 acoustic modes
(Tac):

[y =7A, +5B,, +7B,, +5B,,
T =9B, +7B,, +9B,

I's =8A,
[y =By + By + By,

(3.1)

The Raman spectrum of perovskites can be interpreted, in a first approximation,
considering that the different Raman modes could be related to the vibrational modes of
dodecahedra (AO12) and octahedra (BOe) units. However, the attribution of each Raman
mode to an indivual unit is not easy, becasue these vibrational modes are coupled each
other.

There are a huge variety of perovskites crystal with different compositions, such as,
GdFeOs, GdAIOs, LaAlOs, etc

3.2. Experimental setups and techniques

Since the experimental procedures are well described on the corresponding experimental
section of each paper, only a brief covering of the equipment and techniques employed in
this thesis will be exposed here.

3.2.1. Ambient condition characterization
I. X-ray diffraction and TEM setups

Powder X-ray diffraction data were collected on a PANalytical X’Pert PRO
diffractometer (Bragg-Brentano geometry) with an X’Celerator detector employing the
Cu Kau radiation (2=1.5405 A) in the angular range 5° < 26 < 80°, by continuous scanning
with a step size of 0.02° (see Fig 3.4 left). TEM measurements were performed in a JEOL
JEM 2100 equipment operanting at 200 Kv (see Fig 3.4 center). Dynamic light scattering

(DLS) measurements were carried out on a Mastersizer 2000/E (see Fig 3.4 right).
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3. METHODS

Fig. 3.4. (left) PANalytical X Pert PRO diffractometer (Bragg-Brentano geometry), (center) JEOL JEM 2100 and
(right) Mastersizer 2000/E equipments.

11. Absorption

When the energy of an incident radiation on a sample is higher enough to ensure the
transition between two energy levels of the 4f electrons, the absorption of the former
incident radiation occurs. Lambert-Beer allows the relationship between
the attenuation of light and the properties of the material through which the light is

travelling:
I(d)=1,e (32)

where d, lo and | are the sample thickness, radiation intensity before and after through the
sample respectively. a is the absorption coefficient which depends on the wavelength and
the polarization of the incident light. Experimentally, absorption measurements are
function of the transmitance T or the optical density, DO. Both magnitudes can be related
as follow:

1 ad

e ho(4) ad
DO =log 1(4) =log = 2.303 33

Since the nano-perovskites that have been studied in this thesis are powders, the

absorption only could be obtained by diffuse reflectance measurements.

Diffuse reflection is the reflection of light or other waves or particles from a surface such
that a ray incident on the surface is scattered at many angles rather than at just one angle
as in the case of specular reflection (see Fig 3.5). An ideal diffuse reflecting surface is
said to exhibit Lambertian reflection, meaning that there is equal luminance when viewed
from all directions lying in the half-space adjacent to the surface.
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specular
reflection

Lt

reflection

Fig. 3.5. Diffuse and specular reflection from a surface. The rays represent luminous intensity, which varies

according to Lambert's cosine law for an ideal diffuse reflector.
The diffuse reflectance spectrum is defined as the relation between the reflexed flux of
the powder sample and the flux of a reference sample in the same geometrical and spectral
conditions. This relation can be monitored in two ways: i) specular reflectance and ii)
diffuse reflectance. The last one requires and integrating sphere which collects the
reflectance diffuse on the incident light on the powder sample Incident light wavelength
is varied in the study range.

In order to measure the diffuse reflectance spectra whitin the study range, a Cary 5000
spectrometer (Varian) was employed (see Fig 3.6). This equipment possesses two lamps,
one halogen quartz lamp for VIS-NIR range and another deuterium lamp for ultraviolet
range. In addition, it has two detectors, one is the PMT (Hamamatsu R928) for the UV-
VIS range and a InGaAs detector for NIR.

Fig. 3.6. Cary 5000 (Varian).

Reflectance diffuse measurments were carried out using an integrating sphere.
Background was taken from a reference sample and after that, the powder samples were

placed and measured. These measurements were performed at Universidad de La Laguna
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3. METHODS

I11. Luminescence

Luminescence allows to study the radiative desexcitation channel of each excited level
of the 4f electrons. Photon emissions is not the unique mechanism, in fact, it competes

witrh other ones such as, non-radiative proccess and energy transfer between ions.

Luminescence measurements were carried out by using different diode-pumped solid
state lasers and optical parametric oscillator OPO (EKSPLA/NT342/3/UVE) laser (see
Fig 3.7)

Fig. 3.7. (left) diode-pumped solid laser and (right) and optical parametric oscillator OPO (EKSPLA/NT342/3/UVE)
laser

The experimental setup employed for the luminescence measurements of the samples,

was set to a “90° configuration”, i.e. the CCD spectrometer is placed perpendicularly

respect to the incident laser beam, in order to avoid direct incidence of the former laser

on CCD, as it is shown in Fig. 3.8.

Holder Lens

! -
Sample <0 <::ij[/:::>n
v
CCD

o Spectrometer
w
3

Fig. 3.8. Experimental setup diagram of luminescence measurement in 90° configuration set.

Some of monochromators, CCDs and detectors that were used during the optical

characterization of the samples are depicted in Fig. 3.9.
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3. METHODS

Fig. 3.9. CCD cameras, detectors and monochromators.

IV. Luminescence dynamics. Life time

The experimental measurement of the life time is employed to study the temporal
dynamics of each excited level. This technique allows to determine the population and
depopulation mechanism of each level.

The experimental setup of luminescence dynamics measurement is shown in Fig 3.10. In
this case, a 90° configuration was also applied. Nano-perovskite samples were excited.
Briefly, the sample is excited by a OPO laser, whose working range is from 210 up to
2300 nm. Laser pulses have bandwiths and periods around of 5 cm™ and 10 ns
respectively. The energy output of each pulse depends on the selected excitation
wavelength and varies between 20 to 100 mW. Since the sample emission could be
associated to the desexcitation from several levels, it has to be descomposed using a
monochromator (TRIAX 320), which selects the wavelength that will pass to the detector
(photomultiplier). The temporal evolution of the detected luminescence is recorded by a
digital LeCroy (WS424) oscilloscope, as it is shown in the diagram of the Fig. 3.10.
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Voltage
Holder Lens source
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TRIAX 320
W
N
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Fig. 3.10. (left) Experimental setup diagram of luminescence lifetime measurement and (right) LeCroy (WS424)

oscilloscope.
3.2.2. High pressure characterization
In this thesis, two type of DACs were used. For XRD, Raman scattering and luminescence

measurements at high-pressure conditions, a Merrill-Basset type DAC and a membrane-

DAC were employed respectively (see Fig 3.11).

Fig. 3.11. (left) Merril-Basset type DAC for XRD experiments and (right) membrane-type DAC for Raman

scattering and luminescence experiments.

The preparation of one of these DACs for a specific measurement, follows the next steps.

i) The pre-indentation process, applying pressure with the diamonds of DACs
on a tungsten gasket placed between these diamonds, in order to make a mark

on it, with a thikness around of 55 pum.

i) In the center of the former mark, a hole of 100-150 um of diameter is
performed using a drill (Boehler microDriller) (see Fig. 3.12). This hole is

called the hydrostatic chamber.

iii)  The sample, ruby chips as reference to measure the pressure inside the cavity,
and a 16:3:1 solution of methanol:ethanol:water as pressure transmitting

medium, are placed in the former hole.
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3. METHODS

Fig. 3.12. Spark erosion system for gasket drilling.

I. Pressure calibration with ruby fluorescence

At the beginning, pressure was estimated by force over area, high-pressure XRD studies
by internal markers, for instance NaCl, KCI, Au or by phase transition of a certain sample
by XRD. In 1972, Forman et at. [101] showed that the R lines of Cr®*-doped Al,Os shifted
following a linear behaviour as the pressure increased from 0.1 GPa to 2.2 GPa, ansd
showing a noticeable broadening of these lines as well in non-hydrostatic conditions.
Afterwards, a published work by Barnet et at. [102] showed a very straigthforward way
to measure the pressure inside the hydrostatic chamber of the DAC using the ruby
fluorescence technique. Piermarini et al. [103] showed that the ruby R lines shift, follows
a linear behaviour as pressure increases up to 20 GPa, which later, a positive small non-
linear trend was observed by Mao et al. [104] on R lines, monitoring the pressure
evolution of Ry line up to 80 GPa. Finally, Carter et al [105] proposed the most commonly

used equation for pressure calibration so far, which is defined as:

p_A [1+/1j -1 (3.4)
B A

where A=1871 GPa, B=10.06 and Ao = 694.24 nm [106].

The former equation along with the one proposed by Syassen [106] were employed in
this thesis.

I1. Raman scattering and optical pressure calibration sensor setup

For ambient to high-pressure condition experiments, a Raman microscopy setup was

employed. Figure 3.13 shows a diagram of some Raman microscopy components.
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Briefly, the excitation laser source (solid state laser) beam passes through an interference
filter which removes the undesired lines present in the emited light of the former laser, in
order to ensure its monochromaticy. Afterwards, it pass through a lens which focuses it
towards a first pinhole. This pinhole ensures the filtering of the laser beam. One face of
the first beamsplitter lets the transmission of the laser beam through it, towards a second
beamsplitter which reflects it to the microscope. The laser is focused on the sample by
the microscope objectives. The signal from the sample (could be Raman or luminescence,
depending on the measurement which is carried out to) comes back and passes through a
filter, which is placed between the first and second beamsplitters. The former filter blocks
the impure signals, which can be the Rayleigh scattering contribution, if it is about of
Raman scattering measurement or undesired signal that does not come from the sample,
in the case of luminescence measurement. Finally, once the emission of the sample is
filtered from any impure signal, it sent to the spectrometer, passing through before a
second pinhole, which works as the entry slits of the CCD spectrometer, where the

emission is recorded.

_ Rayleigh
. Lens ' Beamspliter gt
Laser |
[ [~ J

Interference  Pinhole
filter

CCD
Spectrometer o Sample\

Microscope — .
objectives

Microscope

Fig. 3.13. Raman microscope experimental setup diagram for ambient to high-pressure condition measurement.

The Raman scattering at ambient to high-pressure conditions were performed at
Universitat Politecnica de Valéncia, using a HORIBA Jobin Yvon LabRAM HR UV
spectrometer in combination with a thermoelectrically cooled multichannel Synapse CCD
detector (see Fig 3.14 left).

On the other hand, the ambient and high-pressure luminescence experiments were carried
out at Universidad de La Laguna, using a Reninshaw inVia Raman Microscope (see Fig
3.14 right).
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3. METHODS

Fig. 3.14. (left) HORIBA Jobin Yvon LabRAM HR UV spectrometer and (right) Reninshaw inVia Raman
Microscope.

3.2.3. High temperature luminescence

For the optical temperature calibration experiments, a tubular electric furnace where the
samples were placed at the center of it and heated at a rate of 1.77 K/min, was employed.
Briefly, the excitation laser source excited the sample from one side of the furnace, while
the emission was collimated by a lens located on the other exit side, and then focalized
with another lens into an optical fiber coupled to a 0.3 m single grating spectrometer
(Andor SR-500i-B2-R). Finally, the detection was carried on with a cooled CCD detector
(Newton DU490A-1.7) with a resolution of 0.7 nm (~25 cm™) and an integration time of
1 s (see Fig. 3.15).

Fumace Lens Filter

ﬁ% | |

CCD
Spectrometer

Fig. 3.15. Temperature calibration experimental setup.

I11.Optical temperature calibration. Fluorescence Intensity Ratio
technique (FIR)

For the optical temperature calibration of the samples, the FIR technique was considered.
As it was discussed in the section 2.2.5 of this thesis, FIR seeks the determination of the
temperature analyzing the changes in the band shape of RE®* emissions. This technique
studies the relative emission intensities of two nearby energy levels, close enough in
energy to allow the thermal redistribution of the population from the lower level (E>) to
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3. METHODS

the upper one (Es) (see Fig. 3.16). Therefore, the intensity ratio of these levels depends
on the temperature T, but at the same time, this ratio is independent of the source power
excitation, because the population of each level is proportional to the pump power used.
Under low pump power excitation, the intensity ratio between the emitting E> and Es

levels, R, is described by Boltzmann’s law, given by:

] C()R h —AE —AE
R— 3 _ ??193 Vs oKeT _ et (3.5)
Iy @n9hv,
where Kg is the Boltzmann constant, AE = Ez— E3 is the energy gap between Ez and E>
excited thermalized levels, gs and g are the degeneracies (2J+1) of the levels, and w%,
and w%; are the spontaneous emission rates of the Es and Ez levels to the ground level

(E1), respectively.

E;9,

32

E2’ g2

E,g,

Fig. 3.16. Simplified diagram for three levels particularized to Tm3* ion. AE is the energy gap
between the two excited levels (Ez and Es), gi is the degeneracy of the i-th-level and mfj is the

spontaneous emission rate between the i-th and j-th levels.
The sensor sensitivity S can be defined as the rate at which R changes with temperature:

dR AE
s=|"I=R 3.6
‘dT (kBTZJ (3.6)

However, it is necessary to introduce another parameter, the relative sensor sensitivity
SreL, Which is defined as follows:

1|dR AE
S _ === 3.7
REL R‘dT (kBTZJ 3.7

that only depends on the temperature. Hence, it allows the comparison with other optical
temperature sensors.
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3. METHODS

From the last equation, the larger the energy gap between two thermalized levels the
larger the sensitivity. Nevertheless, as the energy gap between these levels increases, the
population and the intensity from the upper thermalized level decreases.

The temperature uncertainty, 8T, is the smallest temperature change that can be achieved
in a given measurement and can be estimated by the equation [107]

1 oR

5T = (3.8)
SREL R

where Srev is the relative sensitivity and the SR/R is the relative uncertainty on R.

3.2.4. Subtissue penetration depth setup

For the depth penetration studies, the sample was excited at 895 nm, using the laser line
of a Ti: sapphire laser (3900S Spectra Physics) pumped by Millenia Prime laser (Millenia
15sJSPG) along with a vertical setup.

Briefly, the sample was placed into a holder which was located under a 1 mm size cuvette
filled with a solution of Intralipid 10% (phantom tissue). The sample was optically excited
with a continuous laser source at around 895 nm. Part of this laser was reflected to the
sample by a filter and then was focused on the sample. After that, the NIR emission of
the sample passed through the former filter and then was focused on the spectrometer by
a second lens. The phantom tissue thickness was varying just filling a specific volume of
the cuvette with a solution of Intralipid. This setup allowed to measure the NIR emission
as a function of the tissue thickness by simply filling the cuvette with a specific volume
of the phantom tissue as it is shown in Fig. 3.17.

The NIR emission of the sample, was detected through a solution of Intralipid®, which is
an intravenous nutrient consisting of an emulsion of phospholipid miceless and water
[108] as phantom tissue. The phantom tissue consists in an absorbing and scattering
medium that has been extensively employed in the past to mimic the optical properties of
human skin in the I-BW and 11-BW [109-112] as a function of the depth penetration was
recorded by using the same grating spectrometer with a NIR extended photomultiplier
(HAMATSU H10330B-75). The concentration of Intralipid® used in this experiment was
the equivalent to 0.025 mol of it in a volume of solution of 24.85 mL.
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3. METHODS

CCD

Spectrometer

|| ey Emission

Filter ¢=== /
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phantom tissue -
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Fig. 3.17. Schematic diagram showing the experimental procedure to determine the penetration depth.
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4. ARTICLES COMPENDIUM

4. ARTICLES COMPENDIUM

In this section, the six papers that have been published during the thesis period are
presented.

4.1. Structural and optical characterization of the YAIO3 nanoperovskites

In this section, the first and second of the six papers are included and represent the first
steps regarding the initial characterization of undoped and Nd**-doped YAIO3 nano-

perovskites.

The first paper, the effects of two different thermal treaments, during the sol-gel synthesis
procedure on the structural and optical properties of YAIOz doped with different
concentration of Nd®* ions, were studied. This paper was the starting point in terms of the

optimization of the employed synthesis method during this thesis.

The second paper, an extensive experimental and theoretical study concerning the
structural, vibrational and elastic properties of undoped YAIOs nano-perovskite at
ambient and high-pressure conditions was performed.

4.1.1. Spectroscopic properties of Nd** ions in YAP nano-perovskites

Authors: M.A. Hernandez-Rodriguez, A.D. Lozano-Gorrin, I.R. Martin, U.R.

Rodriguez-Mendoza and V. Lavin

Published in: Journal of Luminescence; Volume: 188; Pages: 204-208; DOI:
10.1016/j.jlumin.2017.04.031; Accepted 21, April 2017

In this article, YAIO3 nano-perovskites doped with different concentrations of Nd**, i.e,
nano-crystalline perovskites of composition Y 1xNdxAlOz with x = 0.001, 0.005, 0.01
and 0.025 (in mol %) (from now, YAP: Nd3* 0.1% YAP: Nd* 0.5% YAP: Nd** 1.0%
and YAP: Nd* 2.5%) were successfully synthesized by sol-gel method with two
different thermal treatments at 1200 °C and 1550 °C.

X-ray diffraction (XRD) patterns of these nano-perovskites confirmed two different
profiles between the ones annealed at 1200 °C and those treated at 1550 °C during the
synthesis procedure. XRD patterns confirmed the monoclinic structure space group P2/m
with a comparable double contribution of the perovskite (YAP) and garnet-type (YAG)
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4. ARTICLES COMPENDIUM

profiles, as it is shown in Fig 1a. of this article. On the other hand, XRD spectra of the
nano-perovskites treated at 1550 °C confirmed the orthorhombic structure space group
Pnma with a predominant Y AP phase with a minor YAG phase as impurity as it is shown
in the Fig. 1b of this article.

Since XRD measurements confirmed the existence of two possible environmets for Nd®*
ions in these nano-perovskites, site selection spectroscopy was performed exciting the
samples at 529.5 and 531 nm with a pulsed laser excitation source. Site excitation
spectroscopy, indeed confirmed two different environments for Nd** in nano-perovskites
annealed at 1200 °C, whose emission spectra showed two different profiles exciting with
one or another wavelength, being a mixture of both environments where Y AP phase (site
1) was clearly predominant compared to YAG phase (site 1) and site 1l was predominat
compared to site I, when the excitation wavelength was set to 529.5 and 531 nm
respectively as it is shown in Fig. 3 in the article. Concerning the samples treated at 1550
°C, site selection spectroscopy did not distinguish clearly the former phases, only a
predominant profile which is related to site I, which means that YAP phase was
predominant against YAG one as it is shown in Fig. 4 in the article. These results were in
agreement with the XRD predictions. In addition, luminescence dynamics studies
confirmed only the existence of energy transfer between Nd** ions in the samples.

Time resolved spectroscopy allowed to confirm that the thermal treatment at 1550 °C was

the proper one in order to obtain nano-perovskites with crystallite sizes around 40 nm.
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ARTICLE INFO ABSTRACT

Keywords:

Pechini method

Thermal treatment

YAP nano-perovskites
X-ray diffraction

Site selection spectroscopy

Yttrium aluminium nano-perovskite doped with different concentrations of Nd** (YAP: Nd**) were successfully
synthesized by the Pechini sol-gel method at 1200 °C and 1550 °C. X-ray powder diffraction patterns confirmed
the monoclinic and orthorhombic structure space group P2/m and Pnma for the samples treated at 1200 °C and
1550 °C respectively. Yttrium aluminium garnet phase was detected in both treatments, being more noticeable at
1200 °C treated samples. The non-equivalent center nature of these samples was observed performing site
selection spectroscopy, confirming the presence of two different sites for the Nd>* ions in the samples,

associated with perovskite and garnet phases, previously detected in XRD measurements. The study of the
luminescence dynamics of YAP: Nd>* nano-perovskites treated at 1550 °C for all concentrations was carried out,
confirming the existence of the energy transfer between Nd>* ions. Time resolved spectroscopy allowed to
confirm that the thermal treatment at 1550 °C was the proper one in order to obtain nano-perovskites.

1. Introduction

The research in the nanomaterials field has become of relevant
importance for the industrial applications. New developments in
electronics, optics or biology imply the evolution of new phosphors
whose properties can be enhanced by reaching the nanometric scale.
Nano-crystallites possess unique properties, which are not observed for
their bulk samples counterparts, their size, shape and large surface to
volume ratio influence the material properties, such as the electronic
energy levels, optical transitions, conductivity and phase transition
temperatures [1].

In the last years, research works in perovskites have gained interest
because of their relevance in several technological applications, such as
hydrogen sensors, SOFC electrodes, multilayer capacitors, and solar
cells [2]. Among them, the most used one is the CaTiO3 perovskite, due
to its thermal and chemical stabilities [3]. On the other hand, some of
its features makes this perovskite a promising candidate for a new host
material for powder lasers as well as host lattice for efficient luminis-
cence of lanthanide ions [4-7] and biomedical applications [8]. In
addition to this, it is possible to find works focused on others types of
perovskites, such as BaTiO3 which it is reconigzed because its ferro-
electric properties [9-11] or LaAlO3 as a host material for lanthanide

* Corresponding author.
E-mail address: miguelandreshr@gmail.com (M.A. Herndndez-Rodriguez).
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ions [7].

The YAIO; perovskite (YAP) doped with different lanthanide ions in
bulk crystal and nano-powder has been extensively studied due to its
optical properties. It has been successfully used as scintillators [12-14],
phosphors [15-18], and for solid-state lasers [19,20]. Focusing on laser
applications, the YAP: Nd** presents good mechanical and thermal
properties as well as a high emission cross section and a long
fluorescence lifetime (180 ps), similar to those of the well-known YAG:
Nd>* laser crystal [21]. Additionally, the incorporation of Nd** ions in
YAP crystals is about four times higher than that of YAG: Nd** crystals,
which would allow a more efficient pumping. Another interesting
feature of the YAP in contrast to YAG, is its anisotropy [22-24] which
allows to select crystallographic orientations in order to optimize
specific laser performances. In this paper, the spectroscopic properties
of the YAP: Nd®* nano-perovskite are presented and the influence of
the Nd**concentration and the thermal treatment during synthesis
processes in the luminescent properties is discussed.

2. Experimental details

Nano-crystalline YAP perovskites of composition Y(; —x)Nd,AlO3,
with x=0.001, 0.005, 0.01 and 0.025 (in mol%) (YAP: Nd**0.1%, YAP:
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M.A. Herndndez-Rodriguez et al.

Nd®*0.5%, YAP: Nd®>*1.0% and YAP: Nd**2.5%) were successfully
synthesized by the Pechini citrate sol-gel method in an air atmosphere.
Stoichiometric molar ratios of high-purity Y(NO3)34H,O (ALDRICH,
99.9%), Al(NO3)39H,0 (ALDRICH, 99.9%) and Nd(NO3)3H,0
(ALDRICH, 99.9%) materials were dissolved in 25 ml of 1 M HNO3;
under stirring at 80 °C for 3 h. Then citric acid, with a molar ratio of
metal ions to citric acid of 1:2, was added to the solution, which was
stirred and heated at 90 °C until reaching the transparency of the
solution. Then, 4 mg of polyethylene glycol was added to the solution.
This last step created a gel that was fired at 400 °C for 6 h in order to
remove the residual nitrates and organic compounds and the subse-
quently obtained powder sample was finally burnt out at 1200 °C for
20 h. The second thermal treatment was performed at 1550 °C for 12 h.

X-ray diffraction (XRD) patterns were measured on a diffractometer
(PANalytical X'Pert Pro) using CuKal radiation.

The visible and NIR diffuse reflectance spectrum in the range from
200 to 1800 nm was measured using an integrating sphere with a Cary
5000 (Varian).

Site selection spectroscopy of the YAP: Nd®>* nano-perovskites were
measured by exciting at 529.5 and 531 nm with a 10 ns pulsed optical
parametric oscillator OPO (EKSPLA/NT342/3/UVE). The emission of
the samples was focused on the entrance slit of a CCD spectrograph. The
luminescence decay curves were measured by exciting the Nd** ions
with the OPO laser and using an analogic storage oscilloscope (LeCroy
WS424) coupled to the detection system. All spectra were corrected for
the spectral response of the equipment.

3. Results and discussion
3.1. Structural characterization

All diffraction patterns of powder samples were well indexed to a
monoclinic structure space group P2/m phase at the stage of having
been thermally treated at 1200 °C, having found a mixture of perovskite
and garnet phases and therefore finding a monoclinic space group
always suitable to match the number of peaks found on the pattern
(Fig. 1a).

However, after heating at 1550 °C, the new profile shows the
presence of two phases, but a predominant perovskite-type one and a
residual garnet-type one (Fig. 1b). The diffraction patterns are well
indexed in the orthorhombic space group Pnma (phase 1) and in the
cubic Ia-3d (phase 2). Thus, X-ray diffraction (XRD) confirms the YAP:
Nd®* structure to be that as perovskite-type one. The inset of the Fig. 1b

—— YAP: Nd* 0.1%
—— YAP: Nd** 0.5%
—— YAP: Nd** 1.0%
YAP: Nd** 2.5%
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Fig. 1. XRD patterns of the YAP doped with 0.1%, 0.5%, 1% and 2.5% mol of Nd** at (a)
1200 °C and (b) 1550 °C and the Pnma symmetry Rietveld refinement including difference
between calculated and observed patterns for the YAP: 1.0% Nd®* nano-perovskite. The
unit cell of the Pnma YAP nano-perovskite structure is also shown.
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Table 1
Cell Parameters and Reliability Factors Obtained from the Rietveld Refinement.

Compound ad) b (A) ¢ (A) X2 R, Rup Rexp

YAIO3: Nd&®* 1.0% 5.33 7.38 5.18 3.66 7.21 10.8 1.78

shows the YAP: Nd®* unit cell. Crystal structure parameters have been
obtained after fitting the profiles of the nano-perovskites by the
Rietveld method using FULLPROF program [25].

For simplicity, only the Rietveld refinement for the YAIOj3:
Nd®*1.0% nano-perovskite treated at 1550 °C is shown in Table 1
and Fig. 1b because the obtained data from it were practically the same
for all YAP: Nd®>* nano-perovskites treated at 1550 °C.

The average grains size “D” was determined from Scherrer formula:

089
B Cos 6 (€9)]

where A=1.5406 A, B is the full width at half maximum of the peaks
and 6 is the angle of diffraction. The average grains size value was
around 30-40 nm. No amorphous phase was found in the samples.

3.2. Absorption and luminescence

From the point of view of the optical applications, it is relevant to
know the local structure around the RE®* ions inside the host matrix,
because it establishes the fine structure splitting of the free-ion multi-
plets and the forced intra-configurational 4f-4f electric-dipole transi-
tion probabilities in the optical range (UV-VIS-NIR). In the particular
case the of the yttrium-aluminium based perovskite structures, the
Nd** ion predominantly enter into the octahedral interstice sites
occupied by the Y?* ions [26]. As a result, the crystal field interaction
implies a complete breakdown of the degeneracy of the 2*'L;
mutiplets of the free Nd®™ ion, resulting in (2J+1)/2 Stark levels,
which are labeled according the irreducible representations obtained
from group theory [27]. This crystal field splitting of the electronic
levels can be identified from the absorption and emission spectra. The
first step in this section is the measurement of the diffuse reflectance
spectum of the YAP nano-perovskite doped with 2.5 mol% of Nd** in
the visible-NIR range, which is shown in Fig. 2. The most concentrated
sample was chosen for this measure because the absorption was more
noticeable. The peaks observed correspond to the intra-configurational
4f°-4f° electronic transitions beginning from the *Ig/, ground state to
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Fig. 2. Diffuse reflectance spectrum of the YAP: Nd**2.5% thermal treated at 1550 °C
nano-perovskite powder in the UV-visible-NIR range at RT. All transitions start from

the*ly/, ground state to the indicated levels.
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the different excited levels of the Nd®>* ion. All transitions were
assumed to be electric-dipole in nature. The sharpness of the peak
profiles of the diffuse reflectance spectrum confirms that the Nd** ions
are incorporated in the nanocrystalline structure of the perovskite. The
labels of the electronic transitions of the Nd** in the yttrium-
aluminium nano-perovskites have been assigned according to the
Dieke's diagram for this ion.

As it was confirmed by X ray-diffraction, depending on the ulterior
thermal treatment at 1200 °C or 1550 °C, the weight of the contribution
of different crystalline phases, perovskite and garnet, changes. Whereas
in the first case, for 1200 °C heat treatment, there is a mixture between
perovskite (YAP) and garnet (YAG) phases and, for the 1550 °C thermal
treatment the YAP phase results to be the predominant one.

It is relevant to mention that changes in the optical properties of the
YAP: Nd®* samples are more related to the thermal treatments than the
anisotropy nature of the YAP structure [22-24]. In the next section the
emission spectra related with both cases are analyzed.

3.2.1. Heat treatment at 1200 °C

In order to distinguish the two possible different sites for the Nd**
ions in the nanocrystal structure associated with YAP and YAG phases,
site selection spectroscopy has been performed. It was possible to
selectively excite luminescent impurity ions which exist in sites which
are subtly different.

Fig. 3 shows the emission spectra of the YAP nano-perovskite
sample doped with 1.0% mol of Nd®* ions obtained at room tempera-
ture upon 529.5 and 531 nm excitation with a pulsed laser source. The
emission peaks associated with the *F3,,—*Io,5 (~880 nm) transition
and their corresponding Stark levels were obtained.

Here, it can be observed that exciting with one or another
wavelength, the site-selection of Nd** in the samples was possible,
confirming the existence of two different environments for the Nd>*
ions. These two environments are associated with YAP (Site I) and YAG
(Site II) phases, previously detected in the analysis of the X-ray
diffraction patterns. As is observed in Fig. 3, the emission spectrum
obtained at 529.5 nm consists in a mixture of these phases, being the
Site I predominant compared with Site II. The former spectrum is very
similar to that obtained for YAP: Nd** bulk samples [26]. On the other
hand, exciting at 531 nm, Site II appears notably compared with Site I.
This last spectrum resembles to the YAG: Nd®* in nano-powders [28].

3.2.2. Heat treatment at 1550 °C
As regard the emission spectra of the YAP: Nd>* samples treated at

T T T T T
—— Site | (529.5 nm)
—— Site Il (531 nm)

Intensity (arb. units)

860 880 900 920 940 960
Wavelength (nm)

Fig. 3. Emission spectra of YAP nano-perovskite doped with 1.0 mol% of Nd** ions
associated to the 4F3/2—’419/2 transition obtained at room temperature upon 529.5 (black
line) and 531 nm (red line) excitation with a pulsed laser source.
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Fig. 4. Emission spectra of YAP nano-perovskite doped with 1.0 mol% of Nd** ions
treated at 1550 °C associated to the “Fs "Iy, transition obtained at room temperature
upon 529.5 (black line) and 531 nm (red line) excitation with a pulsed laser source.

1550 °C obtained with the same conditions that the sample treated at
1200 °C, the results were accurate according to the predictions of the
XRD study for the samples treated at 1550 °C. In this case, the site
selection spectroscopy resulted to be more difficult, because regardless
of the excitation wavelength, the emission peaks associated with YAP
phase appears strongly in all samples. This means that the YAP phase is
predominant against YAG one (see Fig. 4). This result is in good
agreement with the predictions of the XRD studies.

The emission decay curves for the *Fs,, level of Nd®* ion of these
samples were obtained by exciting at 529.5 nm and registering the *Fs,
2=/, transition at around 914 nm (see Fig. 5). The decay curves for
the samples presented non-exponential characters for short times due to
the presence of multipolar interactions between Nd** ions, which are
related with the quasi-resonant energy transfer cross-relaxation (*Fss,
“o/2) = (15,2, “I15,2) channel. No rise time was observed in the decay
curves exciting at Site I and detecting at Site II, confirming the
inexistence of energy transfer between sites. Therefore, the assumption
that the excitation wavelength excites both sites at the same time
neglecting the possibility of energy transfer between Site I and Site II

T T
——YAP: Nd* 0.1%
—— YAP: Nd™* 0.5%
—— YAP: Nd™ 1.0%
—— YAP: Nd* 2.5% 3

o
S
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Fig. 5. (a) Emission decay curves of the “Fs,, level monitoring the “Fs,,—*Io,, emission
at 914 nm after exciting resonantly the G, level at 529.5 nm with a pulse laser source
and the fitting curves to the Inokuti-Hirayama model with S =6 (in red colour). (b)
Transfer parameter Q values as functions of the Nd*>* concentration and the linear fitting
according to Eq. (3) (red line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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can be considered.

The multipolar interactions can be explained in the framework of
the Inokuti-Hirayama model [29]. This model shows that the lumines-
cence decay intensity I(t) after laser pulse excitation is given by the
following equation:

1) = 10700 @

where I(0) is the intensity at time t=0 (in arbitrary units); 7 is the
intrinsic lifetime of the engaged donor level; S is related to the type of
interaction between ions (S=6 for dipole-dipole interaction); and, in
the case of a unique type of acceptor ion, the dimensionless energy
transfer parameter, Q, is given by the following expression:

4 3
= —T|1 - =|C(Cpar)*$
Y 3 ( S) (Cpat)

3)
where I is the gamma function, C is the concentration of doping ions,
and Cp, is the donor-acceptor energy transfer parameter [29].

In the mark of the Inokuti-Hirayama model, the decay curves of the
YAP: Nd** samples treated at 1550 °C have been well-fitted taking
S=6, confirming the dipole-dipole interaction mechanism between the
Nd>* ions as main contribution to the energy transfer processes.

The lifetime t and energy transfer parameters Q were calculated
from the previous fitting process. The r value was found to be 180 ps
(with an uncertainty of = 1.0 us) which is very close to the one
obtained in bulk matrix (175 ps) [26]. Moreover, the Q parameters
obtained in the previous fittings show linear dependence (see Fig. 5)
with doping concentration of Nd>* ions according to the Eq. (3) (Q =
1.0C). It is important to mention, that the most concentrated sample did
not fit very well in the frame of Inokuti-Hirayama model. This could be
explained considering the diffusion processes among Nd*>* ions. Thus,
for this case, it is necessary to employ a general model that considers
the diffusion processes between donors, for instance, Yokota-Tanimoto
model [30].

4. Conclusions

Yttrium aluminium nano-perovskite doped with Nd®>* were success-
fully synthesized by the Pechini sol-gel method with two different
thermal treatments at 1200 °C and 1550 °C. XRD patterns analysis
confirmed the monoclinic structure space group P2/m with a double
contribution of the YAP and YAG phases in samples treated at 1200 °C
and YAP orthorhombic structure space group Pnma with a minor
presence of YAG phase in samples treated at 1550 °C. According to
the XRD results about the existence of two possible environments for
Nd** in YAP, site selection spectroscopy was carried out, exciting at
529.5 and 531 nm, confirming indeed the presence of the mentioned
sites for Nd®* in the samples treated at 1200 and 1550 °C. However, the
site selection spectroscopy in YAP: Nd®* nano-perovskites treated at
1550 °C resulted to be more difficult due to the predominance of the
YAP phase compared with the YAG one. The study of the luminescence
dynamics of the YAP: Nd®* nano-perovskites treated at 1550 °C for all
concentration of Nd>* confirmed the existence of the energy transfer
between these ions. Time resolved spectroscopy measurements allowed
to confirm that the thermal treatment at 1550 °C was the proper one in
order to obtain nano-perovskites.
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4.1.2. Structural, Vibrational, and Elastic Properties of Yttrium

Orthoaluminate Nanoperovskite at High Pressures

Authors: M.A. Hernandez-Rodriguez, V. Monteseguro, A.D. Lozano-Gorrin, F.J.
Manjon, J. Gonzélez-Platas, P. Rodriguez-Hernandez, A. Mufioz, V. Lavin, I.R. Martin
and U.R. Rodriguez-Mendoza

Published in: Journal of Physical Chemistry C; Volume: 121; Pages: 15353—15367;
DOI: 10.1021/acs.jpcc.7b04245; Accepted 24 April 2017

In the present article, undoped Y AlO3 nano-perovskite was synthesized by sol-gel method
with the proper thermal treatment (as it mentioned in section 3.1.1) with an average
crystallite size around 40 nm.

XRD measurement at ambient conditions confirmed the orthorhombic Pnma structure of
YAIOz nano-perovkiste (see Fig. 1b of this paper). This means, that YAIO3 nano-
perovskite has the same perovskite-type structure as bulk material. Crystal structure
parameters obtained from Rietveld refinement were compared to the ab initio calculation
finding a good agreement between the experimental and theoretical data. On the other
hand, the experimental lattice parameters and atomic positions of Y AIO3 nano-perovskite
were similar to those of its bulk counterpart, clearly indicating that the structural

properties of the bulk YAIOs are reproduced in the nanoscale.

Afterwards, the experimental structural properties of YAIO3 nano-perovskite were
studied at different pressures up to 7 GPa. These results were in agreement with those
given in the literature by Ross et al. who analyzed the XRD of YAIOs single crystal up to
9 GPa. In addition, an ab initio study of the structural changes of YAIOz under pressure
up to 95 GPa were performed and it was found that lattice parameters a, b and c decreased
with pressure, being the decreasing rate of the second one the most noticeable. This means
that the b-axes was more compressible than a and c-axes. This behaviour could be
observed in the experimental data of the lattice parameters as well as it is shown in the
Fig. 2a of this paper.

Regarding the dependence of the unit cell volume of Y AlOs nano-perovskite, it is shown
that experimental data were partially in good agreement with those of the literature as it
is shown in the Fig. 2b in this article. On the other hand, bulk modulus Bo calculated via

63

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por: MIGUEL ANDRES HERNANDEZ RODRIGUEZ Fecha: 01/02/2018 12:01:36
UNIVERSIDAD DE LA LAGUNA
ULISES RUYMAN RODRIGUEZ MENDOZA 01/02/2018 12:06:33
UNIVERSIDAD DE LA LAGUNA
INOCENCIO RAFAEL MARTIN BENENZUELA 01/02/2018 14:40:10
UNIVERSIDAD DE LA LAGUNA
ERNESTO PEREDA DE PABLO 15/02/2018 14:03:46

UNIVERSIDAD DE LA LAGUNA

70/ 217



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/3184
N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

4. ARTICLES COMPENDIUM

ab initio simulation (Bo = 204.5 GPa) was in agreement with the one reported in the
literature by Huang et al. (Bo = 210. 2 GPa). The experimental data of the YAIO3 nano-
perovskite unit cell with pressure were well-fitted to a second-order Birch-Murnaghan,
yielding a Bo value of 166.4 GPa which was in good agreement with the YAIO3 one
obtained by Ross et al (Bo = 192 GPa).

The theoretical pressure dependence of the YO:2 dodecahedron and AlOs octahedron
volumes up to 95 GPa, which are the polyhedra units that compose the YAIO3 structure,
was studied as it shown in the Fig. 2b of this paper. It was observed that AlOs octahedron
volume decreased faster than YO12 dodecahedron one, being this result in agreement with
the one reported in the literature by Ross et al. The ratio between dodecahedron and
octahedron compressibilities, kdod and koct respectively, yielded a value minor to the unity,
which was decreasing with pressure. This means that the structure tended to be more
symmetrical (orthorhombic to cubic symmetry) as the pressure increased. This result was
in agreement with data reported in the literature, and also this behaviour seems to be a
general trend in all orthorhombic perovskite structures, such as GdAIOs, GdFeOs and
ScAIlOs perovskites among others.

Concerning the RS experiments, it is found and indexed 16 out of 24 first order Raman-
active modes theoretically predicted, in the Raman spectrum of YAIOz nano-perovskite
at ambient pressure as it shown in the Fig 5. The experimental data of Raman-active mode
frequencies of YAIOs nano-perovskite were compared to others orthorhombic structure
perovskite-type ones, in which the elements in site A and B were different (Y and Al in
our case, respectively) was different. This comparison led to an interesting result, in
which the Raman frequency modes were affected in different ways depending on the A
and B cation masses, for instance, in the low-frequency region, which is related to the
AO1> dodecahedra vibrations, YAIOz Raman frequencies were shifted to higher values
compared to those of GdAIOs due to the larger mass of Gd compared to Y one, since in
the harmonic approximation, the frequency in such region goes as the square root of A
cation mass, ma™*2 (see Table 3 of this paper). This consideration also was applied in the
high-frequency region, which is related to the BOs octahedra vibrations, finding that the
frequency modes were shifted to higher values for YAIOs; compared to those found in
YCrOg, due to the largest mass of Cr compared to Al one (see Table 3 of this paper).

The contribution each atoms and polyhedra units, i.e. YO12 and AlOs to the different
Raman modes were also analyzed with the help of the partial and total phonon density of
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4. ARTICLES COMPENDIUM

states of YAIOs as it shown in the Fig. 6 of this work. This data allowed to associated the
polyhedral units to each vibrational mode as it shown in the final paragraph of page 15359

of the manuscript.

RS measurement at high pressures up to 30 GPa was performed. The observed Raman
peaks changed as the pressure increases, others simply dissapeared. All phonon
frequencies showed a homogeneous increase as the pressure increased, except the Bzg®
mode centered at 280 cm™. Even though, that there was an appreciable broadening in the
Raman peaks over 10 GPa due to the partial loss of the hydrostatic conditions of the
pressure-transmitting medium, the overall profile of the Raman modes in the RS spectra
did not change up to 30 GPa. This result confirmed that the orthorhombic Pnma phase up

to 30 GPa is stable in YAIOs nano-perovskite.

The pressure dependence of the observed Raman mode frequencies up to 30 GPa was
compared to the theoretical one with a good agreement, as it depicted in the Fig 7 of this
articule. All the first-order pressure coefficient were positive, except the one associated
to the B> Raman mode. The presence of negative pressure coefficients, such as the Byg®
indicated the softening of several bonds as the pressure increase, however, in the present
case, it could not related directly to any structural instabilities, because no phase transition
was observed in RS experiments up to 30 GPa. This issue was also supported by the
elastic properties theoretical studies which predicted the structural stability of YAIOs up
to 92 GPa.

65

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por:

MIGUEL ANDRES HERNANDEZ RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA

Fecha: 01/02/2018 12:01:36

ULISES RUYMAN RODRIGUEZ MENDOZA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 12:06:33

INOCENCIO RAFAEL MARTIN BENENZUELA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 14:40:10

ERNESTO PEREDA DE PABLO
UNIVERSIDAD DE LA LAGUNA

15/02/2018 14:03:46

721217



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/3184
N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

PHYSICAT, CHEMISTRY

pubs.acs.org/JPCC

Structural, Vibrational, and Elastic Properties of Yttrium
Orthoaluminate Nanoperovskite at High Pressures

M. A Hernéndez—Rodrl’guez,*’* V. Montesegl_l_r__o,# A. D. Loz:a_r_}o—Gorrinf E.J. Manjén)l 3
J. Gonzalez-Platas,' @ P. Rodriguez—Hernéndez,J"L’” A. Mufioz, ¥l V. Lavin,"#® 1. R. Martin,"*!
and U. R. Rodriguez—Mendoza"i’”

+Depar’camento de Fisica, Universidad de La Laguna, Apdo. 456. E-38200 San Cristobal de La Laguna, Santa Cruz de Tenerife, Spain
*MALTA Consolider Team, Universidad de La Laguna, Apdo. 456. E-38200 San Cristobal de La Laguna, Santa Cruz de Tenerife,
Spain

Snstituto Universitario de Estudios Avanzados en Fisica Atémica, Molecular y Foténica (IUdEA), Universidad de La Laguna, Apdo.
456. E-38200 San Cristobal de La Laguna, Santa Cruz de Tenerife, Spain

Mnstituto Universitario de Materiales y Nanotecnologfa (IMN), Apdo. 456. Universidad de La Laguna, E-38200 San Cristobal de La
Laguna, Santa Cruz de Tenerife, Spain

Lnstituto de Disefio para la Fabricacién y Producciéon Automatizada, MALTA Consolider Team, Universitat Politécnica de Valéncia,
Cno. de Vera s/n, 46022 Valencia, Spain

#Beamlines BM23 & ID24, European Synchrotron Radiation Facility, 38043 Grenoble, France

VServicio de Difraccién de Rayos X (SIDIX), Departamento de Fisica, Universidad de La Laguna, Apdo. 456. E-38200 San Cristobal
de La Laguna, Santa Cruz de Tenerife, Spain

© Supporting Information

ABSTRACT: The structural and vibrational properties of nanocrystalline yttrium
orthoaluminate perovskite (YAIO;) under compression have been experimentally studied.
Experimental results have been compared to ab initio simulations of bulk YAIO; in the
framework of the density functional theory. Furthermore, they have been complemented with
an ab initio study of its elastic properties at different pressures. Calculated total and partial
phonon density of states have allowed us to understand the contribution of the different atoms
and structural units, YO, dodecahedra and AlO4 octahedra, to the vibrational modes. The
calculated infrared-active modes and their pressure dependence are also reported. Finally, the
pressure dependences of the elastic constants and the mechanical stability of the perovskite
structure have been analyzed in detail, showing that this phase is mechanically stable until 92
GPa. In fact, experimental results up to 30 GPa show no evidence of any phase transition. A

Intensity (arb. unils)

I L
previously proposed possible phase transition in YAIO; above 80 GPa is also discussed. 206 300 400 500 600 700 800

Raman shift (cm™)

1. INTRODUCTION shown excellent physical and chemical properties, such as high
hardness, good structural stability, and large mechanical
strength, which make it an excellent candidate as a laser host
material for lanthanide ions.""™"*

Research in nanomaterials has attracted the interest of
scientists from several fields due to their unique properties,'®
being one of their main advantages that they keep the bulk
counterpart properties for sizes larger than 10—20 nm. The
interest in rare-earth-doped nanoperovskites is based on the
fact that the chemistry and optical spectroscopy of the
analogous perovskite bulk crystals are well-known, opening
the possibility to establish meaningful comparisons between the
properties of the nanosized and bulk materials. In this regard,
several works focused on studies of the properties of rare-earth-

Perovskites have been intensively researched due to their
relevance from both the viewpoint of fundamental physics and
device applications. In particular, ABO;-type perovskite oxides,
where A and B denote two different cations, have gained
interest for their potential use in oxide-based electronics, due to
their fascinating and multifunctional electronic properties
beyond conventional semiconductors. Notably, most perovskite
oxides are wide band gap semiconductors and show exceptional
optical properties, which are employed for optoelectronic
devices as nonlinear optical crystals,l'2 scintillators,’ photo-
luminescence and electroluminescence materials,”> as well as
solar cells.’ In particular, perovskites can be found in several
applications as optical sensors when they are doped with rare
earth jons. For instance, optical temperature sensors are based

on NayBiysTiO; doped with Er** or codoped with Er’*/ Received: May 4, 2017
Yb*,* and also on BaTiO; doped with Er**.” Among all Revised:  June 23, 2017
perovskites, yttrium orthoaluminate perovskite (YAIO;) has Published: June 24, 2017
ACS Publications © 2017 American Chemical Society 15353 DOI: 10.1021/acs jpcc.7b04245
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doped nanoperovskites have been carried out.'*™>° Among
interesting applications of nanoperovskites, we can cite their
use as optical thermal sensors,” > CO sensors,” and single
photon emitters.”®

Due to the numerous practical applications of perovskites,
the study and understanding of their properties becomes an
essential necessity. Especially, the knowledge of their elastic
properties and mechanical stability at high pressure (HP) is a
relevant subject that can also provide interesting information on
their possible structural transformations through the stability
criteria. On the other hand, since phonons play an important
role in the electrical, thermal, and optical properties of
materials, it is necessary to understand its lattice dynamics in
order to go deeper into the physical properties of these
compounds.

HP experiments in materials allow one to access interesting
information just varying the interatomic distance and bonds. In
this sense, the HP study of perovskites could provide a better
understanding of possible changes occurring in their structural
and vibrational properties and, hence, to understand possible
changes of their luminescence properties when perovskites are
doped, for instance, with rare earth ions. In particular, a number
of experimental and theoretical HP studies have been
performed in AAIO; (A = Sc, Y, Gd, Pr, Nd, La, ..)
perovskites,”*™*” and in particular, joint HP studies of the
structural and vibrational properties have been reported for
LaAlO; and PrAlO;**** In fact, a model to predict the
structural behavior of perovskites at HP has been reported.® As
regards YAIO;, the pressure dependence of the fluorescence
emission of Nd**, Cr**, and Mn*" ions in YAIO; has already
been studied.>*~>* However, the studies of the elastic
properties of YAIO; and several perovskites (SmAlO;,
GdAIO;, and ScAlO;) have only been analyzed at ambient
pressure,””*" with the elastic properties of ScAlO; perovskite
being the only ones studied at HP to our knowledge.*"**

In this work, we report an extensive study of the structural,
vibrational, and elastic properties of bulk and nanoscaled YAIO,
perovskite at HP. Experimental X-ray diffraction (XRD) and
Raman scattering (RS) measurements of the YAIO; nano-
perovskite (with sizes around 40 nm) at HP have been
compared to previously reported experimental and theoretical
data of the bulk counterpart,”>**” and with our ab initio
calculations for bulk YAIO;. Finally, the pressure dependence of
the elastic constants and the HP mechanical stability of the
YAIO; perovskite, including a possible phase transition above
80 GPa previously proposed,” is reported and discussed.

2. EXPERIMENTAL DETAILS

Nanocrystalline YAIO; was successfully synthesized by the
Pechini citrate sol—gel method in air atmosphere.*® Stoichio-
metric molar ratios of high-purity Y(NO;);4H,0 (Aldrich,
99.9%) and Al(NO,);-9H,0 (Aldrich, 99.9%) materials were
dissolved in 25 mL of 1 M HNO, under stirring at 80 °C (353
K) for 3 h. Then, citric acid, with a molar ratio of metal ions to
citric acid of 1:2, was added to the solution, which was stirred
and heated at 90 °C (363 K) until reaching the transparency of
the solution. Then, 4 mg of polyethylene glycol was added to
the solution. This last step created a gel that was fired at 400 °C
(673 K) for 6 h in order to remove the residual nitrates and
organic compounds. The subsequently obtained powder sample
was burnt out at 1200 °C (1473 K) for 20 h, and finally, a
second thermal treatment was performed at 1550 °C (1823 K)

for 12 h that resulted in nanoperovskites with a homogeneous
size distribution around 40 nm.

Powder XRD data were collected on a PANalytical X'Pert
PRO diffractometer (Bragg—Brentano geometry) with an
X'Celerator detector using the Cu Ka, radiation (1 = 1.540S
A) in the angular range 5° < 26 < 80°, by continuous scanning
with a step size of 0.02°. For HP-XRD experiments, we have
used a Rigaku SuperNOVA diffractometer equipped with an
EOS detector and Mo radiation microsource (4 = 0.71073 A).
A Diacell Bragg-S Diamond anvil cell from Almax-Easylab, with
an opening angle close to 90° and anvil culets of 600 ym, fitted
with a stainless gasket containing a hole of 200 ym diameter
and 60 ym depth was employed. A methanol—ethanol—water
mixture (16:3:1) was used as a pressure-transmitting medium,
which remains hydrostatic in the range of pressure used for this
experiment.

RS measurements on YAIO; nanoperovskite powders at
room temperature were performed in backscattering geometry,
exciting with a laser source at 532 nm with an incident power of
50 mW and using a HORIBA Jobin Yvon LabRAM HR UV
spectrometer in combination with a thermoelectrically cooled
multichannel Synapse CCD detector with a resolution of 2
cm™. The beam was focused on the sample using a S0X
objective with a beam diameter of approximately 2 um at the
sample. For HP-RS measurements up to 30 GPa, the sample
was placed in a membrane-type DAC and a mixture of
methanol—ethanol—water (16:3:1) was used as a pressure-
transmitting medium. In spite of using a methanol—ethanol—
water mixture above 10 GPa, where it behaves in a
nonhydrostatic way, the influence of deviatoric stresses can
be apparently neglected.** The pressure was estimated using
the ruby fluorescence technique® with the pressure scale
recalibrated by Syassen.'® Experimental frequencies of the
Raman modes were obtained by fitting peaks with a Voigt
profile (Lorentzian convoluted with a Gaussian) after proper
calibration and background subtraction of the experimental
spectra. The Gaussian line width was fixed to the experimental
setup resolution (2 cm™) in order to get the three variables of
the Lorentzian profile for each peak.

3. AB INITIO SIMULATION DETAILS

Structural, vibrational, and elastic properties of bulk YAIO,
perovskite at HP were theoretically obtained by means of ab
initio total energy calculations. The study was carried out in the
framework of density functional theory (DFT).*” This method
allows an accurate description of the physical properties of
semiconductors at HP.* The simulations were conducted with
the Vienna Ab Initio Simulation Package (VASP)49 using the
projector-augmented wave scheme (PAW)™ to take into
account the full nodal character of the all-electron charge
density in the core region. In the simulation, 11 valence
electrons (4s%4p°Ss?4d') were used for yttrium, 3 valence
electrons were considered for aluminum (3s?3p'), and 6
valence electrons for oxygen (2s2p*). The presence of oxygen
in YAIO; makes necessary the development of the set of plane
waves up to a high energy cutoff of 520 eV. The exchange-
correlation energy was described employing the generalized-
gradient approximation (GGA) with the Perdew—Burke—
Ernzenhof prescription for solids (PBEsol).”' Integrations
within the Brillouin zone (BZ) were performed with a dense
mesh (6 X 4 X 6) of Monkhorst—Pack k-special points.”* In
this way, a high convergence of 1 meV per formula unit was
accomplished. At a set of selected volumes, the lattice

15354 DOI: 10.1021/acs jpcc.7b04245
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parameters and atomic positions were fully optimized by
calculating the forces on the atoms and the stress tensor. In the
optimized resulting perovskite structures, the forces on the
atoms were lower than 0.002 eV/A and the deviation of the
stress tensor components from the diagonal hydrostatic form
less than 0.1 GPa. All of the calculations were performed at
T = 0 K; temperature effects are not included in our study.

The elastic properties and mechanical stability of YAIO; were
studied after computing the elastic constants that describe the
mechanical properties of a material in the region of small
deformations. These elastic constants were evaluated by
computing the macroscopic stress for a small strain using the
stress theorem.> According to their symmetry, the ground state
and the fully optimized structures were strained in different
directions.”* The variation of the total energy was determined
with a Taylor expansion of the total energy with respect to the
employed strain.®®> The strain used in the calculations
guarantees the harmonic behavior.

Lattice-dynamic calculations were carried out at the center of
the Brillouin zone center (I point). The direct force-constant
approach (or supercell method)*® was employed, requiring
highly converged results on forces. The diagonalization of the
dynamical matrix determines the frequencies of Raman- and
infrared-active modes as well as silent modes. From the
calculations, the symmetries of the eigenvectors of the different
vibrational modes are also identified at the I" point.

The combination of experiments and DFT calculations is a
powerful resource that leads to reliable results on the HP
behavior of solids.”” = In addition to this, the combination of
ab initio simulations with experimental studies also provides
depth insight into the pressure behavior on the polyhedral
com}gll‘essibility, which is related to the macroscopic compres-
sion.

4. RESULTS AND DISCUSSION

4.1. Structure under Pressure. Perovskites have the
general formula ABO; and present four formula units per unit
cell. The structure is formed by corner-linked octahedral BOg4
units, whereas A cations are located in the interstices of the
structure, thus leading to dodecahedral AO,, units®” (see
Figure 1). Due to its high flexibility, the perovskite structure
can crystallize in a huge number of space groups depending on
the ratio of the cation sizes, which is responsible for tilts and
twists of the octahedral units. In particular, YAIOj; crystallizes in
the orthorhombic Pnma structure, a.k.a. Pbnm when a different
setting is used.

The XRD pattern of YAIO; nanoparticles is shown in Figure
1, and it has been well indexed to a Pnma orthorhombic
structure. This means that XRD measurements have confirmed
that YAIO; nanoparticles have the same perovskite-type
structure as the bulk material. No amorphous phase was
detected in the sample. The average §rain size D has been
determined from the Scherrer formula®

_ 0892
P cos 6 (1)

where 1 = 1.5406 A, f is the full width at half-maximum of the
peaks, and 6 is the angle of diffraction. An average grain size
value of around 40 nm has been found. Crystal structure
parameters have been calculated after fitting the profiles of the
nanoperovskites by the Rietveld method using the FULLPROF
program (see Table 1). The reliability factors (¥°, Ry, Ry, and

[ HEE TR EIE e e r I e e

Intensity (arb. units)

A+ Al b Ll —h

20 30 40 50 60 70 80
26 (degree)

Figure 1. (a) Unit cell of the Pnma YAIO; perovskite structure. YO,
dodecahedra (red) and AlO,4 octahedra (green) are highlighted. Yellow
spheres represent the Y atoms, blue ones correspond to the Al atoms,
and the small red spheres to the O atoms. (b) XRD pattern of the
YAIO; nanoperovskite. Rietveld refinements including the difference
between calculated and observed patterns are also shown (red). The
intensity of the peak at 34.25° has been divided by a factor of 4.

RBmgg) obtained from this fitting were 4, 8.06, 16.8, and 0.02,
respectively.

We have compared in Table 1 our ab initio calculated values
of structural parameters of YAIO; under ambient conditions
with previous calculations and experimental values. As
observed, there is a nice agreement between our theoretical
data and experimental values. These results give us confidence
in the goodness of our calculations. Furthermore, we have
found that the experimental lattice parameters and atomic
positions of YAIO; nanoperovskite with 40 nm in size are
similar to those of bulk YAIO;, clearly indicating that the
structural properties of the bulk perovskite are reproduced in
the nanoscale.

The structural properties of YAIO; nanoperovskite have been
experimentally studied at different pressures up to 7 GPa. The
values of the lattice parameters and the volume of the unit cell
have been obtained from the profile matching of the XRD data
and are shown in Figure 2. Since XRD measurements have
been performed with a conventional diffractometer and with a
small quantity of sample in the DAC, XRD patterns exhibit low
intensity and do not have good statistics; thus, only profile
matching of the XRD patterns was carried out. However, if our
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Table 1. Structural Parameters and Atomic Positions of YAIO; according to Setting 1 (Pnma) under Ambient Conditions,

Volume (V,), Bulk Modulus (B,), and Its First Derivative (B,")

ab initio (this work) ab initio™" ab initio®” LDA
a (A) 5332 527 527
b (A) 7.379 7.29 7.29
¢ (A) 5.177 5.13 512
V, (A%) 203.76 197.08 196.70
Y (4¢) 0.55, 0.25, 0.51 0.55, 025, 0.51
Al (4b) 0,0, 0.5 0,0,05
O (8d) 0.29, 0.04, 0.71 0.29, 0.04, 0.71
O (4¢) 0.98, 0.25, 0.41 0.98, 0.25, 0.42
B, (GPa) 204.5 2102
B, 3.99 4.56

ab initic® GGA  experimental nano (this work) experimental ™ bulk

541 5327(2) 5.329

7.54 7.369(3) 7.370

531 5.175(3) 5.178

216.60 202.40(23) 20344
0.552(1), 025, 0.521(1) 0.55, 025, 0.51
0,0, 0.5 0,0, 0.5
0297(1), 0.004(1), 0.739(1) 0.29, 0.04, 0.70
0.973(1), 025, 0.448(1) 0.98, 025, 0.42

2108 166(3) 192

4.85 4 7.3

“Transformed into setting 1 (Pnma) for better comparison with our results. bReference 64. “Reference 40. “Reference 25. Our ab initio structural
data are compared to other calculated data (refs 40 and 64) and experimental data for bulk (from ref 25) and nanocrystalline (our sample)

perovskites.
T T T Lines &b it Figures 2, 3, and 4. First of all, the evolution of the lattice
W Ref 25 . . . .
b B Ref2s parameters as a function of pressure is shown in Figures 2 and
2 7.35 W This work ]
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Figure 2. (a) Evolution with pressure of the lattice parameters and (b)
the unit cell. Lattice parameters of refs 25 and 26 have been
transformed into setting 1 (Pnma) for better comparison with our
results. Error bars are not shown in these figures because they are
smaller than data symbols.

results are compared with those given by Ross et al. > (see
Figure 2), who analyzed the XRD of YAIO; single crystals as a
function of pressure up to 9 GPa, it can be concluded that our
study yields quite similar results to those of Ross et al. In fact,
our lattice parameters and unit cell volume are slightly smaller
than those presented in ref 25 and quite close to those of ref 26.
Notice that data given by Ross et al. have been transformed
into setting 1 (Pnma) to get better comparison with our results.

In order to illustrate the structural changes of YAIO; under
pressure up to 95 GPa, we have performed ab initio
calculations. Lattice parameters and the unit cell volume as
well as the volumes of the dodecahedral (YO;,) and octahedral
(AlOg) units and the interatomic distances are shown in

N
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T
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& 180+ Ve 1
160 5
2 1
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Unit cell volume (A

®
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6L L L L I L L L I I
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Figure 3. Theoretical pressure evolution of (a) the lattice parameters
and (b) the unit cell, dodecahedral, and octahedral volumes of bulk
YAIO; up to 95 GPa.

3.1t can be observed that g, b, and ¢ lattice parameters decrease
with pressure at different rates that agree with those obtained
from XRD measurements. Taking into account the definition of
the relative compressibility, k, of a certain physical magnitude

1 ox

x, OP (2)

Ky =

where x, is the value of the magnitude at zero pressure, the
calculated compressibilities of the 4, b, and ¢ lattice parameters
are 2.02, 1.54, and 1.41 (X 107> GPa™), respectively, with the
a-axis being more compressible than the b- and c-axes. These
values are in good agreement with those already reported for
YAIO, described with the Pbam structure™ where the b-axis,
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Figure 4. Pressure dependence of the theoretical interatomic distances
in bulk YAIO;: (a) Y—AI distances; (b) Y—O distances; (c) Al-O

distances.

which corresponds to the g-axis in our setting, is also more
compressible than the others, although slightly larger than
those experimentally measured for single-crystalline and
nanocrystalline YAIO; perovskites (see Figure 2).

The pressure dependence of the unit cell volume of YAIO;
nanoperovskite is plotted in Figure 2, together with
experimental data of refs 25 and 26 and ab initio calculation
results. The pressure dependence of the unit cell volume of
nanoperovskite YAIO; fits better with data from ref 26. Our
theoretical bulk modulus (B,), whose value is 204.5 GPa, is in
agreement with the theoretical ones obtained by Huang et al.*’
(see Table 1). Our experimental unit cell volume as a function
of pressure is well fitted to a second-order Birch—Murnaghan
(BM2) equation of state (EOS),* yielding B, = 166.4 GPa (B,’
fixed to 4).

The experimental B, value in YAIO; nanocrystals is ~14%
lower than the experimental value for bulk YAIO; (192 GPa),
as obtained by Ross et al.”® by using a third-order Birch—
Murnaghan (BM3) EOS (see Table 1). The fit of our data to a
BM3 EOS yields B, = 133 GPa with By = 18 (see the
Supporting Information, section $3), which differs notably from
the one obtained by Ross et al. (B, = 192 GPa) and gives an
unreliable By'.*

The pressure dependence of the YO,, dodecahedron (V,q),
AlOy octahedron (V,), and unit cell volume (V) are plotted
in Figure 3. Overall, all of these volumes decrease with pressure,
with the octahedron volume showing a higher compressibility
(5.6 X 1073 GPa™) than the dodecahedron one (4.35 X 1073
GPa™'). These results are in good agreement with those of Ross
et al>>*® Zhao et al.*® reported that the ratio between AO,,
dodecahedron and BO, octahedron compressibilities (Kgoq/Koct)
allows one to know the distortion degree of the structure with
pressure toward more distorted or more symmetrical structures.
When Kyo4/Koee > 1, BOg octahedra are more distorted with
pressure compared with AO,, dodecahedra, thus suggesting
that the structure becomes less symmetrical with pressure.
Conversely, AO,, dodecahedra are more distorted than BOg4
octahedra on increasing pressure when Ky,4/K,« < 1, thus
suggesting that the structure becomes more symmetrical with
pressure and a tendency to undergo a phase transition to a
cubic perovskite structure. Finally, both polyhedral units evolve
in a similar way with pressure when K44/, = 1, so in this
case, pressure does not cause any distortion in the structure.
According to our results, AlO4 octahedral units present a higher
compressibility than YO,, dodecahedral units. In particular,

Kdod/Koet = 0.78 at ambient pressure and it is always below 1 in
the whole pressure range up to 95 GPa; therefore, our
calculations indicate that YAIO; evolves toward a more
symmetrical structure with increasing pressure, in good
agreement with data reported in the literature.”>*** It is also
relevant to mention that this evolution toward more sym-
metrical structures occurs in other perovskites too, for instance,
in orthorhombic GdAlO;, GdFeO;, and ScAlO; perov-
skites,”>*"* suggesting that the evolution toward a more
symmetrical structure seems to be a general behavior in
orthorhombic perovskites. In this respect, we have evaluated
the departure of the orthorhombic structure of YAIO; from the
cubic archetype one by calculating the cell distortion factor, d,
introduced by Sasaki et al.®® The normalized cell distortion
factor with pressure, d,,.,(P), decreases as pressure increases in
YAIO; nanoperovskites in good agreement with bulk YAIO,
(see section S4 in the Supporting Information).®”

The evolution of the interatomic distances with pressure up
to 95 GPa is shown in Figure 4. Concerning the Y-O
interatomic distances (see Table 2), it can be observed that

Table 2. Nearest-Neighbor Cation—Anion Distances in Bulk
YAIO; at Selected Pressures”

cation—anion distances (A)

0 GPa 30 GPa 75 GPa
Y-01 (1) 2.25307(1) 2.19074(1) 2.13078(1)
Y-01 (2) 2.31767(1) 2.2991(1) 2.29936(1)
Y-01 (3) 2.98824(1) 2.8434(1) 2.57966(1)
Y-O1 (4) 3.11212(1) 2.86012(1) 2.77046(1)
Y-02 (1) 228602(1) (x2)  221788(1) (x2)  2.1677(1) (x2)
Y-02 (2) 245827(1) (x2)  2.40035(1) (x2)  2.3209(1) (x2)
Y-02 (3) 2.58368(1) (x2)  249305(1) (x2)  2.44245(1) (x2)
Y-02 (4) 3.26932(1) (x2)  3.05455(1) (x2)  2.81457(1) (x2)
Al-01 (1) 1.89981(1) (x2)  1.82132(1) (x2) 1.74460(1) (x2)
Al-02 (1) 1.90706(1) (x2)  1.82561(1) (x2)  1.74636(1) (x2)
Al-02 (2) 1.92292(1) (x2)  1.82949(1) (x2)  1.74677(1) (x2)

“01 and O2 refer to the oxygens in the 4c and 8d Wyckoff positions,

respectively. Numbers (1), (2), (3), and (4) refer to different Y—O
and Al-O distances in the dodecahedron (YO,,) and octahedron
(AlOg), respectively.

some of them have similar decreasing rates with pressure:
—2.72, =3.07, and =24 (X 107° A-GPa™) for Y-01(1), Y-
02(1), and Y—02(2), respectively. On the other hand, the Y—
02(3), Y=01(3), and Y-02(4) interatomic distances present
decreasing rates of —4.41, —5.94, and —8.33 (X 107> A-GPa™).
The Y-O1(4) distance shows the highest decreasing rate
(=10.06 x 107> A-GPa™'), whereas Y—O1(2) shows the
smallest one (—1.2 X 107> A-GPa™). The Al-O interatomic
distances decrease with pressure with similar rates (around
—4.07 X 1073 A-GPa™!), whereas all of the Y—AI interatomic
distances decrease with pressure as well, with the Y—Al(4) with
a decrease rate of —8.18 X 107 A-GPa™' being more
significant. The large compressibility of Y—01(4), Y—02(4),
and Y-O1(3) distances shown in Figure 4 clearly indicates that
the coordination of Y in YAIO; at ambient pressure is indeed
smaller than 12 (in fact, it is around 8 + 4, since there are four
distances above 3 A at ambient pressure) and that it tends to 9
+ 3 on increasing pressure.

4.2. Raman Spectroscopy. According to theoretical
considerations, the Pnma structure of YAIO; with four formula
units per primitive cell has 60 vibrational modes distributed in
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24 Raman-active modes (I'y), 25 infrared-active modes (I'y), 8
optically inactive (silent) modes (I'), and 3 acoustic (I'sc)
modes:

T = 7A, + SB, + 7B, + 5By,

rIR = 9Blu + 7B2u + 9B3u

L= sA,

Fhc = By + By + By, 3)

In the following, we will analyze the lattice dynamics of
YAIQO; at ambient as well as at high pressures. A superindex has
been added to the vibrational modes in order of increasing
frequency.

4.2.1. Ambient Pressure. The Raman scattering (RS)

spectrum of YAIO; nanoperovskite at ambient conditions is
shown in Figure 5. Around 23 lines have been observed, but

Intensity (arb. units)

TR
200 300 400 500 600 700 800
Raman shift (cm™)

Figure 5. RS spectrum of YAIO; nanoperovskite obtained ambient
conditions. Vertical lines indicate the ab initio frequencies of first-order
Raman-active modes.

not all of them correspond to first-order Raman-active modes.
Only 16 out of 24 first-order Raman-active modes theoretically
predicted have been observed, while the rest have been
attributed to second-order vibrational modes. The absence of
the rest of the Raman-active modes could be due to accidental
degeneracy of several modes or due to their weakness. For
comparison, vertical marks at the bottom of the figure, which
represent the theoretical Raman-active mode frequencies
predicted under ambient conditions for bulk YAIO; were
also included in Figure S. The symmetries of the observed
modes are assigned with the help of our theoretical calculations
(based on both Raman-active frequencies and pressure
coefficients). Experimental and theoretical frequencies of the
Raman-active modes for YAIO; at ambient pressure are
exposed in Table 3.

The comparison of the experimental RS spectrum of YAIO;
nanoperovskite with other RS spectra of perovskite crystals, but
containing different elements other than Y in site A and Al in
site B, found in the literature hints that changing elements that
occupy crystal sites A or B should selectively affect different
vibrational modes: changing the element in site A should
mainly affect modes involving rare earth ions, such as Y or Gd,
in AO;, units without significant variations on the vibrational
modes related to BO, octahedra. For instance, Chopelas et al.®®
compared the Raman frequencies of YAIO; and GdAIO;
perovskites, and as expected, the low energy modes of

GdAIO; were lower than those in YAIO; due to the larger
mass of Gd comga.red to Y. This result was corroborated by
Andreasson et al.”’

Traditionally, changes in the RS spectrum of ABO;
perovskites, with A being a rare earth, are attributed either to
the effects of the unit cell dimension or the A cation mass. In
the region of low frequencies, the main effect is given by A
cation mass that, considering the harmonic approximation, goes
as the square root of its mass, mA_l/ 2 since the ratio of the
strength of the chemical bonding and the cation mass is mainly
dominated by the latter. In the region of high frequencies, the
principal effect is the different size of the unit cell that mainly
depends on the strength of the B—O bonds.”®

Taking into account the above considerations and comparing
with vibrational frequencies of other perovskites (Table 3), it is
reasonable that the low-frequency Raman modes in YAIO,
nanoperovskite are practically the same (see the lowest
frequency Raman Ag1 mode in Table 3) as in YCrOj, whereas
the high-frequency Raman modes of YAIO; nanoperovskite are
shifted to high energies compared to those of YCrO;.”°
Similarly, it can be observed that the low-frequency Raman
modes of YAIO; nanoperovskite (for example, the lowest
frequency Raman Ag1 mode in Table 3) are shifted to higher
frequencies with respect to GdAlO; whereas the high-
frequency Raman modes are similar for both compounds.®®
Finally, we want to mention that we have found that the
experimental data of the Raman mode frequencies of YAIO,
nanoperovskite are similar to those found in the literature for
YAIO; bulk (see Table 3), thus suggesting that nano-YAIO,
behaves as its bulk counterpart but in the nanoscale. This is in
good agreement with the structural results discussed in the
previous section.

It is worth noting that our measurements in YAIO,
nanoperovskite and the help of lattice dynamics calculations
have allowed the nature of the high-frequency modes to be
clarified. Raman modes with frequencies around 663 and 694
cm™" correspond to the theoretically proposed modes Blgs and
B2g7, respectively. Such modes were not reported as the highest
Raman mode frequencies in previous studies of bulk YAIO;, but
they were assumed to be those at 550 (), 552 (A,"), and 555
an™ (B, respectively.®®7%7!

For comparison with other perovskites, it is better to divide
the Raman spectrum of nano-YAIO; into two regions:” the
low-frequency region up to ~280 cm™", which corresponds to
the vibrations of Y—O (frequencies in this region are more or
less unchanged with the B atom; see YAIO; and YCrOj; in
Table 3), and the high-frequency region from 280 cm™
onward, which is related to the vibrational modes of the
oxygens and in terms of the molecular structure to the AlOg4
octahedra. The symmetries of the observed modes are indexed
on the basis of our theoretical calculations and on the
comparison with previous studies of lattice dynamics in
orthorhombic perovskites.”””>~”* The nonindexed peaks likely
correspond to second-order Raman modes. Overall, there is a
good agreement between the experimental results in YAIO;
nanoperovskite and the theoretical ones at ambient conditions
(see Table 3). Note that there are some differences between the
experimental and theoretical Raman-mode frequencies, which
can be attributed to the GGA approximation that tends to
underestimate vibrational frequencies.

The RS spectrum of perovskites can be interpreted assuming
that the different Raman modes could be associated with the
vibrational modes of dodecahedron (YO,;) and octahedral
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Table 3. Theoretical and Experimental Raman Frequencies

of Several Orthorhombic ABO; Perovskites”

YAIO;, this work YAIO,, ref 64 YAIO;, ref 71 YAIO;, ref 68 YAIO,, ref 70 YCrO;, ref 70 GdAIO;, ref 68
mode  theo. (em™)  Exp. (em™')  AlOg motion  theo. (cm™) exp. (cm™) exp. (cm™) exp. (em™) exp. (cm™) exp. (cm™)
Al 146(2) 147(2) 147.3 152 148 150 156 95
By 154(2) 156(2) 157.9 157 157 111
B,,' 189(2) 198 152 194 197 176 146
Al 189(2) 195(2) 196.4 197 195 197 188 146
By 211(2) 215(2) 216.1 216 219 223 160
B! 226(2) By,(3) 23338 160 174
B,g2 254(2) 264(2) 259.7 218 216 270 272 217
Al 272(2) 274(2) 2774 280 275 278 282 232
B, 282(2) 281(2) 283.6 267 284 222
Al 337(2) 341(2) A2) 342.1 350 343 345 346 313
By’ 381(2) By(4) 3944
B, 397(2) 403(2) B,,(4) 406.4 287 265 403 413 323
AS 403(2) 416(2) A1) 409 415 411 412 429 368
Byt 406(2) 409(2) Byy(4) 418 407 283 318
B,* 463(2) B,y (2) 464.2 422 403 555 400
AS 465(2) A(3) 469.2 438 492
B, 469(2) By, (2) 470.8 470 487 398
By* 516(2) By,(3) $31 540 569 475
B, 521(2) 523(2) B,,(3) 536.1 418 502 414
A/ 532(2) 537(2) Af4) 5474 550 552 553 566 536
By¢ 564(2) 551(2) By, (2) 5813 543 552 512
By’ 664(2) 663(2) By(1) 675.9 551
By, 686(2) 694(2) Byy(1) 697.7
B, 718(2) By, (1) 7315 545 527 523

“Our values are compared to other theoretical and experimental values of Raman frequencies for bulk YAIO; and also to others ABO; compounds
with Pnma structure. The AlO4 motion assignment is also given according to ref 73.

(AlOg) units. Nevertheless, this assignation is not straightfor-
ward, since these vibrational modes are coupled to each other.
Therefore, and in order to understand the contribution of each
polyhedral unit to every Raman mode, a calculation of the
phonon density of states is required (see Figure 6). According
to these results, Y atoms with dodecahedral coordination
(YO,,) mainly contribute in the low-frequency region up to
~300 cm™!, showing a maximum centered around 150 cm™. A
minor contribution of this unit can be observed in the region
between 300 and 500 cm™. On the other hand, Al atoms with
octahedral coordination (AlOg) present a high contribution in

o
-
o

0.08

0.06

Phonon DOS and PDOS (arb. units)

400 500 600
Frequency (cm™)

Figure 6. Partial and total phonon density of states of YAIO;. The
total phonon density is represented by the black curve.

the region between ~300 and 750 cm™'. The major

contribution of this unit is around 420 cm™. It is relevant to
notice that Al and O atoms contribute in both the low- and
high-frequency regions, and that there is a small region between
220 and 300 cm™ where Y and Al atoms have similar
contributions.

Once the contributions of the individual atoms are known, it
is possible to discuss the contributions of the polyhedra to each
vibrational mode. The phonon modes of a perovskite with the
general formula ABO; can be described as a combination of the
molecular modes of the BOg units. This feature was used to
describe the phonon modes of other similar perovskites.”>”>

Concerning the contribution of the polyhedral units to each
vibrational mode, the A,' (146 cm™), B! (154 cm™), By,'
(189 cm™), Ag2 (189 cm™), and Bzg2 (210 cm™) modes of the
low-frequency region are all associated with translational
motions of the YO, units without any contribution of AlOg
units. The B> (254 em™), A (271 em™), and B,;> (282
cm™') modes correspond to rotational movements of YO,
dodecahedra where there is an almost equal contribution of
AlOg4 units. Regarding the high-frequency region, which is
mainly due to AlOg octahedral motions (see Table 3), the A,*
(336 cm™), By, (380 cm™), B,,* (406 cm™), and A, (532
cm™) modes are related to rotations of AlOg units. On the
other hand, the A,® (465 cm™), By (516 em™), B,,® (521
cm™), and B,_g6 564 cm™') modes are mainly related to
bending motions of AlOg units. Finally, the A;’ (403 cm™),
By (463 cm™), By’ (469 cm™), B’ (664 cm™), B,,” (686
em™'), and By’ (718 cm™') modes mainly correspond to
stretching movements of AlO4 units.

4.2.2. High Pressure. Selected RS spectra of YAIO;
nanoperovskite at different pressures up to 30 GPa are depicted

15359 DOI: 10.1021/acs jpcc.7b04245
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in Figure 7. Although only 16 out of 24 Raman-active first-
order modes were observed at ambient pressure, the number of

M\}'\/\W
' N\ 30 GPa
/\ ' 25.71 GPa
LA 19.83 GPa

’ \ A 17.46 GPa|

5.48 GPa

Intensity (arb. units)

1.04 GPa

L
100 200 300 400 500 600 700 800

Raman shift (cm™)

Figure 7. Selected experimental RS spectra of YAIO; nanoperovskite
at different pressures up to 30 GPa. The Raman scattering spectrum at
the top (red curve) is taken at 0.3 GPa after releasing pressure.

the observed Raman peaks changes as the pressure increases. In
fact, the intensity of some peaks decreases with increasing
pressure while others simply disappear. As a general rule, all
phonon frequencies show a monotonous increase with pressure
up to 30 GPa, except the Bzg3 mode near 280 cm™' which
exhibits a slight shift to lower frequencies. At 4.36 GPa, we
observed the appearance of the Blgl mode near 239.5 cm™.
Appreciable broadening was observed in the Raman peaks from
~10 GPa due to the partial loss of the hydrostatic conditions of
the pressure-transmitting medium. However, the profiles of the
Raman modes in the RS spectra do not change up to 30 GPa,
so it can be concluded that the sample is stable in the Pnma
phase up to this pressure. Furthermore, the RS spectrum
obtained at 0.30 GPa after releasing pressure (see the RS
spectrum at the top of Figure 7) is similar to the one obtained
at ambient pressure before applying pressure (RS spectrum at
the bottom of Figure 7), thus indicating a reversibility of the
changes induced by pressure.

The pressure dependence of the experimental and theoretical
Raman-active mode frequencies up to 30 GPa is depicted in
Figure 8.

It can be observed that first-order pressure coefficients at
ambient pressure are positive except for the Bzg3 mode at 282
cm™ (=023 cm™" GPa™'). In addition, the lowest-frequency
Raman phonon mode Agl has a very small pressure coefficient
(0.11 ecm™ GPa™'), which means that this mode shows a
negligible dependence with volume and only depends on the
mass of the A cation, as already commented. Table 4
summarizes the theoretical and experimental frequencies and
pressure coefficients of the different Raman-active modes in
YAIO; after fit to equation

2 \2
w = wo(a—w)P + l 0_(42) p?
oP 2\ oP 4)

15360

Raman shift (cm™)

1 | .
0 5 10 15 20 25 30
Pressure (GPa)

Figure 8. Pressure dependence of all peaks observed in RS spectra of
YAIO; nanoperovskite (symbols) compared to theoretical data for
bulk YAIO; (lines). Raman-active modes with different symmetry
show different colors: A, (black), By (red), By (blue), and Bsg
(green). Open symbols correspond to other modes which likely
correspond to second-order Raman modes despite the presence of
photoluminescence lines cannot be fully discarded. Error bars are not
included in this figure because they are shorter than data symbols.

The experimental and theoretical Griineisen parameters,
y = —(By/w,)(0w/dP), for the Raman modes are also given in
Table 4. The former parameters have been calculated by
employing the theoretical bulk modulus, B, = 204.5 GPa,
estimated from the third-order Birch—Murnaghan EOS.” It
can be observed that theoretical and experimental Griineisen
parameters show a notable variation in both low- and high-
frequency regions, with the last one being more noticeable,
indicating that the restoring forces on the atoms of AlOg4
polyhedra are larger than YO, ones. The Agl mode, the lowest
in frequency, corresponds to the translational motion of the
YO,, unit and shows a very small pressure coefficient and
Griineisen parameter at ambient pressure.

Four peaks observed in the RS spectrum, around 35S, 479,
601, and 649 cm™', do not correspond to first-order Raman
active modes, as can be observed by comparison with our
theoretical calculations. These modes are likely related to
second-order Raman modes and not to photoluminescence
lines, because chemical analysis corroborates the purity of our
sample and the lack of doping with optically active ions. In any
case, the presence of photoluminescence lines cannot be fully
discarded, since these lines could appear for ions with a
concentration below our detection limit. It is relevant to notice
that the larger contraction of distances related to yttrium (Y—
0O) is reflected in the larger pressure coefficients for the modes
related to Y atoms, between 146 and ~280 cm™, than those
corresponding to AlOg units, which are usually located in the
high-frequency region.

The presence of negative slopes with pressure in Raman
modes, such as the B2g3 Raman mode at 282 cm™, indicates the
softening of several bonds with increasing pressure. Nonethe-
less, the negative pressure coeflicients of these modes cannot be
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Table 4. Theoretical (Bulk) and Experimental (Nano-Perovskite) First-Order Raman-Active Mode Frequencies, Pressure
Coefficients, and Griineisen Parameters in YAIO; up to 30 GPa“”

theory experiment
0w/0P

mode @, (cm™) 0w/0P (cm™ GPa™') Pw/dP* (cm™' GPa~> X 10%) 2 @, (em™) (em™ GPa™) w/dP* (cm™ GPa™ x 10%) y
Al 146(2) 0.11(2) —-13(2) 015 147(2) 0.40(2) -16(2) 0.56
B, 154(2) 0.81(2) —14(3) 108 156(2) 1.09(1) —24(3) 1.45
B! 189(2) 1.67(1) —20(1) 1.81 0
Al 189(2) 1.40(2) —24(2) 151 195(2) 1.96(2) —54(2) 212
B, 211(2) 1.09(2) —26(1) 106 215(2) 1.04(3) 3.0(1) 1.01
B, 226(2) 1.47(2) —80(3) 133 0.77(1) 132(1)
By 254(2) 0.90(2) 8.0(1) 072 264(2)" 1.43(2)" —-106(2)" 115
Al 272(2) 1.08(3) —26(2) 081  274(2) 0.99(4) -20(3) 0.74
B, 282(2) -0.23(1) —23(3) -0.17  281(2) —0.1(1) -28(3) -0.07
Al 337(2) 121(3) —19(1) 073 341(2) 1.42(2) -26(2) 0.86
By 380(2) 223(3) -29(2) 120
By’ 397(2) 3.51(1) —54(1) 1.81  403(2) 324(2) —62(2) 1.64
AS 403(2) 1.65(2) —36(1) 084  416(2) 1.10(3) 20(2) 0.54
By'  406(2) 2.72(2) —24(1) 137 409(2) 3.15(2) —54(3) 1.57
B, 463(2) 6.06(2) —46(3)
AS 465(2) 6.44(2) —140(2) 2.83
By’ 469(2) 7.04(1) —216(2) 3.07
Byt 516(2) 1.93(1) —-123(2) 0.76
By’ 521(2) 2.03(1) —-30(2) 080  523(2) L12(2) 28(2) 0.44
A/ 532(2) 2.38(2) —62(2) 091  537(2) 2.76(2) -36(3) 1.06
By 565(2) 2.69(4) -27(2) 097  551(2) 2.79(3) -26(2) 1.10
B, 665(2) 4.86(3) 29(1) 149 663(2)" 12.54(2)" -3x10°" 3.86
B, 686(2) 5.42(3) -37(3) 162 694(2) 4.50(4) 28(1) 1.34
By’ 719(2) 5.65(2) —46(3) 1.61

“The second-order polynomial fit was used in order to obtain the pressure dependence of both theoretical and experimental frequencies. “The slope
of this experimental value differs significantly from the theoretical value likely because of the lack of experimental data in a wider pressure range.

directly related to structural instabilities, because no phase 4.3. Elastic Properties. The study of the elastic constants
transition was observed either in our experiments up to 30 GPa of materials is useful in order to understand their mechanical
or in our calculations: no mechanical instability up to 92 GPa, and thermodynamical properties as well as their structural
as it will be discussed in the last section of this work; and no stability. Orthorhombic YAIO; crystals are characterized by an
dynamical instability (zero frequency mode) up to 100 GPa. It elastic constant tensor with nine independent elastic constants:
is relevant to mention that we did not find any imaginary Ciyy Gy Cs3 Cyyy Css, Ceg Ciay Ciy and Cys. The values of these
phonon at any pressure, neither in Raman, infrared, or silent constants at 0 GPa calculated with the GGA-PBEsol
modes up to 100 GPa. The smaller silent mode at 100 GPa is approximation are depicted in Table 4(? and compared to
one A, mode with a frequency of 167.6 cm™. those already reported by Huang et al,,” but translated from

Additionally, Figure 9a shows the pressure dependence of the the Pbnm to the Pnma setting for the sake of comparison. In

addition to this, a comparison of our calculation with the one
obtained by Fang Gu et al. in BaHfO; cubic perovskite,”* whose
elastic constant tensor has only three independent elastic
constants, Cy;, Cy,, and Cyy, was carried out (see Table 6).
As observed, our calculated values with the GGA-PBEsol
approximation are quite similar to those calculated with the
LDA approximation but not so comparable to those calculated
with the GGA approximation. In any case, we have to note that
the agreement between experimental and theoretical lattice
parameters is rather good in our calculations (see Table 1).

theoretical frequencies of infrared-active (IR) modes (B, B,,,
and Bj,) for bulk YAIO,. IR frequencies, pressure coefficients,
and Griineisen parameters after fits to eq 4 are given in Table 5.
As observed, theoretical Griineisen parameters of IR-active
modes vary between 0.76 and 2.4 in a similar fashion as Raman-
active modes. Finally, the pressure dependence of the
frequencies of the silent (A,) vibrational modes, which are
active in hyper-Raman scattering, are plotted in Figure 9b.

In summary, our lattice dynamics calculations are in good
agreement with experimental measurements on YAIO; nano- The elastic constants C;;, C,,, and Cs; are associated with the
perovskite, thus confirming the large similitude between the deformation behavior and atomic bonding characteristics. It can
bulk properties and those found in the 40 nm size be observed from Table 6 that Cy; > C,, > Cy; for YAIO;, both
nanoparticles, as was also previously found in nanogarnets in our calculations and in previous ones.*” This result indicates

with similar sizes.”*”” Furthermore, they show the dynamical that the atomic bonds between nearest neighbors along the
stability of the perovskite Prma structure in YAIO; at least up (001) direction of the Pnma structure are stronger than those
to 30 GPa, thus suggesting that the related compound GdAIO, along the (010) and (100) directions. This agrees with the fact
should not undergo a phase transition above 12 GPa, as that the lattice constant c is less sensitive to pressure than the
previously suggested by Ross et al. from extrapolation of low- other two lattice constants (see section 4.1). The C,;, Cy,, and

78

pressure data. Cs; elastic constants, which are related to the unidirectional
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infrared (a) and Au silent (b) modes of bulk YAIO; up to 30 GPa.
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compression along the principal crystallographic directions, are
larger than the C,y, Css, and Cgq, constants, which represent the
resistance to shear deformation. This result indicates the larger
resistance of YAIO; to unidirectional compression than to shear
deformation. The same behavior can be observed in BaHfO;,
since C;; > C,y (see Table 6).

When a nonzero stress is applied to the crystal, the elastic
constant (C[ﬂd) cannot be used. Because of this, the elastic
stiffness coefficients (Bjy) must be employed instead.

In the case of hydrostatic pressure applied to an
orthorhombic system, the elastic stiffness coeflicients convert
to B; and B; which can be calculated according to refs 80 and
81.

The elastic stiffness constants allow us to obtain the elastic
properties such as the bulk modulus B and the shear modulus G
of a material at any hydrostatic pressure. We calculated the
shear modulus, the bulk modulus, the Young’s modulus E, and
the Poisson’s coefficient v employing the Hill approxirnation,82
which is defined as the arithmetic average of the Voigt and
Reuss models.*

Another magnitude that can be estimated is the Vickers
hardness (Hy) in the Hill approximation, which is used to
predict the hardness of the material.**

The theoretical values of these moduli for YAIO; at 0 GPa
are given in Table 7, in which they are also compared to those
previously obtained by Huang et al.*® Theoretical values of
some of these elastic moduli of BaHfO; cubic perovskite are
also shown in Table 7 for comparison.

The bulk modulus is a relevant parameter related to the
resistance of the material to a uniform or hydrostratic

Table S. Theoretical Frequencies, Pressure Coefficientsm
and Griineisen Parameters of IR-Active Modes for Bulk
YAIO; up to 30 GPa”

theoretical
@, 0w/dP 0w/ oP*
modes  (cm ') (em™! GPa™Y) (em™ GPa™? x 10%) 7
By, 163(2) 1.48(1) —18(1) 1.86
By, 169(2) 0.96(2) —19(2) 1.16
By, 225(2) 2.35(1) —40(2) 2.13
By, 234(2) 222(4) —34(3) 1.94
By, 254(2) 1.37(1) -30(3) 1.10
By, 259(2) 1.36(2) —20(2) 1.07
Bs, 337(2) 2.59(3) -72(2) 1.57
By, 360(2) 1.84(4) —36(2) 1.04
By, 371(2) 1.95(2) —14(2) 1.07
By, 381(2) 1.65(1) —24(1) 0.88
By, 423(2) 3.30(2) —34(3) 1.59
B,, 423(2) 226(2) —56(3) 1.09
By, 430(2) 3.60(3) —68(2) 171
By,  436(2) 3.26(2) —62(3) 1.53
B,, 439(2) 3.05(2) —66(2) 142
By, 472(2) 329(1) —56(2) 142
By, 478(2) 3.59(1) —26(3) 1.54
B, 494(2) 3.17(1) —30(2) 1.31
Bs, 546(2) 2.84(2) —28(1) 1.06
By, 560(2) 2.09(4) —14(2) 0.76
B, 602(2) 7.02(3) —56(2) 2.38
By, 619(2) 5.68(3) —181(2) 1.88
B,,  644(2) 6.71(3) —66(2) 213
By, 646(2) 6.11(3) -22(2) 1.93
By, 650(2) 3.33(2) 112(3) 1.05

“A second-order polynomial fit was used in order to obtain the
pressure dependence of the theoretical frequencies.

Table 6. Generalized Elastic Constants, C; (in GPa), of Bulk
YAIO; at Ambient Pressure®

ij Cyy this work C," LDA C,"” GGA G
11 304.0(2) 299.4 192.7 340
22 346.4(2) 330.0 285.5
33 369.9(2) 397.0 337.0
44 137.8(2) 158.4 140.3 72
sS 102.9(2) 119.1 80.8
66 160.4(2) 1627 147.7
12 134.0(2) 1242 99.3 12
13 132.9(2) 121.7 90.4
23 142.8(2) 140.3 136.0

“Values of elastic constants of cubic perovskite BaHfO; (last column)
of ref 78 are also shown for comparison. “Reference 40. “Reference 79.
Our values calculated with the GGA-PBEsol approximation are
compared to those of ref 40, translated into the Pnma setting, which
used the LDA and GGA approximation.

compression. It is important to mention that the bulk modulus
in the Voigt approximation, By (204.4(3) GPa), at 0 GPa is in
good agreement with the one obtained from EOS (see Table
1). This coincidence of both results suggests the consistency of
our calculations.

Another parameter that is convenient to analyze is the ratio
of bulk to shear modulus B/G considering that the bulk
modulus B is related to the resistance to compression, while the
shear modulus G represents the resistance to plastic
deformation. If B/G > 1.75, the material behaves in a ductile
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Table 7. Values of Elastic Moduli at 0 GPa in Bulk YAIO; Using Voigt, Reuss, and Hill Approximations

By By By Gy Gr
this work ~ 2044(3)  1193(3)  1619(3)  1209(3)  120.7(3)
LDA® 199.80 196.70 198.30 130.70 125.10
GGA“® 163.0 150.4 156.7 106.4 95.4
GGA"” 157

GH B/G Hy E v Ay
1208(3)  1.34(3)  19.66(3)  287(3) 0.19(1)  0.72(2)
127.90 .55 17.33 31580 023 025
100.9 1.5 14.63 2492 023 0.66

93 1.68 234 025

“Reference 40. “Reference 79. The isotropic bulk modulus (B in GPa), shear modulus (G in GPa), and the universal anisotropy index (A). Young’s
modulus (E in GPa), Poisson's ratio (1), Vickers hardness (Hy in GPa), and ratio of bulk to shear modulus of the polycrystalline phase (B/G) are
estimated from values of Hill's approximation at 0 GPa. Our values are compared to those of ref 40 and using the LDA and GGA approximation.
Comparison with the GGA approximation in BaHfO; cubic perovskite is also given (ref 79).

way and, otherwise, in a brittle manner.®® The theoretical B/G
ratio for YAIO, at 0 GPa is 1.34 (1.68 for BaHfO;) (see Table
7). Hence, this material is brittle at ambient pressure in
agreement with previous calculations.*’

Concerning the Poisson coefficient v, it is known that it is
related to the volume change during elastic deformation.** In
other words, it measures the stability of a crystal against shear.
If v = 0.5, it means that there is no volume change during
elastic deformation. In addition to this, this parameter provides
more information about characteristics of the bonding forces
than any other elastic modulus.** A value of v = 0.25 supposes
the lower limit for central-force solids and 0.5 corresponds to
infinite elastic anisotropy.”> For YAIO,, the value v = 0.19
suggests that the interatomic forces in this material are
noncentral, whereas BaHfOj interatomic forces are central.”’

One of the most important elastic properties of crystal for
both engineering and physics fields is the elastic anisotropy,
because it is related to the possibility of inducing microcracks in
the materials.*® This property can be quantified with the
universal elastic anisotropy index Ay."’

If Ay = 0, there is not anisotropy. The more this magnitude
differs from 0, the more elastically anisotropic the crystalline
structure. In our case, Ay = 0.72 at 0 GPa; thus, YAIO; is
slightly anisotropic at ambient pressure, also in good agreement
with previous calculations.*’

The evolution of the B; elastic stiffness coefficients as a
function of pressure (up to 95 GPa) is shown in Figure 10. It
can be observed that B,}, B33, B},, By, and B, increase with the
pressure in the whole pressure range. On the other hand, B,
increases notably with pressure up to 75 GPa and then
increases slowly, tending to saturation from 80 GPa upward.
Concerning the stiffness coefficients By, Bss, and Bgg, all of

600 -
500 -
400 -

200 | o B _
100 | P |

Elastic stiffness coefficients Bij (GPa™)

L 1 L L L L L L

L
0 10 20 30 40 50 60 70 80 90 100
Pressure (GPa)

Figure 10. Evolution of the elastic stiffness constants Bj; as a function
of pressure up to 95 GPa.

15363

them increase up to a certain value of pressure and then
decrease dramatically, increasing the first and the second one
up to 34 GPa, while the last one only up to 14 GPa, and then
decreasing all of them up to 95 GPa.

It is interesting to analyze the evolution of the elastic moduli
with pressure in the whole range from 0 up to 95 GPa (see
Figure 11). The Hill By bulk modulus increases until 80 GPa,
above which it decreases. On the other hand, the Hill G shear
modulus increases until 20 GPa, and begins to decrease above
this pressure, with the decrease being more noticeable in the
pressure range in which the material becomes unstable (~92
GPa), as will be commented later.

Concerning the Young’s modulus E, which is related to the
stiffiness of the material, it increases until 34 GPa and then
decreases, being more noticeable at ~90 GPa. This suggests
that the pressure increases the hardness of the YAIO; but also
becomes less stiff with it, due to the decrease of the Young’s
modulus with pressure.

The Poisson coefficient v increases in the whole pressure
range, taking a value of 0.35 before the material becomes
unstable.

In the case of BaHfO; cubic perovskite, these elastic moduli
increase in the whole range of pressure up to 80 GPa,
suggesting that the pressure improves the hardness and the
stiffness of the material.”’

Regarding the ratio of bulk to shear modulus B/G, it
increases with pressure, being more noticeable near the
instability pressure region, indicating that the material becomes
more ductile with increasing pressure. In fact, YAIO; presents a
brittle behavior until 24 GPa and behaves as a ductile material
above this pressure. Finally, the universal anisotropy index Ay
increases with pressure, suggesting that the mechanical
properties of this material become more anisotropic as pressure
increases.

To conclude, we will analyze the mechanical stability of the
orthorhombic Pnma structure of YAIO;. It is well-known that
the Born stability criteria are fulfilled when a crystal lattice is
mechanically stable.*>*

Our calculated elastic constants of YAIO; at 0 GPa satisfy
these criteria, thus confirming the mechanical stability of the
orthorhombic structure of the YAIO; crystal at ambient
pressure.

When a nonzero stress is applied to the crystal, the former
stability criteria must be modified using the elastic stiffness
coefficients instead of the elastic constants. The new condition
criteria, known as the “generalized Born stability criteria”, have to
be considered.*’

Thus, orthorhombic YAIO; crystal is mechanically stable
under hydrostatic pressure when the generalized Born stability
criteria are fulfilled at once.
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The evolution of the generalized Born stability criteria M; (i
= 1—6) as a function of pressure up to 95 GPa is depicted in
Figure 12. It can be observed that the M, > 0 stability criterion
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Figure 12. Pressure evolution of the generalized Born stability criteria
up to 95 GPa.

is violated at 92 GPa and the M; > 0 criterion is also violated at
a higher pressure. These results suggest that YAIO; becomes
mechanically unstable above 92 GPa. Above this pressure, an
amorphization or a phase transition could occur in YAIO;. In
the case of BaHfO; cubic perovskite, the mechanical stability
criteria are not fulfilled since 82 GPa, where the instability
occurs.”’

It is relevant to notice that a phase transition in YAIO; from
the orthorhombic Pbnm (or Pnma) phase to the tetragonal 14/
mem phase has been predicted at 80 GPa.”” Our calculations of
enthalpy at 0 K for these two phases predict this phase
transition above 100 GPa. This discrepancy between the two ab

initio calculations could be related to the use of different
exchange-correlation functionals. In any case, we have shown
that the low-pressure orthorhombic phase is not stable above
92 GPa, so a phase transition to the I4/mcm phase could be
observed already near 92 GPa. In this respect, we have checked
that the cubic perovskite Pm-3m phase, the postperovskite
Cmem phase,” the jpostperovskjte Pnma phase of Sb,S; as
observed in NaFeF,,”' and the other possible phase of YAIO,
reported in the ICDS database (P6;/mmc)°® are not
competitive with the tetragonal I4/mcm phase in the pressure
range above 80 GPa, so the pressure-induced phase transition
to the I4/mcm phase is the most probable one we have found.
We want to also note that in this tetragonal phase the
coordination of Al atoms is 6 with Al—O bond distances near
1.7 A, whereas the coordination of Y atoms is already 12 with
four Y—O distances near 2.17 A, four near 2.36 A, and other
four near 2.65 A around 100 GPa. Moreover, this HP transition
is consistent with the tendency of the orthorhombic structure
of YAIO; toward a more symmetric structure on increasing
pressure. Experiments of YAIO; up to the Mbar region are
needed in order to verify this phase transition.

Bl CONCLUSION

XRD and RS measurements of YAIO; nanoperovskite (with
size around 40 nm) performed up to 7 and 30 GPa,
respectively, have allowed us to study the experimental
structural and vibrational properties of this material at HP
and compare them to previously reported experimental and
theoretical data of bulk YAIO;.*>”**° Besides, our experimental
results have been nicely compared to our own ab initio
calculations, noticing that both structural parameters and
vibrational modes of YAIO; nanoperovskite are similar to

15364 DOI: 10.1021/acs jpcc.7b04245
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those of bulk material. This result suggests that 40 nm size
YAIO; nanocrystals behave as bulk material. The contribution
of each atom and each polyhedral unit to the different
vibrational modes has been discussed. Finally, the theoretical
elastic properties of this perovskite have been discussed both at
ambient and at high pressure. It has been found that
generalized stability conditions are violated at 92 GPa, thus
suggesting that YAIO; perovskite is mechanically stable up to
92 GPa. Consistent with theoretical calculations, no phase
transition has been observed experimentally in our RS
measurements up to 30 GPa. Therefore, a similar behavior is
expected for GdAIO; at high pressures. Finally, it must be
mentioned that our calculations support a possible phase
transition from the Pnma phase to the tetragonal I4/mcm phase
in YAIO; at pressures above 92 GPa.
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SECTION S1

50 nm

Figure S1. TEM image of the Y AlO; nano-perovskite used in this study

SECTION S2

Table S2. Lattice Parameters, Volume Cell and Refinement Parameters Obtained

from Profile Matching at Different Pressure

Pressure (GPa) a (A) b(A) c(A) vV (&% Ve R, R., Rpug
0 53272)  7369(3) 5.175(2) 203.15(23) 806 168 871  0.02

0.59 53192 73523)  5.172(2) 202.2823) 691 192 133 16.0

0.75 5317(2)  7.351(3) 5.168(2)  202.06(23) 6.56 19.0 13.5 15.8

0.92 5.314(2) 7.350(3) 5.168(2) 201.90(23) 5.12 174 153 16.1

1.95 5208(2) 7.335(3) 5.158(2) 20047(23) 6.67 194 132 146

2.33 5.294(2) 7.328(3) 5.156(2) 200.03(23) 698 21.5 169 17.7

3.7 5280(2) 7.312(3)  5.143(2) 198.5423) 577 181 142 149

4.28 5.275(2) 7.301(3) 5.139(2)  197.92(23) 5.28 17.8  13.0 14.1

5.36 5.264(2) 7.293(3) 5.129(2) 196.94(23) 7.10 224 18.1 20.1

6.74 52532) 72793) 5.118(2) 195.70(23) 625 188 146 167

SECTION S3

Table S3. Birch-Murnaghan Second (BM2) and Third Order (BM3) EOS
Parameters of YAIO; Nano-perovskite (this work) and YAIO; Bulk (Ref.')

This work Ref.! This work Ref.!
BM2 BM3
V, (&) 202.95(8) 203.29(4) 203.15(11) 203.401(19)
By (GPa) 166(3) 207(2) 132(12) 1922)
S2
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By 4 4 18(6) 7.3(5)
ay(A) 5.3250(15) 5.3289(3) 5.32668 5.3291(4)
M, (GPa) 435(18) 476(2) 322(28) 471(8)
My 12 12 67(21) 13(2)
by(A) 7.3633(16) 7.3685(5) 7.36536 7.3700(2)
M, (GPa) 512(17) 697(7) 397(37) 637(7)
My 12 12 63(24) 26(2)
co(A) 5.1762(10) 5.1775(5) 5.1762(13) 5.17874(4)
M, (GPa) 567(20) 755(10) 568(75) 660(22)
My 12 12 12(24) 35(6)
SECTION S4

Normalized cell distortion factor with pressure d,,,, (P) as a function of

pressure:

A parameter which usefulness lies in the evaluation of the departure of an
orthorhombic structure from the cubic archetype one is the cell distortion factor, d,
introduced by Sasaki et al. ' This parameter can be determinated by comparing the unit-
cell axes through the relation a~c=2a, and b:(2ap)1/2 (in the Pnma setting, b>a>c). This
factor is defined by the next expression:

(a/x/i—ap)z +(b/x/§—ap)2 -0—(c/2—ap)2

d= S4.1
3ap2 x10* ( )

where a, is the pseudocubic subcell parameter which is defined by:

(a/ﬁ+c/ﬁ+b/2)
a,= ; (S4.2)

However a proper version of the parameter d of eq. (S2.1) is used instead, which is
the normalized cell distortion factor, dyom(P).> This parameter describes the rate of

change of the cell distortion pressure normalized with the value at ambient conditions

(do)

o (P) = i(g—g (S4.3)

S3
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In our specific case, YAIO3 nano-perovskite, d,o-m (P) decreases with pressure (see.

Fig S2), suggesting that YAIOs; nano-perovskite evolves toward a cubic structure with

2
pressure.

(P)

1.04
1.02
1.00 1

norm

d

098 |
096 |
094f
092]
09|
088 |
086
0.84 L -

Normalized cell distortion factor,

Figure S3. Normalized cell distortion factor with pressure d,,, (P) as a function of pressure of YAIO; nano-perovskite

Pressure (GPa)

SECTION S5

1 1 1

Figure S4. Theoretical (lines) and experimental (symbols) pressure dependence of the A,, By, B, and B3, first-order

1 1 1 1 1 1
0 10 20 300 10 20 300 10 20 300

Pressure (GPa)

Raman-active modes in bulk and YAIO; nano-perovskite, respectively.

1 1 1
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SECTION Sé6

Elastic properties equations description:

sS4
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When a non-zero stress is applied to the crystal, the elastic stiffness coefficients
must be used instead of the elastic constants. The elastic stiffness coefficients are

defined as:

1
B, =C,

et 5[5%0/, +0,0,+08,0, +08,0, —25,0, | (S6.1)

where Cjjy; are the elastic constants evaluated at the current stressed state, o;; are the
external stresses, and §;; is the Kronecker delta. In the case of hydrostatic pressure
applied to an orthorhombic system, the elastic stiffness coefficients are **
B,=C,—P(i=1,4,5,6)

B,=C,+P(i<j,j=1-3) (562

The elastic stiffness constants allow us to obtain the elastic properties such as the
bulk modulus B and the shear modulus G of a material at any hydrostatic pressure.
For the orthorhombic crystal system, the Voigt By and Reuss Bp bulk moduli are
defined as:
_B,+B,+B, +2(B,+B,+B,;)

9

1
B, =
2(s,, +8,,+s )
St Sy 85+ (12 137523

BV
(86.3)

whereas the Voigt Gy and Reuss G shear moduli are expressed by the following

equations:

— Bn +Bzz +333 +3(BA4 +Bss +Bﬁ(y)_(BIZ +Bls +st)
! 15
15

4(s,1 +5,, -0—333)—4(s,2 +5)5 +523)+3(s44 + 555 +s%)

(S6.4)

R =

where s;; are the elastic compliance constants which are the matrix elements of the
inverse of the elastic constants matrix. >

Therefore, bulk and shear moduli in the Hill approximation are expressed as:

B - B, + B,
H
2 (S6.5)
G -9 +Ge
" 2

In addition, the Young’s modulus E and the Poisson’s coefficient v are defined as:

S5
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_98,-Gy
3B, +Gy,
— 3B11 _2G11

Va 2(3B,+G,)

H

(S6.6)

Another magnitude that can be estimated is the Vickers hardness (Hy) in the Hill
approximation, which it is used to predict the hardness of the material® and it is defined

by the equation:

1.137

H, =0.92 [GHJ -G, (S6.7)
H

where Gy and By are the shear and bulk moduli in Hill approximation.

The universal elastic anisotropy index Ay, is defined as:

4, = S(GV]+(BV]—6 (S6.8)
GR BR

where By, Gy, Br and Gy are the bulk and shear moduli in Voigt and Reuss
approximations, respectively. It is relevant to point out that A, takes in consideration all
the elastic stiffness coefficients Bjj.7 If Ay = 0 there is not anisotropy. The more this
magnitude differs from 0 the more elastically anisotropic is the crystalline structure.
It is well known that the Born stability criteria are fulfilled when a crystal lattice is
mechanically stable.>® In the case of an orthorhombic system, these criteria are:
C,>0
C, Cy,—Ch>0 (S6.9)
C,-C,-Cy+2C,-C,y-C,~C,,-CL~C,,-Cs,—Cyy-C >0
When a non-zero stress is applied to the crystal, the former stability criteria must be
modified using the elastic stiffness coefficients instead of the elastic constants. The new
condition criteria, known as the “generalized Born stability criteria”, are obtained just
replacing in Egs. (S4.9) the elastic constants C;; by the B;; coefficients.”
Thus, an orthorhombic system is mechanically stable under hydrostatic pressure
when the generalized Born stability criteria:
M, =B,>0M,=B,,>0,M,=B,,>0,M,=B,>0
M,=B,-B,—B,>0 (S6.10)
M,=B, B, -B,+2B, B,,-B,—B,,-B,—B,-B:,— B, B, >0
are fulfilled at once.
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4. ARTICLES COMPENDIUM

4.2. Optical sensor calibration with temperature

In this section, the third and fourth papers are included and suppose one of the main part
of this thesis regarding the analysis of the viability of nano-perovskites doped with Ln%*
ions, i.e. Nd*-doped YAIO3; and Tm3*-doped YAIO; nano-perovskites as optical

temperature sensors working in the NIR.

The third paper focused on the temperature evolution of the infrared luminescence Nd®**-
doped YAIO3 nano-perovskite, in order to evaluate its viability as optical temperature
sensor in NIR region, especifically in the well-known “near infrared biological windows”.
In addition, a first approximation of this optical temperature sensor in the bioimaing field

was also analyzed.

The fourth paper studies the viability of the temperature evolution of the luminescence of

Tm®* ions in YAIOs; nano-perovskite as optical temperature sensor working in NIR.

4.2.1. Comparison of the sensitivity as optical temperature sensor of nano-
perovskite doped with Nd®* ions in the first and second biological

windows

Authors: M.A. Hernandez-Rodriguez, A.D. Lozano-Gorrin, L.R. Martin, U.R.

Rodriguez-Mendoza and V. Lavin

Published in: Sensors and Actuators B; Volume: 255; Pages: 970-976; DOI:
10.1016/j.snb.2017.08.140; Accepted 17 August 2017

In the present article, the temperature dependency of the infrared luminescence of yttrium
orthoaluminate nano-perovskite doped with 1 mol % of Nd** ions (YAP: Nd®* 1.0%) was
studied and analyzed its potential application as optical temperature sensor working in
NIR.

The first part of this work consisted in the temperature calibration of YAP: Nd** 1.0%
nano-perovskite from room temperature (RT) up to 610 K (337 °C) by using the
fluorescence intensity ratio technique (FIR) in the NIR. For this porpuse, the sample was
placed in a tubular furnace and excited at 532 nm comercial laser, monitoring the emission
bands centered at 820 and 890 nm associated to the (*Harz, *Fsi2) — *lorz and *Farz — *lo

transitions respectively, as it is shown in the Fig. 2 of this paper. The experimental ratio,

88
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4. ARTICLES COMPENDIUM

R, obtained from the integrated areas of the former emissions was analyzed as a function
of the temperature and fitted to a Boltzmann-type curve (see Fig. 3 of this article). The
relative thermal sensitivity, SreL, achieved in this experiment at 293 K (20° C) was around
0.0018 Kt (with a temperature uncertainty 57 around 0.9 K) and was compared with the
SreL values of other optical temperature sensors doped with Nd** ions at the same
temperature (see Table 1 of the article), showing a notable performance that allows the
potential application of YAP: Nd** 1.0% nano-perovskite as optical temperature sensor

based on the FIR technique, working in the I-BW.

In the second part of this article, a second temperature calibration, but in the 11-BW, was
performed, taking advantage of the YAP: Nd** 1.0% nano-perovskite emission band
centered around 1340 nm associated to the “Fs» — *l1a2 transition. This time, the sample
was excited by the same excitation laser at 532 nm and heated up, increasing the pump
power of the former laser. In this case, the Full Width at Half Maximum (FHWM) of the
Stark peak at 1348 nm was analyzed as a function of the temperature from RT up to 370
K (97 °C), as it is shown in the Fig. 4 of this article. FHWM experimental points were
well-fitted to a second order polynomial function (see Fig. 5). From the calibration
procedure, the Sger value achieved at 293 K was around 0.033 K (with a temperature
uncertainty 67 around 0.37 K). This value was almost twice higher than the one achieved
in the I-BW at the same temperature. In addition, by comparison with other optical
temperature sensors working in the 11-BW, YAP: Nd®* 1.0% nano-perovskite showed a
great performance, which allows its consideration as optical temperature sensor working
in the 11-BW.

In the last part of this paper, a straightforward experiment to test the possible application
of YAP: Nd*" 1.0% nano-perovskite in the bioimaging field, was carried out by a sub-
tissue penetration study, via a vertical setup as is detailed in the manuscript (see Fig 6-
left). This experiment allowed to measure the emission about 1350 nm associated with
the Nd3*: *Fa2 — “l1352 transition as a function of the tissue thickness by simply filling a
cuvette with a specific volume of the phantom tissue, reaching a sub-tissue penetration
depth of 5.5 mm (see Fig 6-right). This result shows also the potential of YAP: Nd3* 1.0%

nano-perovskite for its application in sub-tissue luminescence imaging.
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The temperature evolution of the infrared luminescence of yttrium orthoaluminate nano-perovskite,
doped with 1.0mol% of Nd3* ions, was analyzed in order to check its viability as optical thermal sensor
in the well-known “near infrared biological windows” of the human tissue. For this purpose, the depen-
dences of the emission bands of the (2Hgj, Fs2), 4F32 — “lgp> transitions from RT up to 610K and the
emission band of the 4F3/2 — 4113,2 transition from RT up to 370K for the first and second biological win-
dows respectively, were measured and calibrated as functions of the temperature. From the calibration
procedure of the optical sensor in the first biological window, the maximum value of the relative sen-
sitivity was obtained and compared with others Nd-based optical sensors of the literature, showing a
notable sensitivity. In addition, the relative sensitivity in the second biological window at RT was almost
twice higher than the obtained one in the first biological window at the same temperature, showing a
high sensitivity of the nano-perovskite in the biophysical temperature range (30-45 °C). Moreover, it has
been studied among the emission sub-tissue penetration depth through a phantom tissue, taking advan-
tage of the emission of Nd3* in the second biological window. These results show the potential use of the
yttrium orthoaluminate nano-perovskite doped with 1.0 mol% of Nd*? for both sub-tissue luminescence
imaging and luminescence-based thermal sensing

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The properties of a material, such as optical ones, for instance
absorption and luminescence, depend notably on the environment
conditions, such as temperature, pressure or pH among others[1,2].
Thus, when one of these parameters changes, the optical response
of the material changes as well. According to this behavior, a new
generation of devices, known as optical sensors, has been currently
developed for applications probes to monitor physical or chemi-
cal fluctuations due to the changes in the environment conditions
respect to their initial states. The optical sensor is mainly com-

* Corresponding author.
E-mail addresses: miguelandreshr@gmail.com, mhernanr@ull.edu.es
(M.A. Hernandez-Rodriguez).

http://dx.doi.org/10.1016/j.snb.2017.08.140
0925-4005/© 2017 Elsevier B.V. All rights reserved.

posed of two elements: an optically active material which acts as
a probe and it can be placed at the point of interest, and a mea-
surement system, normally compose of a low pump power laser
for the excitation and an optical detector (spectrometer). In these
kind of devices, the fluctuation of a physical or chemical parameter
is recorded as a variation of the optical response of the material.
The main advantage of these systems against other similar devices,
such as thermocouples or pH-meters is that do not require phys-
ical connections because the propagation of the electromagnetic
radiation does not need any guiding system. The development of
efficient detectors and low cost lasers that can be employed in these
optical sensors implies in finding novel materials with extraordi-
nary luminescence responses [3]. At this point, the use of materials
doped with trivalent rare earth (RE3*) results to be a good choice to
obtain optically active materials because the RE3* ions present ther-
mally coupled emitting levels. This feature implies that the relative
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ion population of these levels, and, of course, their emission, depend
on the temperature of the active material [4]. In order to study the
RE3* emission response as a function of the temperature, several
optical parameters can be calibrated, being the relative intensi-
ties between two thermalize emission bands, commonly known
as the fluorescence intensity ratio (FIR) technique, the most widely
employed procedure to calibrate an optical sensor [5,6]. From the
point of view of practical applications, not all the RE3* can be used
to calibrate the optical response employing the FIR technique.

The general requirements that the RE3* need to accomplish in
order to use it for optical calibration are: i) the energy gap between
the thermalized levels must be large enough in order to avoid
overlapping of the two emission bands and simultaneously, short
enough to allow the minimum population of optically active ions of
the upper level in the temperature range of interest; ii) the radia-
tive probabilities of the thermalized levels must be enough in order
to show large emission intensities. Erbium trivalent ion is the most
used for this task, although, other RE3* ions can also accomplish
the mentioned requirements with similar results, for instance, Pr3+,
Ho3*, Nd3*, Eu3*, Tb3* and Sm3*, among others [3,7-13]. Concern-
ing the Nd3* based optical temperature sensors, the interest of this
ion has grown exponentially due to its capabilities to absorb and
emit in the in the well-known “near infrared biological windows”
(NIR-BW) of human tissue, where the scattering of the light due to
water and hemoglobin is almost negligible [14]. This feature leads
to several applications in biological systems as cellular temperature
probe, fluorescence bioimaging or anticancer therapies [5,15-22].
In the framework of optical sensor, the research on nanomaterials
field has become relevant, mainly due to their ability of keeping the
properties of their bulk counterpart [23]. Among all nanomaterials
hosts, yttrium orthoaluminate nano-perovskite (YAP) can be good
candidates due to its mechanical and thermal properties, as well as
chemical stability [24]. Doping these nano-perovskites with Nd3*
ions is very interesting due to the sharpness nature of the emission
peaksinthe nearinfrared range, allowing to check with high resolu-
tion any changes of these peaks with the temperature (wavelength
shifts, full width at half maximum,.). In this work, YAP doped with
1.0 mol% of Nd3* (YAP: Nd3* 1.0%) was studied in order to check
its viability as temperature probe in the first and second biological
window as well its application in the bioimaging field.

2. Experimental details

YAP nano-perovskite of composition Y(;.x)NdxAlO3, with
x=0.01 (in mol%) was successfully synthesized by the sol-gel
method in an air atmosphere. Stoichiometric molar ratios of high-
purity Y(NO3 )3&903;4H,0 (ALDRICH, 99.9%), A(NO; )3&903;9H,0
(ALDRICH, 99.9%) and Nd(NO3 )3&903;H,0 (ALDRICH, 99.9%) mate-
rials were dissolved in 25 mL of 1 M HNO3 under stirring at 353 K for
3 h. Afterwards citric acid, with a molar ratio of metal ions to citric
acid of 1:2, was added to the solution, which was stirred and heated
at 363 K until reaching the transparency of the solution. Then, 4 mg
of polyethylene glycol was added to the solution. The former step
created a gel that was fired at 400°C for 6h in order to remove
the residual nitrates and organic compounds and the subsequently
obtained powder sample was finally burnt out at 1200°C for 20 h.
The second thermal treatment was performed at 1550°C for 12 h.
The luminescence measurements from RT to 610K were carried
out in a tubular electric furnace where the samples were placed
at the center of it and heated at a rate of 1.77 K/min. The temper-
ature of the sample was controlled with a K-type thermocouple
in contact with it and connected to a voltmeter (Fluke Calibrator
714). The 532 nm commercial laser excited the sample from one
side of the furnace, while the emission was collimated by a lens
located on the other exit side, and then focalized with another lens

into an optical fiber coupled to a 0.3 m single grating spectrometer
(Andor SR-500i-B2-R). Finally, the detection was carried on with
a cooled CCD detector (Newton DU490A-1.7) with a resolution of
0.7nm (~25cm~1) and an integration time of 1s.

Powder X-ray diffraction data were collected on a PANalyti-
cal X'Pert PRO diffractometer (Bragg-Brentano geometry) with an
X'Celerator detector employing the Cu Ka; radiation (A =1.5405 A)
in the angular range 5° <26 <80°, by continuous scanning with a
step size of 0.02° (see section S1 of Supplementary information).
TEM measurements were performed in a JEOL JEM 2100 equipment
operanting at 200kV (see section S2 of Supplementary informa-
tion). Dynamic light scattering (DLS) measurements were carried
out on aMastersizer 2000/E (see section S3 of Supplementary infor-
mation).

For the temperature calibration procedure in the “second bio-
logical window” (II-BW) of the human tissue, the YAP: Nd3* 1.0%
nano-perovskite was heated by the same excitation laser at 532 nm
increasing the pump power. Therefore, it was possible to change
the temperature from RT up to 370 K. The emission associated with
the 4F3,2 — 4113/2 transition was collimated by a lens located on the
other exit side, and then focalized with another lens into an opti-
cal fiber coupled to the same spectrometer (Andor SR-500i-B2-R)
and the detection was carried on the same CCD detector (Newton
DU490A-1.7) with the same resolution of 0.7 nm.

For the depth penetration studies, YAP: Nd3* 1.0% nano-
perovskite was excited at 895nm, using the laser line of a Ti:
sapphire laser (3900S Spectra Physics) pumped by Millenia Prime
laser (Millenia 15sJSPG).

The emission associated with the 4F3, — #1;3), transition, was
detected through a solution ofIntralipid®, which is an intravenous
nutrient consisting of an emulsion of phospholipid miceless and
water [25], as phantom tissue. The phantom tissue consists in
an absorbing and scattering medium that has been extensively
employed in the past to mimic the optical properties of human skin
in the I-BW and II-BW [26-29], as a function of the depth penetra-
tion was recorded by using the same grating spectrometer with a
NIR extended photomultiplier (HAMATSU H10330B-75). The con-
centration of lntralipid® used in this experiment was the equivalent
to 0.025 mol of it in a volume of solution of 24.85 mL.

3. Theoretical background

The main feature of the development of RE3* doped matrix tem-
perature is that these materials have many pairs of energy levels
with very small separation gap, of the order of the thermal energy.
The fluorescence intensity ratio (FIR) technique was employed in
the first part of this work to calibrate the temperature sensor
[30-32] in the well-known “first biological window” (I-BW) of the
human tissue which covers the range between 750 and 950 nm.
In the present technique, the fluorescence intensity of two nearby
levels are recorded as a function of the temperature to be studied in
a simple three-level scheme system (see Fig. 1). The small energy
gap between these two thermalized levels allows the population
of the upper level from the lower level by thermal excitation. The
main point here is that the temperature dependent ratio of these
intensities does not depend of the source power intensity because
the emitted intensities only depend on the proportionality of the
population of each level involved. This relative population between
these levels, R, obeys the Boltzmann'’s law:

R
s gzhv E E

R= L31 = 721 373 ~e’K,3;2T :(e’KIB,ZT (])
I wy,82hvy

where Kp is the Boltzmann constant, E3; is the energy gap between
these two excited thermalized levels, g3, g, are the degeneracies
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Fig. 1. Simplified diagram for three level system. E3; is the energy gap between the
two excited levels, g; is the degeneracy of the i-th level and w:j‘ is the spontaneous
emission rate between the i-th and j-th levels.

(2] +1) of the levels, (1)’331 and a)’z?1 are the spontaneous emission
rates of the E3 and E; levels to the E; level, respectively.

On the other hand, the sensor sensitivity S can be defined as the
rate which the ratio R changes with the temperature:

_dR, [ Ep
s_lil_R(KBTZ) @)

However, it is necessary to introduce another parameter, the
relative sensor sensitivity Sgg; which is defined with the next rela-
tion:

1R, [ Esp
SREL—E|E = (KBTZ) (3)

The advantage of this parameter is the independency with the
emission intensity, it only depends on the temperature and the
energy gap. This parameter allows the comparison with other opti-
cal sensors.

From the last equation, it is clear that if the energy gap between
two thermalized levels is large, then the sensitivity too. Never-
theless, as the energy gap between these levels increases, the
population and the intensity from the upper thermalized level
decreases.

It is worth to mention that the use of the FIR technique for
temperature sensing avoids accuracy problems resulting from fluc-
tuations in the excitation, or absolute emission intensities due to
the noise in the detection system.

The temperature uncertainty, 87T, is the smallest temperature
change that can be achieved in a given measurement and can be
estimated by the equation [33]:

1 6R
= — 4
Sre R “)
where Sgg; is the relative sensitivity and the SR/R is the relative
uncertainty on R.

4. Results and discussion
4.1. Optical sensor calibration

The YAP: Nd3* 1.0% nano-perovskite emission spectra as
functions of the temperature are depicted in Fig. 2. It can be
observed that at RT only two emission bands and their corre-
sponding Stark levels associated to the (2Hg)3, “Fs) — “lg/; and
4F3j2 — *lgp, transitions are observed up to approximately 610K. It
can also be observed that the emission associated with the (ZHQ/Z,
4F5/2)~> 419/2 transition increases as the temperature does. On the
other hand, above 450K, a third emission band related to the

750 800 850 900 950
Wavelength (nm)

1000

Fig. 2. Temperature evolution of the NIR emissions of the YAP: Nd** 1.0% nano-
perovskite.

T T T T T T 0.020
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Fig. 3. Experimental intensity ratio (R) and relative sensitivity (Sgz. ) of the YAP: Nd3*
1.0% nano-perovskite obtained from the emission bands associated to the (?Hgj,
4Fsj2) — *lg2 and 4Fs; — *lgp; transitions. The experimental values were fitted to
Eq. (1) (red line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(4S312, 4F72) — 4lgp transition slightly appears as a consequence
of the thermally induced population of the upper (453,2, 4F7/2) lev-
els.

In Fig. 3 the experimental ratio obtained from the emission
bands are shown. An analysis based on a simple three-level sys-
tem formed by the 2Hgp,%Fs), (level 3), 4F3p (level 2) and 4Ig)
(level 1) was performed. The ratio between the intensities of the
areas at 820 nm (Hgpp,*Fs 2 — #lg2) and 890 nm (4F3, — 4Ig)) can
be related to the temperature T according to Eq. (1). From the fit-
ting process, the values of C=0.65 and the experimental energy gap
E3;=1101cm~! have been determined. With this value of energy
gap, the relative sensor sensitivity Sgg; can be estimated according
to Eq. (3).

The relative sensor sensitivity Sgg; as a function of the temper-
ature T, defined by Eq. (3) is also shown in Fig. 3.

In Table 1 the obtained sensitivity at 293 K is compared with
others Nd-based temperature optical sensors working in the I-
BW. As can be observed, YAP: Nd3* 1.0% nano-perovskite under
study shows a sensitivity of one order of magnitude higher than
those optical thermal sensors where the ratio parameter is based
on the intensity ratio between emission bands associated to
4F3p2(1) = %lop2 and 4F3pp2)— *lgp transitions (where 4F3p51) and
“4F3(2) are the Stark components of the “F5, multiplet) and thus,
due to the small energy gap between these levels, leading to
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Table 1

Thermal relative sensitivity at 293 K of different host materials doped with Nd**. FIR fit equations and relative sensibilities as well as the temperature ranges.
Host material FIR equation Transition Temperature range (K) Sker (x1073 K1) at 293K Ref.
Fluoroindogallate glass: Nd>* 267-exp(—1808/KzT)—-0.018 4F7p2, 4F32 > 4o 288-323 30 [34]
YAP: Nd** nanocrystal 0.65-exp(—1101/KT) 2Hojp,*Fsp2; 4F3p — *lopp 293-611 183 This work
(Gdo.g91Ndo 009 )203 4.36.exp(—1092/K;T)! 2Hgpp,4Fspy; 4Fapp —> 4o, 288-328 182 [36]
YVO,4: Nd3* crystal 3.46-exp(—967/KpT)+1.30 x 103 2Hojp,Fspa; 4F3p — *lop 299-523 16.1 [37]
Telluride glass: Nd** 3.82.exp(—963.60/KsT) 2Hojp,*Fspa; 4F3p — *lop 293-673 16 [31]
PKBAN: Nd** 2.50-exp(—953.10/KsT) 2Hojp.*Fspa; 4F3p2 > *lop 300-850 15.8 [38]
Fluoroindogallate glass: Nd* 125-exp(—933/KsT)-0.42 2Hojp,Fspa; 4F3p2 — *lop 288-323 15.5 [34]
Fluorotellurite glass: Nd>* 2.67-exp(—906/KzT) 2Hojp,Fspa; 4F32 — *lop 300-650 15.1 [39]
ZBLANP: Nd** 0.036-exp(689.30/K;T) 4Fapy; “Faa) — Yo 296-473 115 [37]
LiNdP404, nanocrystal 4.6-exp(—151/KpT)* 4F3pa1); 4F3p202) = Hlop 250-500 25 [22]
NaYF4: Nd** nanocrystal 1.32-exp(—88.9/KsT) 4F3pa1); 4F3p202) = lop 273-423 1.15 [32]
YAG: Nd** nanocrystal 1.16-exp(—77.4/KsT)* 4F3pa1); 4F3p202) = lop 283-343 13 [40]
LaF;: Nd** nanoparticle 0.71-exp(—64/KzT)* 4F3p21); 4F3p202) = *lop 283-333 1.06 [16]
2 FIR equations have been calculated by using the experimental results.

very low relative sensitivity values (see Eq. (3)). On the other T T T T T ‘; '4

hand, among the Nd-based optical sensors which use the inten- 370K A For™ L

sity ratio between the emission bands related to 2Hg)5,%Fs — 4lg)2
and 4F3p, — #1gp; transitions, it is expected a sensitivity in the same
order of magnitude, because the energy gap between the 2 Hg/2,4 Fsp
and 4F3,2 levels are comparable. However, YAP: Nd3* 1.0% shows
the highest relative sensitivity value at 293 K.

Nonetheless, fluoroindogallate glass doped with Nd3* reported
by Nunes et al. [34] results to be notably higher because the inten-
sity ratio was calculated, considering the 4F7/2 and 4F3/2 levels,
which show a larger energy gap. Apart from the data included in
Table 1, Marciniak et al. [35] reported the highest sensitivity so
far in Cr3*/Nd3*-codoped YAG nanocrystals working in the I-BW,
around of 0.035 K~ in the biophysical range.

In spite of this, the YAP: Nd3* 1.0% nano-perovskite under study
shows a comparable sensitivity value with a minimum temperature
uncertainty 8T around of 0.9K (see Fig. S4a of the Supplemen-
tary information for more details), can be considered potentially
suitable to become a NIR luminescence material for optical tem-
perature sensor based on the FIR technique, working in the I-BW of
the human tissue.

The YAP: Nd3* 1.0% nano-perovskite also exhibits an emission
band and its corresponding Stark levels about 1350 nm associated
with the #F3, — 4113, transition, which falls in the “second bio-
logical window” (II-BW) ranging from 980 nm up to 1500 nm. It is
known that in the II-BW the optical scattering due to the absorp-
tion of water and other compounds present in tissues (such as
hemoglobin) is further decreased when is compared to the I-BW,
due to the use of longer wavelengths. At this point, the YAP: Nd3*
1.0% nano-perovskite can be employed and calibrated with the
temperature as an optical thermal sensor in this range as well.

The emission spectrum obtained exciting at 532 nm of the YAP:
Nd3* 1.0% nano-perovskite associated with the F; 2= 43 /2 transi-
tion at RTis shownin Fig. 4. The sharpness of the transition between
Stark levels of the emission band, due to the nano-crystalline nature
of the sample, allows to check with high resolution any change of
these peaks with the temperature. In this sense, the Full Width
at Half Maximum (FHWM) of the Stark peak at 1348 nm has been
analyzed. Therefore, the temperature evolution of the Stark peak
centered at 1348 nm from RT up to 370K is also shown in the inset
of Fig. 4.

Consequently, it is possible to use the FHWM as a parameter for
the temperature calibration of the YAP: Nd3* 1.0% nano-perovskite
as an optical thermal sensor within the II-BW range.

The experimental data of the FHWM of the emission peak cen-
tered at 1348 nm as a function of the temperature starting at RT
up to 370K for its employment for the calibration procedure in
the II-BW range is depicted in Fig. 5. In this case, the experimental
data of the FHWM were well-fitted with a second order polynomial

%K

1344 1345 1345 1347 1348 1349

Intensity (arb. units)

X L ) )
1310 1320 1330 1340 1350 1360 1370 1380
Wavelength (nm)

Fig. 4. YAP: Nd** 1.0% nano-perovskite emission spectrum associated with the
Nd>*4F3; — 4I3), transition at RT exciting at 532 nm. The temperature evolution
of the Stark peak centered at 1348 nm starting at RT up to 370K is also shown in an
inset of the same figure.
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Fig. 5. Experimental data of the FHWM and relative sensitivity Sgg of the emission
peak centered at 1348 nm of the YAP: Nd** 1.0% for the #F3, — #I;3, transition. The
experimental values were fitted. to a second order polynomial function given in Eq.
(5) (red line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

function:
FHWM (T) = a + bT + cT? (5)
where a, b and c are constants. From the fitting process, the values of

a=0.73nm, b=—0.03nmK-! and c=1.05*10"4 nmK~2 have been
obtained. The relative sensitivity Sgg; of YAP: Nd3* 1.0% sample was
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scale (right).

determined by using the expression:

o 1 dFHWM
REL = FEWM | dT

(6)

At the temperature of RT, the relative sensitivity of YAP: Nd3*
1.0% nano-perovskite reached a value of 0.033 K-, which is almost
twice larger than the obtained one within I-BW. The minimum tem-
perature uncertainty 6T achieved was around of 0.37 K (see Fig. S4b
of the Supplementary information for more details).

In comparison with other Nd-based optical temperature sensors
working in the 1I-BW, YAP: Nd3* 1.0% shows a very high sensitiv-
ity, which is higher than the those ones reported in the literature,
for instance, NaGdF,: Nd3*+PbS/CdS/ZnS@PLGA complex nanoth-
ermometer, which contains two different luminescence centers
(RE3* quantum dot) with a thermal sensitivity around of 0.016 K~!
at 293 K [18] or YVO4: Nd3* nanoparticle with a thermal sensitivity
of 0.0025 K~ in the biophysical range [19].

4.2. Sub-tissue penetration depth study

In order to check the viability of YAP: Nd3* 1.0% nano-perovskite
in biological experiments, a vertical setup has been made in order
to excite the sample in similar way that experiments found in the
literature [15,16]. The experiment was carried out, by using a liq-
uid known as Intralipid dissolved at 10% as a phantom tissue. The
experimental setup for the determination of the tissue penetration
depth of the YAP: Nd3* 1.0% is shown in Fig. 6 (left). Briefly, the
YAP: Nd3* 1.0% was placed into a holder which was located under
a 1 mm size cuvette filled with a solution of Intralipid 10% (phan-
tom tissue). The sample was optically excited with a continuous
laser source at around 895 nm. Part of this laser was reflected to
the sample by a filter and then was focused on the sample. After
that, the emission about 1350 nm of the sample passed through
the former filter and then was focused on the spectrometer by a
second lens. The phantom tissue thickness was varying just filling
a specific volume of the cuvette with a solution of Intralipid. This
setup allowed to measure the emission about 1350 nm associated
with the Nd3*: 4F3, — 4I;3), transition as a function of the tissue
thickness by simply filling the cuvette with a specific volume of the
phantom tissue.

From data included in Fig. 6 (right), it can be observed a
monotonous decrease of the emission signal with the tissue thick-
ness, indicating that the emission is attenuated within the phantom

tissue either by absorption and/or scattering processes. Neverthe-
less, from the penetration depths results, it is evident that the use
of YAP: Nd3* 1.0% nano-perovskite allows for penetration depths
into in vitro human skin tissues close to 5.5 mm in the II-BW. The
penetration depth reported here is in the same order of magnitude
as that reached by using LaF3 nanoparticles doped with Nd3* within
the II-BW [15,16].

These previous results, together with its high relative sen-
sitivity in the II-BW, show the potential use of the YAP: Nd3*
1.0% nano-perovskite for both subtissue luminescence imaging and
luminescence-based thermal sensing in the second biological win-
dow.

5. Conclusions

The temperature dependency of the infrared luminescence of
YAP: Nd*3 1.0% nano-perovskite, was studied in order to check its
viability as optical thermal sensor in the well-known “near infrared
biological windows” (NIR-BW) of the human tissue. For this pur-
pose, the analysis of the (2Hgyy, #Fs2), 4F32 — *lg; transitions from
RT up to 610K exciting at 532 nm and the emission intensity of the
4F3 — “l43), transition from RT to 370K for the I-BW and II-BW
respectively, were measured and calibrated with the temperature.
The optical sensor calibration procedure for the I-BW was done by
employing the FIR technique, while the analysis of the FWHM of the
Stark level centered at 1348 nm of the emission associated with the
4F3/2 — 4113/2 transition was used for the calibration procedure in
the [I-BW. The maximum value of the relative sensitivity for the cal-
ibration procedure for the I-BW (0.018 K~ at 293 K) was compared
with others Nd-based optical sensors of the literature, showing a
notable thermal sensitivity. It is worth mentioning that the rela-
tive sensitivity obtained in the II-BW at RT was almost twice as
big as the obtained in the I-BW at the same temperature and also,
resulted to be very high compared with others Nd-based optical
thermal sensors working in the II-BW. Thus, both results suggest
that YAP: Nd3* 1.0% nano-perovskite could be a great candidate as
optical thermal sensor in the biological windows in the biological
temperature range (30-45 °C). Taking advantage of the emission of
YAP: Nd?* 1.0% nano-perovskite related to the 4Fs;, — 4I;3); tran-
sition, which lies in the II-BW, sub-tissue penetration depth study
through a phantom tissue was carried out, reaching a sub-tissue
penetration depth of 5.5 mm. This result shows also the potential of
the YAP: Nd3* 1.0% nano-perovskite for its application in sub-tissue
luminescence imaging.
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SECTION S1

X-ray diffraction (XRD) patterns were measured on a diffractometer (PANalytical X'Pert
Pro) using CuKal radiation. The diffraction pattern of the powder sample shows a
predominant phase that has been well indexed to an orthorhombic space group Pnma
perovskite-type structure as shown in Figure 1. We have recently published an article that
gives all details concerning the mentioned structure fitting [1].
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Figure S2. TEM picture of the YAP: Nd®* 1.0% nano-perovskite
SECTION S3

Dynamic light scattering (DLS) experiments were performed on a Mastersizer 2000/E in
order to obtain the conglomerated particle size distribution of the sample, as can be seen
in Figure S3. After a couple of minutes under sonication, we were able to decrease the
size of the conglomerates significantly (see inset in Figure S3)
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Figure S3. YAP: Nd* 1.0% DLS scattering spectra performed before and after (inset) sonication.
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Figure S4. Temperature uncertainty 67 as a function of the temperature obtained in (a) I-BW and (b) 11-BW
temperature calibration procedures of YAP: Nd3* 1.0% respectively.
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4.2.2. Yttrium orthoaluminate nanoperovskite doped with Tm3" ions as

upconversion optical temperature sensor in the near-infrared region

Authors: M.A. Hernandez-Rodriguez, A.D. Lozano-Gorrin, V. Lavin, U.R. Rodriguez-
Mendoza and I.R. Martin

Published in: Optics Express; Volume: 25; Pages: 27845-27856; DOI:
10.1364/0E.25.027845; Accepted 18 July 2017

In the present article, the thermal sensing properties of a YAIO3 nano-perovskite doped
with 2.5 mol % of Tm®* ions (YAP: Tm**) were studied.

The first part of this work consisted in a briefly structural characterization of YAP: Tm®*
nano-perovskite with its corresponding XRD study, confirming the perovskite-type
structure with an orthorhombic space group, Pnma (see Fig. 2 of this article). In addition,
TEM image of YAP: Tm® was taken, showing a homogeneous and reduced size of the
crystallites at a 20 nm scale, as is shown in the Fig. 3 of the manuscript. In order to
complete the structural characterization, dynamic light scattering (DLS) measurements
were also performed (see Fig. 4).

The second part of this work was focused on the temperature calibration of YAP: Tm®%*
nano-perovskite from room temperature (RT) up to 425 K (152 °C) by using the
fluorescence intensity ratio technique (FIR) in the NIR. For this porpuse, the sample was
placed in a tubular furnace and excited at 1210 nm OPO laser, monitoring the upconverted
emission bands around 700 and 800 nm associated to the 3F23—°Hs and 3Hs—3Hs
transitions respectively, as it is shown in the Fig. 5 of this article. Just the emission band,
around 800 nm associated to the 3Hs—3Hs transition at RT was observed. As the
temperature increased, the emission band at 700 nm related to the 3F23—°Hg transition
started to show up due to thermally-induced population of the F,3 multiplets from the
H4 lower emitting level. The emission associated to the 3Hs—3Hs transition also
increased with temperature due to cross-relaxation processes between Tm?* ions, which
favored the population of the ®F,3 and ®Hs states, suggesting that the upconversion
process was enhanced with the increase of temperature (see Fig. 5). The experimental
ratio, R, obtained directly from the integrated areas of the former upconverted emission
bands, was analyzed as a function of the temperature from 324 to 425 K, and fitted to a
Boltzmann-type curve, as it is shown in the Fig. 6 of the manuscript. The relative thermal

100
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sensitivity, SreL, obtained in this calibration procedure at 324 K (51 °C) was around
0.0026 K and was compared with the Sge. values of other optical temperature sensors
doped with Ln®* ions at the same temperature (see Table 2 of the article), showing the
thermal sensing capabilities of YAP: Tm®" nano-perovskite as optical temperature sensor
based on the FIR technique, working in the I-BW and excited whitin 11-BW with a high

sensitivity.

Since the former calibration procedure was ineffective in the physiological range (293-
333 K), i.e. ratio was close to zero, another calibration process of YAP: Tm3* nano-
perovskite was used, this time, considering the ratio of the maximum intensity of the Stark
levels at 776.42 and 821.5 nm of the emission related to the 3Hs—3Hs transition from RT
up to 325 K, as it is shown in the Fig. 8 of this work. The relative thermal sensitivity,
SreL, achieved in this calibration procedure at 294 K (21 °C) was around 0.0013 K™ and
was compared with the Sgev values of other optical temperature sensors doped with Ln%*
ions at the same temperature (see Table 3 of the article), showing a great performance. It
is worth mentioning that the former ratio in the physiological range showed a change
around of 43% which is notably higher compared other Ln®-based optical sensors that
have been tested as thermal probes for biological applications, whose ratios only changes
around 4%. Futhermore, with these results and features, the viability of the YAP: Tm3%*
nanoperovskite as optical temperature sensor working in the NIR and in the physiological
ranges is evidenced and its application in biological systems could be considered.
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Yttrium orthoaluminate nanoperovskite doped
with Tm*" ions as upconversion optical
temperature sensor in the near-infrared region

M. A. HERNANDEZ-RODRIGUEZ,* A. D. LozANO-GORRIN, V. LAVIN, U. R.
RODRIGUEZ-MENDOZA, AND I. R. MARTIN
Departamento de Fisica, MALTA Consolider Team, IUdEA and IMN, Universidad de La Laguna, Apdo.

456, E-38200 San Cristobal de La Laguna, Santa Cruz de Tenerife, Spain
*miguelandreshr@gmail.com

Abstract: The thermal sensing capability of the Tm’'-doped yttrium orthoaluminate
nanoperovskite in the infrared range, synthetized by a sol-gel method, was studied. The
temperature dependence of the infrared upconverted emission bands located at around 705 nm
(3F2,3—>3H6) and 800 nm (3H4—>3H6) of YAP: Tm*" nanoperovskite under excitation at 1210
nm was analyzed from RT up to 425 K. Calibration of the optical sensor has been made using
the fluorescence intensity ratio technique, showing a high sensitivity in the near-infrared
compared to other trivalent rare-earth based optical sensors working in the same range. In
addition, a second calibration procedure of the YAP: Tm®* optical sensor was performed by
using the FIR technique on the emission band associated to the *H,—’Hg transition in the
physiological temperature range (293-333 K), showing a very high relative sensitivity
compared with other rare-earth based optical temperature sensors working in the
physiological range. Moreover, the main advantage compared with other optical sensors is
that the excitation source and the upconverted emissions do not overlap, since they lie in
different biological windows, thus allowing its potential use as an optical temperature probe
in the near-infrared range for biological applications.

© 2017 Optical Society of America

OCIS codes: (280.4788) Optical sensing and sensors; (190.0190) Nonlinear optics; (160.4236) Nanomaterials;
(160.5690) Rare-earth-doped materials; (160.6840) Thermo-optical materials; (160.4670) Optical materials.
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1. Introduction

It is known that the optical properties of materials depend strongly on the environment
conditions, e.g., temperature, pressure, etc [1,2]. Therefore, any changes in these parameters
will lead to changes in the optical response of materials. Taking advantage of this behavior, a
new researching issue is the development of optical sensors and thus, the searching for novel
materials with extraordinary luminescence responses [3] that could be applied as probes that
could monitor physical or chemical fluctuations of the environment with respect to their
initial conditions.

The main idea of an optical sensor is to record any physical or chemical fluctuation of the
environment as a variation of its optical properties. Among the materials that can be
employed in the development of optical temperature sensors, those doped with trivalent rare-
earth (RE*") ions turns out to be great candidates to obtain optically active materials, due to
the extraordinary optical properties of RE**, having thermally coupled emitting levels (TCL).
The relative population of these TCL depends on the environment temperature, and,
therefore, so does their emission [4]. The study of the temperature evolution of the RE**
emission response implies the use of several optical parameters as calibration tools, e.g.,
bandwidth, lifetime, band shift, etc. However, the relative intensitiecs between the TCL,
known as the fluorescence intensity ratio technique (FIR), is the most used procedure to
calibrate an optical temperature sensor [5,6].

From the point of view of the optical sensors, the research on nanomaterials field has
become a relevant issue, because these nano-materials present the ability of keeping the
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properties of their bulk counterpart [7]. On the other hand, these materials, especially RE*'-
doped nano-materials, present enormous advantages compared to other materials such as
organic dyes and quantum dots. First of all, the RE*"-doped nano-materials can be synthetized
through cheap methods that cannot be used in quantum-dots syntheses. Secondly, these
materials present extraordinary chemical and photostability properties as well as good
biocompatibility, and most importantly, low toxicity, which are very important for biological
applications. It is possible to find several works focused on RE**-doped nano-materials as
optical temperature sensors in the literature, for instance, Yb*'/Tm*"-based optical sensor,
such as NaNbO;: Yb*/Tm®* nanocrystals [8] or Y,0;:Yb*/Tm* and Y,0s:Yb*"/Ho*
nanopowders [9]. In addition, Tm**/Yb** and Nd*"-based optical sensors has been
successfully used due to their potential employment in medical applications such as
fluorescence bioimaging, cellular temperature probe or anticancer and photodynamic
therapies, for example, NaYF,:Tm*"/Yb"" [10], LaF;:Nd*" nanoparticles [11,12] or yttrium
aluminum nano-garnets doped with Nd** ions (YAG:Nd*") [13].

Among the RE**-doped nano-materials, the yttrium orthoaluminate nanoperovskite (YAP)
appear to be good candidates due to their mechanical and thermal properties, as well as
chemical stability, such as their bulk counterpart [14]. Furthermore, combining the quantum-
chemical properties of the YAP nanoperovskite with the optical properties of Tm®" ions,
which show absorption and emission bands that lie in the near-infrared (NIR), the viability of
the orthoaluminate nanoperovskite doped with 2.5 mol% of Tm’" ions as an optical
temperature sensor in the NIR was analyzed.

2. Experimental details

Nano-crystalline YAP perovskite of composition Y¢75TmgosAlO; (YAP: Tm®) was
successfully prepared by the Pechini citrate sol-gel method in an air atmosphere.
Stoichiometric molar ratios of high-purity precursor salts of Y(NO;);"4H,0 (ALDRICH,
99.9%), AI(NO;);9H,O (ALDRICH, 99.9%) and Tm(NO;);'5SH,O (ALDRICH, 99.9%)
materials were mixed and dissolved in 25 ml of 1 M HNOj; under stirring at 353 K for 3 h.
Then citric acid, with a molar ratio of metal ions to citric acid of 1:2, was added to the
solution, which was stirred and heated at 363 K until reaching the transparency of the
solution. Afterwards, 4 mg of polyethylene glycol was added to the solution. This last step
created a gel that was fired at 673 K for 6 h in order to remove the residual nitrates and
organic compounds and the subsequently obtained powder sample was finally annealed out at
1473 K for 20 h. The second thermal treatment was performed at 1823 K for 12 h. The
sample obtained by this synthesis method is chemically stable.

Powder X-ray diffraction data were collected on a PANalytical X’Pert PRO
diffractometer (Bragg-Brentano geometry) with an X’Celerator detector employing the Cu
Ka, radiation (A\=1.5405 A) in the angular range 5° < 20 < 80°, by continuous scanning with a
step size of 0.02°. TEM measurements were performed in a JEOL JEM 2100 equipment
operanting at 200 kV. Dynamic light scattering (DLS) measurements were carried out on a
Mastersizer 2000/E.

Luminescence measurements from 294 K to 425 K were carried out in a tubular electric
furnace (Gero RES-E 230/3) where the sample was placed at its center. Temperature of the
sample was controlled with a type K thermocouple in contact with it and connected to a
voltmeter (Fluke Calibrator 714). Upconverted emissions of YAP: Tm®* nanoperovskite were
measured by exciting at 1210 nm with a 10 ns pulsed optical parametric oscillator OPO
(EKSPLA/NT342/3/UVE). Emissions were focused on the entrance slit of a spectrograph
(Andor SR-303i-A) equipped with a cooled CCD (Andor Newton). All spectra were corrected
from the spectral response of the equipment.
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3. Fluorescence intensity ratio technique (FIR)

FIR seeks the determination of the temperature analyzing the changes in the band shape of
RE* emissions. This technique studies the relative emission intensities of two nearby energy
levels, close enough in energy to allow the thermal redistribution of the population from the
lower level (E,) to the upper one (£3) (see Fig. 1). Therefore, the intensity ratio of these levels
depends on the temperature 7, but at the same time, this ratio is independent of the source
power excitation, because the population of each level is proportional to the pump power
used. Under low pump power excitation, the intensity ratio between the emitting £, and E;
levels, R, is described by Boltzmann’s law, given by:

R AL
R :ﬁ_ a)3]g3hv3 ekl

aE
_ — Cetil )
I, a);g2/’lV2

where k3 is the Boltzmann constant, AE = E; — E, is the energy gap between Ej; and E, excited
thermalized levels, g; and g, are the degeneracies (2J+1) of the levels, and a)f, and @l are
the spontaneous emission rates of the £; and £, levels to the ground level (£;), respectively.

3
141 — F2,3(E3, g3)
| 3
e} H, (E, 0,
TE 10 +
mo I 3
i o R R H,
5 o ®34 ®21 I
o
I 3
°r H; (E)

Fig. 1. Simplified diagram for three levels particularized to Tm® ion. AE is the energy gap
between the two excited levels (E> and Ej3), g; is the degeneracy of the i-th-level and a),f is the

spontaneous emission rate between the i-th and j-th levels.
The sensor sensitivity S can be defined as the rate at which R changes with temperature:
dR AE
S=—=R 5 2)
dT ke, T

However, it is necessary to introduce another parameter, the relative sensor sensitivity
Srer, which is defined as follows:
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1|dR| [ AE
Sem =— | = 3
REL R‘dT [kBTz] ()

that only depends on the temperature. Hence, it allows the comparison with other optical
temperature sensors.

From the last equation, it is clear that the larger the energy gap between two thermalized
levels the larger the sensitivity. Nevertheless, as the energy gap between these levels
increases, the population and the intensity from the upper thermalized level decreases.

4. Results and discussion
4.1 Structural characterization

The X-ray diffraction (XRD) pattern of YAP: Tm*" is depicted in Fig. 2. It was indexed to an
orthorhombic structure space group, Pnma. Hence, XRD confirms the perovskite-type
structure of YAP: Tm*'. The unit cell of the nanoperovskite is also shown in Fig. 2. The
crystal structure parameters have been obtained from the fitting of the profile of the
nanoperovskite by the Rietveld method using FULLPROF program [15] (see Table 1).

Intensity (arb. units)

(Pt (MR i T
20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degree)

Fig. 2. XRD pattern of the YAP: Tm*" nanoperovskite. The unit cell and the Bragg positions
(red ticks) allowed for the space group Pnma are also depicted.

Table 1. Cell Parameters and Reliability Factors Obtained From Fitting of XRD Pattern
for YAP: Tm*

a () b(A) c@A) Vv (A Vo R, Ry, R
5.327(1) 7.368(1) 5.177(1) 203.2(1) 544 212 265 14.8
The average grains size, D, was determined from Scherrer formula:
0.894
= @
BCosO
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where A= 1.5406 A, f is the full width at half maximum of the peaks and 6 is the angle of
diffraction. The average grains size value was around 35 nm. No amorphous phase was
detected in the nanoperovskite sample.

TEM image shows the homogenous and reduced size of the crystallites. Fig. 3 shows the
size of such crystallites at a 20 nm scale.

20 nm

Fig. 3. Typical TEM image of YAP: Tm’* nanoperovskite.

DLS measurements on the sample were carried out on a MASTERSIZER 2000E
instrument and the conglomeration of most of the particles around 1 micrometer was
observed (see Fig. 4). The sonication of it allowed the reduction of the conglomeration down
to 0.1 micrometer.

10 + . VAP T chabounc-tEated -
sl ° -
— |
= E 2 f 1
e [=3
o 6f° 1
E 1 ]
=
(=] - -
Sl
omr o1 1 1 e 1
2F Partiche size (pm) =]
0 ——YAP: Tm™ i
1 il L

10 100 1000
Particle size (pm)

Fig. 4. YAP: Tm’" nanoperovskite DLS scattering spectra performed before and after (inset)
sonication.
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4.2 Optical sensor calibration

Trivalent Thulium (Tm*") ion shows absorption and emission bands lying in the well-known
“near-infrared biological windows” (NIR-BW). These biological windows are those infrared
spectral regions in which the transmission of the light through the human skin is more
effective, because in these regions the optical scattering due to the absorption of water and
other compounds present in tissues (such as hemoglobin) is lower compared to other spectral
regions, such as the visible one [16]. Commonly, N/R-BW is divided in two main regions, the
first biological window (/-BW), which ranges between 650 and 950 nm, and the second
window (/I-BW) between 1000 and 1300 nm [16]. Thus, YAP: Tm®" nanoparticles are
analyzed in order to study their viability as optical temperature probes in the -BWW by exciting
in the /I-BW.

The upconverted emission spectra of the YAP: Tm*" at room temperature (RT) up to 425
K exciting resonantly the *H¢—’H; transition at 1210 nm are shown in Fig. 5. Just one
emission band and their corresponding Stark levels associated to the *H,—’Hj transition at
RT are observed. When the temperature increases, the emission associated with the * F2,3—>3 He
transition starts to show up due to thermally-induced population of the *F, 3 multiplets from
the *H, lower emitting level. The emission associated to the 3H,—>>Hg transition also increases
with temperature, suggesting that the upconversion process is favored with the increase of
temperature. In addition, cross-relaxation processes between Tm® ions favor the population
of the 3F2,3 and >H, states [17].

Intensity (arb. units)

700 725 750 775 800 825 850
Wavelength (nm)

Fig. 5. Temperature evolution of upconversion emission spectra of YAP: Tm** nanoperovskite
from 294 up to 425 K exciting at 1210 nm. Transitions are also indicated. Emission band
associated to *F,3—°H, has been magnified ten times for a better observation.

From the upconverted emission spectra, the experimental intensities were calculated by
the integration of the emission bands associated with the 3F2,3—>3H6 and *H,—>Hj transitions
for the calibration procedure. The ratio of these areas, measured from 324 K up to 425 K, can
be described by using Eq. (1). From the fitting procedure, the values of C=4.61 and the
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energy gap AE=1926 cm™' were obtained. The relative sensor sensitivity Sgz as a function of
temperature 7, defined by the Eq. (3), is also shown in Fig. 6. The relative sensitivity of this
sensor reaches its maximum value of 0.026 K™ at 324 K. According to this result, the
calibration procedure of the YAP: Tm*" optical sensor could be suitable for its employment in
the /-BW exciting within the //-BW with a notable sensitivity.

: ) T i T T T g T
0.007 40.026
0.006 10.024
0.005 {0.022 ~
1 X
o 0004 10020 g
0.003 1 2
{0.018
0.002 1
{0.016
0.001 1
0.014

325 350 375 400 425
Temperature (K)

Fig. 6. Experimental intensity area ratio and relative sensitivity of the YAP: Tm’" of *F,3—H,
and *Hs—’Hj transitions obtained exciting at 1210 nm. The experimental values were fitted to
a single exponential function. The fit curve (red line) of the experimental intensity ratio is also
shown.

As can be observed (see Table 2), YAP: Tm®* nanoperovskite shows a notably sensitivity
value, which allows its consideration to become a NIR luminescence material for optical
temperature sensor based on the FIR technique. Moreover, in YAP this result has been
obtained exciting and detecting in different biological windows taking advantage of the non-
linear upconversion processes of the Tm*" ions, which means that the overlapping between
excitation and emission is neglected.
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Table 2. Thermal Relative Sensitivity Values of Different RE**-based Temperature
Optical Sensors.

A range (nm)

Optical FIR e . St
ptical Upper Lower emperature LExe (xll]” K 1) Ref.
sensor equation range (K nm
q energy  energy ge (K) (nm) at324 K
level level
2.42%exp(-2192/k5T)
LiNbO;:Tm/Yb S 670-730 750-850 323-773 980 29 [18]
+4.5%10°%
Oxyflouride glass 2.78%exp(-1980.65/
660-730 750-850 293-703 980 27 [19]
ceramic:Tm/Yb ksT) + 14%10°
This
YAP:Tm 4.61%exp(-1926/ ksT) 680725 750-875 324-424 1210 26.1 .
worl
6.01%exp(-1874.17/
NaYbF,:Tm@SiO, s 670-730 750-875 100-700 980 25 [20]
) kyT) +25%10°
PKBAN:Nd 5.36*exp(-908/ k5T) 780-845 845925 300-850 532 131 [21]
3.82%exp(-963.60/
Telluride glass:Nd &) 778-848 846-938 293-673 586 13 [22]
B
3.46%exp(-967/ ksT)
YAG:Nd 820-850 890-900 299-523 748 12 [23]
+1.3*10°
Yttrium silicate 3.46%exp(-497.61/
905-930 960-990 298-673 808 6.8 [24]
powder:Nd/Yb ksT)

NaYF:Nd 1.22%exp(-60/ kT) 860-864 865-880 273-423 830 0.8 [25]

Another possibility that can be considered is the calibration of YAP: Tm** nanoperovskite
in the physiological range. Nonetheless, the first calibration procedure for this range turned
out to be ineffective, because the obtained sensitivity was very low, i.e, the ratio of the
intensity of the thermally coupled emitting levels was close to zero. Therefore, another optical
sensor calibration procedure was considered in the temperature range between 294 K and 325
K. This time, the intensity ratio between the Stark levels at 776.42 nm and 821.50 nm of the
emission band associated with *Hs—°Hs transition were employed for the optical calibration
procedure by using the FIR technique (see Fig. 7).

The experimental maximum intensities of these Stark peaks were considered in order to
calculate the ratio between them as shown in Fig. 8. The ratio between these intensities
follows the Boltzmann distribution law, according to the Eq. (1). This equation was evaluated
by recording the emission spectra with the temperature, starting at RT up to 325 K. From the
fitting procedure, the values of C=0.15 and the energy gap AE=784.10 cm™' were obtained.
The relative sensor sensitivity Sgg; as a function of temperature, defined by the Eq. (3) is also
shown in Fig. 8. The relative sensitivity of this sensor reaches its maximum value of 0.013
K" at 294 K. The sensitivity of this optical sensor is very high if it is compared with others
RE**-based optical sensors working in the physiological range (see Table 3). Thus, YAP:
Tm®" nanoperovskite can be considered as a potential candidate as temperature sensor based
on the FIR technique in the physiological range with a high sensitivity and, furthermore, for
biological applications.

It is relevant to point out that most of relative sensitivity data presented in Table 2 and
Table 3 have been obtained in different conditions (materials dispersed in fluids) compared to
YAP: Tm’". Even though it is true that the overall emission efficiency can vary notably
between having or not having the sample dispersed in fluids, the intensity ratio between two
emission bands should not change significantly and thus, the sensitivity neither.
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Fig. 7. Temperature upconversion emission spectra of YAP: Tm’* nanoperovskite from 294 up

to 325 K exciting at 1210 nm.
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Fig. 8. Experimental intensity area ratio and relative sensitivity of the YAP: Tm®" Stark levels
centered at 776.42 and 821.50 nm associated to the *H;—°H, transition. The experimental
values were fitted to a single exponential function. The fit curve (red line) of the experimental

intensity ratio is also shown.
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Table 3. Thermal Relative Sensitivity Values of Different RE**-based Temperature
Optical Sensors Working in the NIR and Physiological Range”

A range (nm)

. SREL
Optical FIR Temperature JExe e
sensor equation Upper  Lower range (K) (nm) (10" K*) Ref.
energy  energy at 299 K
level level
. 0.15%exp(784.10/kg 792- 800- This
YAP:Tm T 800 803 294-324 1210 12.5 work
NaRPOST ) 1g+6.6x 10°T 797 807 303-333 1319 83 [26]
CaF;:Tm/  2.05*exp(—155.56/kg 785- 795- g
Yb T 795 305 299-323 920 2.5 [27]
YAG:Nd  1.25%exp(=95/ksT) 993451’ %4530' 283-343 808 15 [13]
NaYFiNd  1.22%exp(—60/ k;T) %663' 2;%%‘ 273-423 830 1.0 [25]
. 0.68*exp(—56.12/ks 862- 880- ~
LaF;:Nd T 878 895 283-343 808 0.9 [12]

*FIR equations, wavelength ranges used to calculate the fluorescence intensities originating from the
thermalized levels of interest for the RE>* based optical sensors, the excitation wavelength (4g:) and the
temperature ranges are also included.

It is worth mentioning that the intensity ratio of the YAP:Tm®" nanoperovskite in the
temperature range between 294 and 325 K changes around 43% (twice higher than the one
found in NaNbO,: Tm®* nanoparticles [26]), which is notably higher compared with others
RE**-based optical sensors that have been tested as thermal probes for biological applications.
For instance, LaF; doped with Nd*" ions, which has been successfully used for subtissue
thermal sensing and photothermal treatments [11,12], shows a change of around 4%.

Another advantage of the YAP: Tm’" nanoperovskite optical sensor compared with those
showed in Table 2 and Table 3 (except Ref [26]. that has lower sensitivity), is that the used
excitation source lies in the //-BW, in which the optical scattering due to the absorption of
water and other compounds present in tissues (such as hemoglobin) is further decreased when
is compared to the I-BW, due to the use of longer wavelengths. Thus, with these results and
features, the viability of the YAP: Tm®" nanoperovskite as optical temperature sensor working
in the NIR and in the physiological ranges is evidenced and its application in biological
systems could be considered.

5. Conclusion

The thermal sensing capability of the YAP: Tm®" nanoperovskite in the infrared range NIR,
synthetized by sol-gel method was studied. The temperature dependence of the infrared
upconverted emission bands located around 705 nm (3F2,3—>3H6) and 800 nm (3H4—>3H6)
respectively of YAP: Tm®" nanoperovskite under excitation at 1210 nm was analyzed from
RT up to 425 K, allowing the calibration of the optical sensor by using the FIR technique.
The YAP: Tm®" nanoperovskite shows a high sensitivity in the NIR compared to other RE*'-
based optical sensors working in the same range. In addition, a second calibration procedure
of the YAP: Tm®" optical sensor was carried out by using the FIR technique on the
upconverted emission band associated to the *H,—*H transition in the physiological range,
showing a very relative sensitivity compared with others RE**-based optical sensors. The
intensity ratio shows large changes that turned out to be very high compared with other
optical sensors. These features allow the potential utility of YAP: Tm*" nanoperovskite as
optical thermal probe in the NIR and physical range for biological applications with the
advantage that the excitation (at 1210 nm) lies in the /I-BW while the emission does it in the
1-BW, avoiding by this way, the overlap between the excitation and the emission.
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4. ARTICLES COMPENDIUM

4.3. Optical sensor calibration with pressure

In this section, the fifth and sixth paper are included and suppose the last part of the
experimental results of this thesis, focusing in the analysis of the viability of nano-
perovskites doped with Nd** ions, i.e. YAIO3 nano-perovskite doped with 1 mol % Nd**
ions (Nd3*: YAIOQ3) as optical pressure sensors working in the NIR.

The fifth paper was focused on pressure evolution of the infrared luminescence Nd*'-
doped YAIO3 nano-perovskite associated to the *Fzp—*lor2 and *Fs—*li12 transitions
from ambient conditions up to 29 GPa. In addition, a detailed theoretical study of the
crystal field of the former sample was performed in order to support the experimental data
obtained in the luminescence at high-pressures experimeriment. Finally, the viability of
the Nd®*: YAIO3 nano-perovskite up to 29 GPa within NIR was analyzed.

The sixth paper studies the pressure evolution of the anti-Stokes emissions of Nd**:
Y AlOs nano-perovskite associated to the *F7,+*Ssi2 —*lgr2 and “Ferz—*lgr2 transitions up
to 10 GPa.

4.3.1. High pressure luminescence of Nd® in YAIOs nano-perovskites. A

crystal-field analysis

Authors: Miguel A. Hernandez-Rodriguez, Juan E. Mufioz-Santiuste, Victor Lavin,
Antonio D. Lozano-Gorrin, Placida Rodriguez-Hernandez, Alfonso Mufioz, Vemula
Venkatramu, Inocencio R. Martin and Ulises R. Rodriguez-Mendoza

Published in: Journal of Chemical Physics; Volume: In press; Pages: In press; DOI:
In press; Accepted 9 January 2018

The first part of this work consisted in the study pressure evolution of the near-infrared
emission lines associated to the “Faz—*lar2 and *Fa;z—*l11/2 transitions of Nd3* ions in
Y AlO3 nano-crystalline perovskites (YAP: Nd**) from ambient conditions up to 29 GPa
exciting at 785 nm. Due to the low point symmetry of the Nd®" sites in the YAIO3
structure, probably even lower due to the distortion expected for an ion with larger ionic
radius, there is a complete breakdown of the (2J+1)/2 degeneracies of the 25*1L;
multiplets. Thus, the Cs (Cu1n) crystal-field interaction will give rise to the R1 and R Stark,
or crystal-field, levels of the “Fs2 multiplet, the Y; (j=1-6) Stark levels of the *l11/> first

114
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4. ARTICLES COMPENDIUM

excited level and the Zj (j=1-5) levels of the “lg;» ground state; the ones that are relevant
in this work. Transitions between these Stark levels will show the largest luminescence
intensities, as it is showed in the Fig. 1 of this paper. Two different behaviours were
observed in the dependence of the emission lines with pressure, especially the ones
associated to the *Fap—*lg2 transition. On one side, emission lines associated to the
*Fap(Ri2) —*l92(Z123) transitions showed wavelength blue-shifts as the pressure
increased that have been also observed in YAP bulk crystal. On the other side, emission
lines associated to the *Fs2(R1.2) — *lar2(Z4,5) transitions showed a significant wavelength
red-shifts, which have been also observed in garnet crystal, as it is shown in Fig. 3 of the

manuscript

Concerning the emission lines associated to the *Fs2(R12) — *l11/2(Y1-s) Stark transitions,
R1,—Y2.6 emission lines show clearly wavelength red-shifts, whereas only the R>—Y1

line shows a slight blue-shift, as it is shown in Fig. 3 of the manuscript.

In general, the evolution of these emission lines showed a linear behaviour with pressure
in the pressure range between 1 atm up to 30 GPa, as it shown in Fig, 3 of the manuscript.
The pressure coefficients achieved in this experiment were, in general, negative, being
the R1,2—Zs emission lines the most sensitive to pressure with coefficients of -4.70 and -
4.58 cm/ GPa, while the R1— Y45 lines showed pressure coefficients around -3.10, -
3.18 and -3.69 cm™/GPa, respectively, and the R,—Ys one with -3.15 cm™/GPa (see
Table 2 of this article). These values are good enough to consider the use of YAP: Nd**

nano-perovskite as optical pressure sensor working in NIR.

The second part of this work consisted in an extensive analysis of the crystal field. The
energy shifts have been related to pressure-induced changes in the interactions between
the Nd®* ions, located at the yttrium site, and their twelve oxygen ligands. Potentiality of
the Simple Overlap Model, combined with ab initio structural calculations, in the
description of the effects of these interactions on the energy levels and luminescence
properties of the optically active Nd** ion has been successfully tested. Simulations show
how the energies of the 4f 3 ground configuration and the barycenters of the multiplets
increase with pressure, whereas the Coulomb interaction between f-electrons decreases
and the crystal-field strength increases. The combination of these effects explains the

wavelength blue-shift of some near—infrared emission lines of Nd®* ions.
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Publishing High pressure luminescence of Nd** in
Y AlOs; perovskite nanocrystals. A crystal-field analysis

Miguel A. Hernandez-Rodriguez,” Juan E. Mufioz-Santiuste,” Victor Lavin,” Antonio D. Lozano-Gorrin,*
Placida Rodriguez-Hernandez,” Alfonso Mufloz,” Vemula Venkatramu, Inocencio R. Martin,” and

Ulises R. Rodriguez-Mendoza “”
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*Corresponding autor: Dr. U.R. Rodriguez-Mendoza (urguez@ull.edu.es)

Keywords: Nd*"; perovskite nano-particles; luminescﬁce; hig ssure; optical pressure sensor

[ -
Abstract: Pressure-induced energy blue- and M " the *F32—*on.112 near-infrared emission

lines of Nd*" ions in YAIO3 perovskite nan 1 have been measured from ambient conditions
up to 29 GPa. Different positive and neg %ﬁ@a pressure coefficients have been calibrated for the

emission lines and related to pr sm&\}dikc

and their twelve oxygen ligands m’ﬁrium site. Potentiality of the Simple Overlap Model,

combined with ab initio %calculations, in the description of the effects of these interactions
um

on the energy levels“andA }n cence properties of the optically active Nd** ion is emphasized.

Simulations show how the“energies of the 4f° ground configuration and the barycenters of the

changes in the interactions between those Nd3* ions

multiplets inc Dwith pressure, whereas the Coulomb interaction between f-electrons decreases

a‘(-ﬁeljl strength increases. All these effects combined explain the wavelength blue-shifts

of some neat&in rared emission lines of Nd*" ions. Large pressure rates of various emission lines
e
gogest Shat Y AlO3 perovskite nano-crystal can be a potential candidate for near-infrared optical

\psssure Sensor.
.

N
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PUblishing 1. Introduction

High pressure research involves different science fields, such as physics, chemistry, geology,
biology, and food technology.! Applying pressure to an organic or inorganic material allows tuning,
in a controllable way, the volume of the sample, changing their interato?p distances and structural
distribution. Therefore, this process modifies, in a reversible or irg ver%k\way, its structural,

vibrational, electric, magnetic and optical properties. Among sevegal applications of this technique,

such as reproducing and studying the phenomena that occur i ﬂ)ner es of planetary objects, it
~—

is really interesting to highlight its application in the study of structural and optical properties of

inorganic compounds, since it presents several adwanta; (}rer ambient pressure condition

techniques.>® On one hand, it provides a continu c an@f the network structure and the local

coordination environments, allowing a singulag view of the electronic structure and optical properties

of materials doped with lanthanide ions and, hence, of all their physical properties. On the other

hand, reduction of the sample’s Volumfx%s.g ide range of structures and bindings of a specific

chemical composition to be achi Ve&\

Since its development in the 196Qs, diamond anvil cell (DAC) has been the usual way to reach
ultrahigh pressures.! Its rehys calibrated standards for the determination of pressure inside the
hydrostatic chamber: he/anj} idely used sensors are the optical pressure ones (P-sensor), taking
advantage of Varé s of [uminescence properties of optically active ions under pressure. An optical
P-sensor n Daccomplish some general requirements, such as, show a single emission line or
well sepal ol li}ﬁ:s with no broadening or weakening, large shifts with pressure, and small

-

temp ature-&fpendent line shifts and linewidths.* The a-Al2O3:Cr** ruby crystal >° is the most
e
mmorl&y used optical P-sensor due to the intense 2E—*Az (R-lines) luminescence of Cr* ions,

\&7@\ arge line shifts with pressure and easy excitation with commercial lasers (Argon or diodes).

wever, its main drawbacks are the broadening and loss of intensity at high temperatures, as well

as a low pressure sensitivity below 1 GPa, the pressure range of interest for life-related high-pressure
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PUb|IShIff§5 sarch.>® Therefore, the development of new optical P-sensors is required in order to overcome

these disadvantages, while keeping the advantages of ruby. For this purpose, the lanthanide-based
sensors have drawn special attention. 23 Due to the shielding of 4f electrons, absorption and emission
lines of lanthanides in crystals in the UV-VIS-NIR optical range are quitesharp and, consequently,
pressure measurements result to be more accurate. In addition, these ineng sensitive to the
environment and to temperature compared to those of 3d electrons @f C3{ ion in ruby.

Several oxide-based active materials have been extensj el%stu as optical P-sensors.>?

—~—

Among them, Neodymium(III)-doped garnets and perovskiteshaveseceived special attention due to
their optical properties, since the main near-infrared {INIR) iss)on in the range of 850-1100 nm
may avoid the luminescence of impurities present‘in natural diamonds.5'* Different Nd**-doped or

Cr3*-Nd*" co-doped systems such as CasGayGesQi2 (€GGG),” GdiGasOrz (GGG),'® Y3AlsOn

(YAG)," LasLu2Ga3O1r2 (LLGG),'® and 12 (GSGG)," garnets have been presented as

potential P-sensors, focusing on the pre }71@ ed red-shifts of the “F32(R12)—*1o2(Zs) emission

lines of the Nd3* ion (see Fig. 1). Inw , Nd**-doped YAIO3 (YAP) perovskite has been also
studied because of its small temp%coefﬁcient at high temperatures, seven times lower than
ruby 4, and by the fact that its ission is located near 900 nm, just in the NIR, which does not
overlap in the visib %ﬂ:lt pical emissions from other optically active ions. Luminescence of
Nd*" ion in YA crystal have been previously tested up to 80 GPa measuring the pressure-

induced blue- ft of the 4F32(R12)—*Ton(Z1:3) lines (see Fig. 1),° but nothing was said about the

4F3n(R12) 4142(2}5) lines that are the most sensitive to pressure, as well as the *F32(Ri1.2)—*T112(Y1-
——

o) lindg, 4

e
Frorsthe luminescence point of view, advantages of nanocrystals versus bulk counterparts are

\fcﬁm , especially in the field of nano-bioimaging, nano-thermometry, and as alternative to quantum
N

s in photonic devices 2°23. In our case, luminescence properties of nanocrystals of sizes around 30

nm, seems to have the same behavior of their bulk counterparts. In this work, and for the first time to

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por:

MIGUEL ANDRES HERNANDEZ RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA

Fecha: 01/02/2018 12:01:36

ULISES RUYMAN RODRIGUEZ MENDOZA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 12:06:33

INOCENCIO RAFAEL MARTIN BENENZUELA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 14:40:10

ERNESTO PEREDA DE PABLO
UNIVERSIDAD DE LA LAGUNA

15/02/2018 14:03:46

125/ 217



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/3184
N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

| This manuscript was accepted by J. Chem, Phys. Click here to see the version of record. |

AlP

Pub"shirpgl knowledge, high-pressure luminescence properties of YAP:Nd*>" have been extended to
nanocrystals, focusing the attention not only on the emission from the *F3» multiplet to the *Ion
ground state, but also from the *I112 first excited multiplet, in the pressure range from 1 atm up to 29
GPa.

High-pressure behavior indicates different wavelength blue/and red-shifts of the

4F32(R1,2)—*o2(Z1-5) and *F32(R1,2)—*T112(Y1-6) emission lines, show M coefficients large
enough to consider the use of this Nd**-doped nanocrystal as an tié&ensor in the NIR range.
%\'

These pressure-induced wavelength shifts are analyzed
crystal-field theory, taking advantage of the combination

initio structural calculations.

7(7

n the framework of the
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. Experimental
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Publishing Crystalline YAP perovskite in the form of nano-powder with composition Y0.99Ndo.01Al1O3 were
successfully synthesized by the Pechini citrate sol-gel method in air atmosphere. Details of the
synthesis procedure are given elsewhere,'* although it is worth noting that a high temperature of
1550 °C (1823 K) was reached in the final calcination process in order 7 obtain a pure perovskite
phase. High pressure was generated with a membrane-DAC from ambient N up to ~29 GPa at
room temperature. A 200 pm tungsten carbide gasket was pre-ind. teQum and a centered hole
was made using a spark eroder to make a hydrostatic chambef with a diameter of around 150 um.
Luminescence of ruby sphere chips of around 10 um wag used a -;ssure calibrant, and a 16:3:1
methanol-ethanol-water mixture served as pressureC‘-'ins itting medium, providing hydrostatic
conditions up to ~14 GPa.’ High-pressure lumineS¢ence ofad” ions was detected using a micro-
Raman confocal microscope (Renishaw InVi M 5 nm laser and a cooled CCD.

Powder XRD data at ambient conditionsyvere-callected on a diffractometer (PANalytical X Pert
123 PRO) in a Bragg—Brentano geom %w;kh a detector (124 X’Celerator) using the Cu Ka
radiation (A=1.5405 A) in the an ul& e 59<20<80°, by continuous scanning 126 with a step size
of 0.02°. A Rietveld reﬁnemeng% pattern was carried out using the FullProf program,? in
which a pseudo-Voigt fu ti(h}s used to describe the peak shape and a polynomial function with

five refined coefficients fot the background. Table T1 included in the supplementary material shows

the cell parameters and agreement factors obtained from Rietveld fitting. Results are the same as

those present )Viously.l“v26 Structural properties of the local dodecahedral site occupied by the

Yttium(I afld Njodymium(lll) ions at ambient as well as at high pressures were theoretically
——

calculated fds bulk YAIOs perovskite by means of ab initio total energy calculations using the

-

ensity %’unctional Theory (DFT).2® Crystal-field definitions and Simple Overlap Model (SOM)

\ism ation details are described in supplementary material.
N

3. Results and discussion
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PUblIShlr?g] Crystal structure

The diffraction pattern of the YAP:Nd*" (1%) nano-powder sample has been well indexed to a
major orthorhombic lattice with space group Pnma,'* with an average grains size of around 35 nm,

determined from the Scherrer formula. No amorphous phase was found i?, and the crystal structure

parameters (a=5.33 A, b=7.38 A, c=5.18 A) obtained for this nano-p wdw fitting are almost
identical to those found for the bulk counterpart (a=5.33 A, b=7.37 £5.18 A),?¢ indicating that
the structural properties of the bulk remain in the nanoscale. 3
—~—
Ab initio calculation of the bulk modulus for the YAIO3 structure gives a large value of 204.5
GPa, explaining its hardness and mechanical stabilitcp to G)a, above which a possible phase
transition from the Pnma phase to the tetragonal [44ucm p@ may occur.?® Pressure dependence of
the YO12 dodecahedron (Vdod), AlOs octahedn Iw d unit cell (Viot) volumes are given in Fig.
2 (bottom). As a general feature, all volumes=decrease with pressure, although the octahedron

volume shows a higher compressibility @Q& Pa’!) than the dodecahedron one (4.35%10° GPa-

W f the YAIOs network towards a more symmetrical

1), indicating an overall pressure e
structure.?® This can also be omen following the evolutions of the interatomic distances
between the Y3*, or Nd ion\a? its oxygen ligands (see top of Fig. 2). At ambient pressure the
coordination numberéof thé Y>* er Nd*", ion in YAIO3 is practically smaller than 12 (around 8 + 4),
since there are 4“oxygens at distances above 3 A. In addition, these 8 closer oxygens show small
changes in thei Qtances to the yttrium ion with pressure. However, the large compressibility of the
distances of tHe o?er 4 outer oxygens at high pressures clearly indicates that they start to have more

_—

infludnce on\}he environment of the Nd** site. That is why SOM calculations have used all 12
;gen lsgands in all the calculations of the crystal-field parameters. On the other side, it should be
Wpilf ized that while the studied (doped or un-doped) YAP phase is orthorhombic, the

steichiometric NdA1O3 (NdAP) compound is thombohedral,?” with different distances between the

Y3, or Nd*, ions and the oxygens occupying the dodecahedral environments in both structures.
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Publishi@ 15, SOM calculations have been carried out assuming that Nd** ions occupy the yttrium lattice site
without any distortion although, since Nd**ion (0.98 A) is about 10% larger than Y3* ion (0.90 A),
local distortions are expected. Unfortunately we cannot predict what kind of distortion can be
introduced when the Nd3" ion is located in the Y?3* site (it could be strc? since the NdA1O;3 has a
different structure than the YAIlOs). In other words, it is not clear how this_deformation can be
quantified and introduced in the calculation. In spite of this fact, itgeems evident that the simulation
carried out, properly reproduces the observed behavior with ] p%sur the energy levels. Even,
in some cases, the position of the emission lines wit] m&m are properly reproduced,
especially in the high energy side of each iti a particularly for the intense

4F32(R1,2)—*To12(Z125) transitions that, taking placéat é& nm, are easily measured using most

AN
A
A\

N
&

of conventional fluorimeters.
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Figure 2. Pressure gfolution up ttotzd GPa of the ab initio calculated (Up) Yttrium-Oxygen interatomic distances in the YO12
dodecahed; Q'Q m) of the unit cell, dodecahedral, and octahedral volumes in bulk Y AlOs structure.

SC Dunder pressure

scdlce)) perties of Nd** ion, as the rest of optically active lanthanides, are ruled by the

—
localpoint sy;n
—

mmetlg up at the yttrium dodecahedral YO site is Cs (Cir), which includes a reflection plane

try of the site, or local environment, of the lattice in which it is located. The point

\j%a ition to the identity operation. Due to the low point symmetry of the Nd3 sites in the YAIO3

N
cture, probably even slightly lower due to the distortion expected for an optically active ion with

larger ionic radius compared to that of the Y*" ion in the perovskite network, there is a complete
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PUb"Shidg( akdown of the (2J+1)/2 degeneracies of the ?*/L; multiplets. Thus the Cs (Ci) crystal-field

interaction will give rise to the Ri and Ra Stark, or crystal-field, levels of the “F32 multiplet, the Y;
(7=1-6) Stark levels of the *I112 first excited multiplet and the Zi (i=1-5) levels of the *Ion ground
state; the ones that are relevant in this work. Transitions between these;lark levels will show the
largest luminescence intensities (see Figs. 1 and 3).1328 \

The emission spectrum at ambient conditions has been measuged resgnantly exciting at 785 nm
the *lon—*Fs; absorption transition of the Nd** ions in Y, P‘T)ano stals, from which a fast

—~—

multiphonon relaxation to the “Fs» doublet occurs. Spofitateoussgmissions from the Ri and R
thermalized Stark levels of the “F3/ emitting level to @se 0 C)IQ/Z, in the range from 860 to 940
nm, and to the *I11/2 Stark levels, from 1040 to 1110.nm, res@ in well-defined narrow peaks that can
be assigned to nine *F32(Ri1.2)—*To2(Z1.5) tr skhsus\an twelve “F32(Ri12)—*Ti12(Y1-6) transitions,
respectively (see Fig. 3). From these spectrayan tdentification of the energy level scheme of the Stark
levels and the emission lines relevant fo W‘Qk at ambient pressure are shown in Figs. 1, 3 and 4.
The range of hydrostaticity insi ﬁ&@{g ssure chamber was followed monitoring the widths of
the ruby emission lines. In our case,%nrements revealed that up to 16 GPa it is maintained; a fact

also reflected in the em%h nds of the Nd** ions, which remain wide and sharp during this
Amal

pressure range, wit roadenings observed at pressures above 16 GPa in the wavelength

nly,
V.
range of 1080-11 o\K
The main Q

¢ in these spectra is that two different behaviors can be observed in the evolution

of the ene
——

the “Kap emiﬂsing level and the “Ion2 ground state: On one side, the *F32(R1,2)—*102(Z1,2,3) emission

e
ines sh%w wavelength blue-shifts (to lower wavelengths - higher energies) as the volume of the

ief of 916 emission lines with pressure, particularly for transitions between Stark levels of

ocrystal decrease, in agreement with those obtained in its bulk counterpart,® especially the

~
—Z71 transition for which this shift is more evident; On the other side, the most sensitive

transitions to pressure, the *Fan(R12)—*1v2(Z45) emission lines, show significant wavelength red-
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Pub"shinsgi fts, as it has been also observed in garnet crystals.'>!” Regarding the “F32(Ri2)—*Ti12(Y1-6)
transitions, emission lines associated with the Ri2— Y2-¢ emission lines show clearly wavelength red-
shifts, whereas only the R2—Y 1 line shows a slight blue-shift (see Fig. 3). As it will be shown later,
these behaviors are related to different energy shift rates of the Stark lzﬁls with pressure, which

3

unexpectedly make the emissions from the Ri2 Stark levels to the<Zi- es to shift to lower

wavelengths (higher energies). 3
In the range from ambient pressure up to ~29 GPa, evoluti %ssion lines and, hence, of
—~

the Stark energy levels, can be described by simple linear gquationsyalthough at higher pressures the

fitting should include higher order polynomials.® Thcs-for igh-ptressure calibration purposes, in a
first approximation, linear pressure evolutions of the * 3/2(@%419/2(21-5) and “F32(R1.2)—*T12(Y1-
6) emission lines were considered in order tog a scale in the range of pressures achieved (see

Fig. 3 and Table T2; the latter included in supplementary material). The Ri2—Zs emission lines

resulted to be the most sensitives to\i@ ith coefficients of -4.70 and -4.58 cm’!/GPa,
o5

respectively. Concerning the sp ctrz&%&g\

Ri1—Y4;5,6lines show pressure coem around -3.10, -3.18 and -3.69 ¢cm'!/GPa, respectively, and

the 4F32—*1112 transition, it is worth noting that the

the R2—Ys one with -3: c???Pa, These rates are smaller than ruby emission lines (-7.35 cm

1/GPa),’ but they arg‘goodfenough to consider the use of YAP:Nd** nano-perovskite as an optical P-
j /
rﬁg&
£
i~ V.
Q ‘
w <

sensor in the NI

10

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU
Firmado por: MIGUEL ANDRES HERNANDEZ RODRIGUEZ Fecha: 01/02/2018 12:01:36
UNIVERSIDAD DE LA LAGUNA
ULISES RUYMAN RODRIGUEZ MENDOZA 01/02/2018 12:06:33
UNIVERSIDAD DE LA LAGUNA
INOCENCIO RAFAEL MARTIN BENENZUELA 01/02/2018 14:40:10

UNIVERSIDAD DE LA LAGUNA

ERNESTO PEREDA DE PABLO 15/02/2018 14:03:46
UNIVERSIDAD DE LA LAGUNA

132/ 217



Universidad de La Laguna

Oficina de Sede Electréonica

Entrada
N° registro: 2018/3184

Fecha: 01/02/2018 15:22:49

N° reg. oficina: OF002/2018/2499

AlP

Publishing

| This manuscript was accepted by J. Chem, Phys. Click here to see the version of record. |

Energy (cm™)
11600 11400 11200

11000 10800 10600

Intensity (arb. units)

g & 3
s

o

iﬁi%

Transition energy (x10° cm™)

11.6

1.5

1.4

11.3

1.2

11.1

11.0

8l

[2]
o

9400
T

880 900 920
Wavelength (nm)

Energy (cm™) \
9200 dOOO S~ i i

éO 5 10 15 20 25 30

Pressure (GPa)

tensity (arb. units)

AN

951

~ A
&

Energy (x10° cm™)

—_ A |
0.84,
1
24 2223 12,18, 14 s E
_-— [ 24 28 56 16 )
5 1060 1080 1100 1120 0 5
Wavelength (nm)

\I<

15 20 25 30
Pressure (GPa)

igure 3. (Right) Room temperature Nd** emission spectra as a function of pressure associated with the F3/2(R1,2)—*192(Z1-5) and
4F32(R12)—*1112(Y 1-6) transitions exciting resonantly at 785 nm the “lon—*Fs transition in Y AlO3 nano-perovskites. Identifications of
the Ri—Z; and Ri—Y; transitions between Stark levels are also given. (Left) Experimental (open symbols) and linearly fitted (black
lines) energies of emission lines as a function of pressure. Crystal-field simulations of the emission energies (red lines) using the

Simple Overlap Model (SOM) are also shown.

11
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Publishing

Since YAIO; crystal has been one of the most successful lanthanide laser host materials, just
behind the Y3AlsO12 (YAG) garnet, its energy level diagram is well known up to the 2Pi.2 level at
around 23160 cm™' 7 and to the 2P3» doublet located at 25981 and 2617cm'1 2 (see Table T3 in
supplementary material), although recent works increases the number-of %evels into the UV
range.’® In addition, from emission spectra it has been possible to gxtrast the energy level scheme of
those multiplets relevant for this work, i.e. the lon grounds/“Iite firstiexcited, and *Fz2 lowest
emitting levels of the Nd** ions in YAIO3 nano-peroysKite a -r?b‘ient conditions, which are

compared to those of Duan et al. *, as well as at high Eressur se¢ Fig. 4).

A rough estimation of the maximum splitting‘iﬁzs@ates of these multiplets up to around

~29 GPa, and assuming linear variations, givesri\s AE(Zs-Z1)= +6.2 cm™!/GPa for the *lon2 ground
multiplet, AE(Ys-Y1)= +3.85 cm!/GPa for t mmplet and AE(R2-R1)= +0.22 cm'/GPa for the
“F312 emitting multiplet. These results cle: m&mt to a pressure-induced increase of the crystal-field
strength felt by the Nd** ion when dis}g\t its oxygen ligands decrease, as it is usually observed
for many systems.?3 The extremely rate of the splitting AE(R2-R1) of the *F3/2 level compared to
those of the ground an te%ed multiplets would play a relevant role in the explanation of the

4

wavelength blue-shifts\of‘many emission lines associated to transitions between Stark levels of these

multiplets, i.@&z)—ﬂm@m) and *F32(R12)—*T112(Y1) emission lines.
£
o~ £

)

-

\I<

12
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Figure 4. Nd3* Stark e{
the simulations using the Si

relative e ift rates values of simulated Stark levels and barycenters (dashed lines) are highlighted.

£

£
leve de/ pressure in YAIO3 nano-perovskite obtained from the emission lines (solid symbol) and from
le Ovetlap Model (SOM) (solid lines). Experimental Stark levels by Duan et al. * at ambient conditions

rycenter of the *F32 emitting level (blue dashed line) has been taken as the zero of energy and some

slr‘n corpf)arison with other crystalline matrices let us say that the rate of +6.2 cm™!/GPa for

the m imurrbsplitting AE(Zs-Z1) of the “loj2 ground multiplet is smaller than +10 ¢cm'/GPa found in
e

GG ’s or +8.1 ¢cm’'/GPa in GSGG garnets.'® However, it is worth noting that a completely

}fexgnt behavior is observed for the rate of change of the maximum splitting AE(R2-R1) of the “F3

multiplet compared to what is found in garnets, in which decreases with negatives rates of -5

.0 cm

/GPa in YAG, -2.6 cm’'/GPa in GSGG, or -2.0 cm’'/GPa in CGGG "° due to structural atomic

13
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Publishirfg( istribution with pressure, which effectively reduces the orthorhombic distortion making the site
more “cubic”, i.e. with a lower splitting. This splitting has been considered as a measured of the
degree of local distortion of the local structure,'> and since in garnets it is still larger in absolute
magnitude than for the perovskite structure, it can be concluded that the local structure around the

Nd*" optically active ion does not suffer large distortions in the atomic rra@qglt with pressure up

to ~29 GPa, confirming the ab initio calculations. \

3.4 Crystal-field analysis

When a lanthanide ion enters in a solid structure,free-i0 3S”)J multiplets are red-shifted while

[ -

their degeneracies are partially or totally lifted by ‘the crystaa'leld interaction. If pressure is applied
volume, which can be directly understood as

to this solid, there is a continuous decreaseqo
decreasing distances between the lanthanide ions<and their ligands, together with changes in the
relative spatial distributions of those ato %ml ted out by Troster,” in almost all cases absorption
and luminescence lines of lanthanide N to lower energies under pressure, an effect that can be
understood as an overall contracth\the 4f N ground configuration, which reduces the energy
differences between gro emjcited multiplets. This effect can be related to decreasing Coulomb

and spin-orbit interaetions through changes in the covalency of bonds, named the nephelauxetic

s }g{em ization of the crystal-field interaction under pressure can also be given,
in such a way quperimposed on the reduction of the energy gaps between multiplets, there is an

increase inhéir h);perﬁne Stark energy level splittings due to increasing lanthanide-ligands mutual
——

interagtion wgen distances decrease. However, in some cases also decreasing splittings have been

e
ported5re ated to specific changes of the structural distribution of the atoms of the lanthanide’s

\hfal site that decreases the crystal-field strength felt by the optically active ion.!>1%3! It is worth
—~—

neting that YAIOs crystal has been claimed to be one of the scarce exceptions to these

generalizations, since blue-shifts of some emission peaks have been observed under pressure.*°

14
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Publishing Up to now, a clear explanation of this anomalous behavior in Nd**-doped YAIOs has not been

o

given. Some authors suggested as main factors the site symmetry and the shorter distance between

the lanthanide and its ligands, showing a higher hybridation of the 4f wavefunctions of the Nd** ion

in this system. Another simple explanation would point to increasing/Coulomb and spin-orbit
n

coupling interactions, which should be connected with an increasi lume of the YO

o

g
dodecahedral unit,? an effect that does not occur in YAP perovskitegtructute (see Fig. 2).

It is worth noting that the complete picture of the effects pﬁ)sure this system has not been

~—
given. In previous works,*¢ there were no measurement§ of*the ‘rest of Ri2—Z4;5 emission lines
rati Ve

above 900 nm (11,111 cm!), which show red-shifts \C:O larger than those of blue-shifted

lines, as well as the R12—Y 1.6 emissions beyond“l0, @, with similar results (see Fig. 3). In
d

addition, no attempt to understand how the atomi stal-field interactions change with pressure

and their influence on the energy levels an ines was done.

\
3.4.1 Simulation at ambient pressu \

The first attempt to simulate %al-ﬁeld interaction of Nd** ion in YAIO3 perovskite was

done by Karayianis et% diagonalization of six low-J lying multiplets and using 27
experimental levels %ﬁ)} imulations were later published,’>3* although no correlation exists
s of

among the differé lculated parameters, mainly due to differences in calculations as well as

in the definiti ))f the Hamiltonian used. As a general feature, there is a lack of sufficient

experime l’éner;y levels and ambiguities in the identification of high energy multiplets, due to
——
overlapping, ﬂlat have complicated these simulations. In addition, small errors in the computer files

-

i redu(fd matrix elements used in these calculations, recently detected by several authors,’%-37

ed additional uncertainty in the reliability of the early calculations. Thus the first reliable
calculation was done in 2007 by Duan ef al.,>* when they revisited the study of the crystal-field

interaction felt by Nd** and Er** ions in YAIO3 perovskite.

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por:

MIGUEL ANDRES HERNANDEZ RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA

Fecha: 01/02/2018 12:01:36

ULISES RUYMAN RODRIGUEZ MENDOZA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 12:06:33

INOCENCIO RAFAEL MARTIN BENENZUELA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 14:40:10

ERNESTO PEREDA DE PABLO
UNIVERSIDAD DE LA LAGUNA

15/02/2018 14:03:46

137/ 217



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada

N° registro:

2018/3184

N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

! I P | This manuscript was accepted by J. Chem, Phys. Click here to see the version of record. |

Publishing For a proper parameterization of the crystal-field interaction, most of the energy levels in the *Iy

and “Fy multiplets (<15000 cm™") are needed. Since in this work the energy level positions obtained

from experimental data are clearly not enough for a complete description of the system, the starting

point of our analysis using SOM model is based not only on previous yctroscopic data but also,
iC

and this is one of the key points of this work, on the use of cwstallogMQd of the yttrium

site in

the perovskite structure.
The first step in our simulation procedure is obtaining e’%ers and the Stark energy

~

levels of all the *’/L; multiplets up to the 2Pin singlet at ~23160 cm’' (see Table
supplementary material). In a second step, and keepifig- the“same free-ion parameters obtained by

(&

[ -

T3 in

Duan et al.,*® SOM model has been used to obtain‘the crystaD'leld (CF) parameters (see Table 1 and
1)

Simulation II in Table T3 in supplementary mat:

ambient conditions of 560.9 cm!. SimulationHegives an uncertainty of around 18 cm’!

ese values give an overall CF strength at

when

compared with the experimental Star %‘g& vels given by Kaminskii.?? CF parameters in

Simulations I and II (Table T3) are M ifferent, although this is not surprising since a local

distortion at the optically active kﬁ‘ is expected when Nd*' ion is placed at the Y3*

position. Using the free-i ()%?n et al’® and the CF parameters of SOM as starting point,
n

lattice

a new

fit to the Kam?% /a ed Simulation III, is also reported in Table 1 and Table T3
(supplementary awgl ing a rms uncertainty of around 12 cm.

£
able I+ tofhic and crystal-field parameters (in cm™) calculated for the Nd*" ion in YAIO3
nano rystal.s
o Atomic and | Simulation Simulation Simulation This work
5 crystal-field 1 1 I (30 GPa)
parameters 23 (0 GPa) (0 GPa)
(0 GPa)

S ~ Eay 24114 24116 24116 24133
F? 70925 70925 70925 70565
B3 -154 -487 -160 -319
B3 578 526 604 669

16
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BS -18 214 2 ) w%l
BS 1611 1583 1586‘ \31)\
B 0 480 1@ 1643,
B¢ 0 22 S 357
5 £~ ~
B¢ 132 326 R141 } 350
- N
s 565.4 560.9, 562.8 676.4
N 214.8 2295 2244 257.9
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59 3385 43133 "326.0 330.9
S 3987 4 2047 ) 400.1 530.6
%S? 144, NI6TNC 159 14.5
%S9 358N al2_ 33.6 239
%S 497 \s21 50.5 61.5
Fixed atomic paramet (‘lr?'[l from ref. 23: F9=50794; F*)=35424;
y=875; a=23; =-691; p=1690; T°=458; T°=38.4; T'=75.8; Io=-

290; 77=237; T°= =180; M?=1.06; M*=0.72; P>=206; P*=154.5;

P*=103.

3.4.2 Simulation at hi hén@s
i@e

To theoretic?y

/the pressure evolution of the Nd>* energy levels and, hence, their

emission line; Win these transitions, the total Hamiltonian within the 4f  ground

configurati n%&%e solved. The starting point begins with considering the accessible experimental
£

energystransi 'onyf)etween Stark levels obtained from emission spectra under pressure: in our case

only line§ corresponding to the “F32(R12)—*92(Z15) and *F3n(Ri2)—*T112(Y1-6) transitions.
o,

ese e%rgies have been used to generate only 13 experimental Stark energy levels at different

hs&ures (see Fig. 4). The insufficient experimental data does not allow us to follow any fitting

procedure to obtain both atomic and CF parameters using the Hamiltonian given in Eq.(1) (see

supplementary material). That is why we have chosen an approach similar to that used at ambient

17
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PUb"Shiffg] ditions: simulate the Stark energy level diagrams using as CF parameters those obtained from

/ — 50500 ,
\”S 35400 "eennay,,  F© 1
3 35300 | e ]
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y. 24130 | -
-‘ - 4
3 24120 | .
e L 4
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SOM combined with the information of the local structure of Nd** first coordination shell at different
pressures up to ~30 GPa given by ab initio calculations. Free-ion parameters obtained in former
simulations at ambient pressure were also used but, and this is an important point, assuming slight

changes in their magnitudes with pressure. \

It is worth noting the importance of the free-ion Hamiltonian in thissstudy, since it contributes to

the observed shift in the energy level positions due to the esﬁje—in ced displacements of the
—~
nts,

barycenters of all multiplets. To simulate these displageme ly F® Slater parameter was
allowed to vary freely, together with the average Cerg V> of the 4f 7 configuration, (see

supplementary material). D

ters

50800

&s

PEFEN S ETETE T EErETE AR
0 5 10 15 20 25 3
Pressure (GPa)

Figure 5. Nd** atomic parameters simulated by the Simple Overlap Model (SOM) in YAIO3 nano-perovskite under pressure.
Calculated values obtained by Duan et al.* at ambient conditions (open symbols) are also given.

18
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i . . . . " y
PUb|IShIng Focusing our attention first on the atomic parameters corresponding to the Nd’* free-ion

Hamiltonian, depicted in Fig. 5, it can be observed that E4r¢ parameter shows a continuous
increasing with pressure. Up to ~20 GPa, an apparent linear behavior is obtained with a slope of
+0.75 cm’'/GPa, whereas at higher pressures this rate of growth is gradually reduced becoming less
linear. Eave parameter corresponds to the totally spherically symmettic Nthe total (free-ion
plus crystal-field) Hamiltonian, i.e. closed shells of Nd3* ion andoxygei ligands plus their nuclei,
giving rise to a repulsive central potential that increases in magnitude with pressure and shifts the

—~—
whole 4f7 configuration to higher energies. On the otherSide, for'the electrostatic repulsion radial

integral F®, a linear behavior is obtained with a slopé-of ~42.0 }m‘l/GPa, following the expected

tendency of the free-ion interaction under pressure’<This dec&se is due to the increase of covalency

[ -
effects related to orbital overlapping, giving@ eduction of AF® /Eq(f,,)B: —0.51%, in the
pressure range from ambient up to 30 GPa%hose obtained in other systems.? In overall, the
final effect, apart from the crystal-field e } is«a blue-shift of the whole 4f3 configuration together
with a contraction of the */L terms \Qs ure up to 30 GPa.

Calculated CF parameters sho,\susual in low local symmetries, different variations with
pressure (see Fig. 6). The %ameters of 4- and 6-rank, B and B§, increase in magnitude while
2-rank axial B2 pa e{ deC}eases, reflecting that charge distribution over long distances becomes
less axial as swgs the distant oxygen ions towards the position of the Nd** ion in the

dodecahedral site(see Fig. 2). Consequently, the distorted environment of the Nd** ion, formed by 8
/
ns

nearby. ox ahd 4 more distant ones, becomes more symmetric, upholding the ab initio

-

calcu ions.z‘) As shown in Fig. 2, distances to the latter oxygens change very sharply with pressure.

e
@n, it is worth noting that the evolution of the interatomic distances, although important, is

h the only source of variations in the CF parameters, which also show a high sensitivity to changes

in'relative angular positions (see supplementary material).

19
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Figure 6. Nd*' cry%ﬁeld p mew{s calculated by the Simple Overlap Model (SOM) (solid lines) in Y AlO3 nano-perovskite.
1

Expe Wa levels by Duan et al.?* at ambient conditions (open symbols) are also given.

Simuldtions“also confirm that the crystal-field interaction increases in magnitude as pressure
£
(volume), in ase{ (decreases) when the CF strength parameter S (see supplementary material) is

calculated as) function of pressure. Fig. 7 shows an almost linear increase, from ~550 cm™! to ~675

8 ofShe magnitude of the crystal-field interaction with pressure, as it is generally observed in

ny-systems. Its relative change in YAIO3 is similar to that found in MgO:LiNbO3 oxide,?” but can
be considered small compared to other oxide systems such as YVOu 3® or Ca3sGaxGe3O12 garnet.'?

Increase of the total CF strength felt by the Nd3* ions can be easily related to the shortening of Nd-O

20
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electrons of the optically active ion and the valence electrons of oxygen ligands. This small change
in the relative overall CF strength value has been previously related to high rigidity in the local

(nearest) environment of the lanthanide, playing the role of an impurity.37/

N
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Figure 7. Crystal-field stre

the contribution in ]?km
How er})%scussion it is better to analyse the contribution to the strength parameter of

those CFgparameters.of the same k-rank, S, and their percentage contribution, %S, to the total CF
otto

£

strength. B

increasin (’> contribution, although 4-rank CF parameters show the lowest rate, while the 6-rank
&@)\r the highest rate due to the large variations of B and B¢ CF parameters. In the same way,
? :Sntribution increases, although it must be overestimated since only small changes are observed
for the splitting of the “F3/2 emitting level, and its percentage contribution to the total strength is very

small. Top inset in Fig. 7 show how %S? contributes in only 15% to the total CF value and this

21

th pz?mete as a function of pressure. Insets show the 2-, 4- and 6-rank CF strength parameters S% and
alues %S™ as a function of pressure. Linear rates with pressure are shown for the S® parameters.

mset in Fig. 7 shows how all CF parameters increases in magnitude giving rise to
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PUb"Shian ue remains almost unchanged up to ~30 GPa, whereas %S5™ percentage is reduced from 32% to

24%. On the contrary, %S© parameter shows the largest pressure variation and the largest

contribution to S values. Thus, as pressure increases, the influence of 6-rank parameters increases at
expenses of those of 4-rank indicating that, since the dependence of crys?/field B; parameters with

the distance from the central Nd** ion goes as ~(1/R¥*1), the interacti bh)%&tle Nd** ion and its

nearest ligands is more intense at distances closer to the central lanthanide optically active ion, and

es)wo the higher the pressure.

—
This means that the local environment surrounding the opticalgr

the immediate environment contribution to the S value domi
tive ions is rigid enough to
consider that very small displacements are allowe(@ the earest oxygen ligands and larger
displacements for those 4 distant ones. This behaviour weuld explain all the effects related to the
free-ion and crystal-field interactions under pressure:

High pressure simulations show thmﬁ barycenters of the **/L; multiplets suffer

wavelengths blue-shifts, but with di fer&eﬂooking closely at Fig. 4 one could see how, when

the barycenter of the “F32 emi

i@ét is been taken as the origin of energies, the relative

positions of the barycenters_corresponding to both the *Io/2 and #1112 multiplets becomes closer as the
pressure increases. Thi é&@e to the differences in their respective slopes of +1.7 cm™'/GPa,
resulting in an e?&%ych between the emitting and low lying multiplets with pressure that
can be related O.She nephelauxetic effect. Conversely, the increasing of the crystal-field interaction
with pressiire enlarges the splitting of both “Fs2 and *lon states with different magnitudes (see
suppl mggs/Qﬂﬁmation section): while the splitting of emitting *F3. doublet shows no sensitivity
Witll\ ssureb the maximum splitting of the *Is2 ground state is around ~200 cm™!, with negative

relative §j0pes for the Z1.3 Stark levels, and ~106 cm™! for the “I112 first excited state, with a negative

hat-ixe slope for the Y1 Stark level (see Fig. 4).

The combination of both effects as pressure increases, effective approaching of multiplets and

increasing hyperfine splitting, explains the behaviors of the Stark energy level scheme and the

22
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Publishing‘ ission lines observed in Figs. 3 and 4. Especially, they explain the overall blue-shifts (towards

higher energies) of some emission lines associated with the “F32(Ri2)—*Ion(Z13) and
4F32(R2)—*112(Y1) transitions. Good agreement between calculated and experimental energies are

found, with only a relatively large difference of around 50 cm™' for the Z?tark level, and, although

they are a slightly larger for the simulated emission line, it is worth n@ir tendencies with

pressure are well described. Thus, typical behaviors, i.e. decreasingo0f atomic parameters and

increasing of CF strength with pressure, are also observed foﬁd3+ tical properties in YAIO3

—~
nano-crystals. (
3. Conclusions L j
[ -
Pressure-induced energy blue- and red-shjf% 32—y (J=9/2,11/2) near-infrared emission

lines of Nd3* ions in YAIOs nano-crysx rovskites have been observed under pressure.
sm

Although their pressure coefficient rat ‘ass er than those of ruby, they are large enough to

~

consider the YAIO3:Nd** as a canw P-sensor in high pressure experiments. These energy
shifts have been related to press\—lhduced changes in the interactions between the Nd*" ions,
located at the yttrium sit@r twelve oxygen ligands. These shifts have been explained using a
combination of SO silpula s and ab initio calculations, using only the lanthanide ion first
coordination en\( ment, a{\//e allowed us to successfully reproduce the trends observed in the
experimental maion lines and the Stark energy level scheme at high pressures. Only a large

differenc®, of Around 50 cm’!, between calculated and experimental energies has been found for the

ei, though these differences are slightly larger for the simulated emission lines, their

ith pressure are well described. In addition, it is worth noting how these simulations

\%v allowed analyzing the main affects responsible for the optical properties of Nd** ion in
N

103 under pressure: a general increase of CF magnitude and a blue-shift of the average energy of

the 4f3 configuration.

23
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The supplemental material contains the theoretical background of the simulation, as well as the
procedures followed for the fittings. Different tables related to Rietveld fittings, identification of the

Nd** emission lines, and the experimental and calculated Nd** energy le\? for different simulations
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S1. Simulation details

The energy level scheme of trivalent Nd®* ion in YAIOs was reproduced by solving the
total Hamiltonian acting within the 4f  configuration. This Hamiltonian is divided into two
main parts: the free-ion Hamiltonian Hrree-ion, Which includes as principal contributions
the Coulomb repulsion and the spin-orbit coupling, mainly responsible for the shift of
barycenters of the 25*1L; multiplets, and the crystal-field Hamiltonian Hcr, which reflects
the point group symmetry of the site occupied by the Nd®* ion in the matrix and accounts
for the hyperfine structure of Stark levels after the breakdown of the degeneracy of the
multiplets in a solid.! The angular parts of the Hamiltonian are solved using the group
theory, whereas the radial parts are parametrized and must be fitted with the experimental
energy levels. Thus the total Hamiltonian can be expressed as, *

H = Hpgpge—1on + Her = Hpree-1on + Z Z By - Cg
k=2,4,6 q=—k

N
=Ey + Z F(k)'fk+c4f'Z§L'Z:+a'iz+B'6(GZ)+V'G(R2)
=1

k=2,4,6
n Z MO -y + Z Pk .5, + Z 7). ¢
j=0,2,4 k=2,4,6 r=2,3,4,6,7,8

+B%-C¢+B%-(C%,+C3)
+B-Ci+Bs - (CH+CH+i-B5-(C+CH+BE-(C2+CH+i-B%-(CH+CH
+B§-CE+BS - (Co,+C)+i-BS-(Co+CE)+BS-(CO+CH+i-BS (CCY+CH)
+BS-(CSc+C& +i-BE-(C8 +CO)
(1)
There are 20 adjustable parameters corresponding to the free-Nd** ion Hamiltonian,
whereas for the crystal-field one the number of parameters depends on the point symmetry

of the lanthanide ion in the host. In the case of YAP, Nd®* ion substitutes the Y3* one in the
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dodecahedral site of Cs (C1n) point symmetry (only one plane of symmetry), low enough to
completely break the degeneracies of the 5*1L; multiplets. Non-zero parameters are limited
to even values of k and g, due to symmetry considerations. The adequate election of axes
leads to a model Hamiltonian with only 14 independent real and imaginary CF parameters
to describe this system, as shown in Eq. (1).2

Handing such a large number of CF parameters will lead to different sets of results,
without any link between them, which may fit the experimental levels at ambient
conditions; a situation that can be chaotic at high pressures. Thus, the strategy followed in
the calculation of the CF parameters has been obtaining their values based on the
crystallographic positions of the Nd®* ion and its 12 oxygen ligands, obtained by ab initio
calculations at high pressures. 2 From the YO1. crystallographic data, and assuming a small
distortion of the site when occupied by a larger Nd** ion, it is possible to calculate the
values of the CF parameters by using the Simple Overlap Model (SOM). * We have
selected this model due of its simplicity, since it uses only the nearest coordination
environment of the Nd®* ion, which is usually well resolved. In this model the CF

parameters are given by

N k+1 ;. k
2 (r<) 4m _
k — E q
By = e? L_lgL P(l n p) R |2k + 1 (DT Y, (6L, L)

)
where p is the overlap between the rare-earth cation and the ligand orbitals; the + sign
characterizes the displacement of the charge barycenter from the average cation-ligands
distance; (r¥) are the radial expectation values of the rare-earth ion (Freeman values) ° and

the sum is extended only to the first coordination sphere around the optically active ion.
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In this expression, q; = g, p represent the effective charge of the cation-ligand bond in

k+1 plays the role of a shielding factor. &’

electron charge units and the factor [2/(1 % p)]
The effective charges, used in the SOM, are proportional to the overlap p and must be also
proportional to the bond strengths s; that we will assume follow an exponential dependence
with the bond length, as in the usual bond valence model, & s, = exp((4 — R,)/b), and
must obey the valence sum rule, Y., s, = v, i.e., the sum of the bond strengths for a given
cation is equal to its valence v. 9 Thus to correlate the bond-distance and the bond-valence,
and additionally fulfil the superposition model requirements, the overlap is taken as a
constant (a value of p = 0.05 is used *) and the effective charge is described by an
exponential law with the distance in the form:
qL = gup = gops. = gop - exp[(A = R)/b]

@)
in which g, is a charge factor accounting for the introduction of the overlap p in relating
effective charge and valence; Re is the observed bond length; A is a parameter that represent
the smallest length of a bond; and b is a measure of the softness of the interaction between
the two atoms which value is usually set to 0.37 A8

In addition, and in order to simplify the description of the crystal-field interaction,
Auzel %! and Chang et al.'?> have introduced the rotationally invariant crystal-field
strength parameter S, which roughly speaking, provides the maximum splitting of each

25+ multiplet

1/2 [1 ) / ]1/2
. [k;,fs(k))z] RERES \(36‘)2 w2y (@) + @)

(4)
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From these values, it is possible to separate and estimate in percentage the k-rank

3

NONG
%S® = 100 <§ )

contribution to the S parameter as *

(®)
that characterizes the influence of the ligands™ charge at short (k=6), medium (k=4), and

long (k=2) average metal-ligands distances.

S2. Simulation procedures

S2.1 Simulation at ambient pressure

We have used the free-ion and CF parameters obtained by Duan et al.,> who chose
arbitrarily zero values for B’§ and B¢ parameters (see Table 1 of the main paper), to fit the
experimental energy levels collected by Kaminskii. 1 This simulation (1, in Table T3 and
Table 1 of the main paper) gives a rms uncertainty of around 12 cm™, although some
reported energy level positions are doubtful and have not been used in this estimation, e.g.
the lowest “Gsy, Stark level at 16849 cm™ given by Weber & Varitimos ® corresponds to a
transition from the first *lo/> Stark level.? Keeping the same free-ion parameters obtained by
Duan et al.,> SOM model has been used to obtain the CF parameters taking into account
the available crystallographic data of yttrium dodecahedron site (see Simulation Il in Table
T3 and Table 1 of the main paper).® In this SOM simulation it has been assumed an
effective charge for oxygen ions that follows the exponential dependence of Eq. (3) with
A=1.997 A, giving a relative valence of -3 for the 12 oxygen ligand ions, a value of g, =

2.6 as charge factor in Eq. (3), and the minus sign is used in Eq. (2) indicating a relatively
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covalent Nd-O bonding. Obtained parameters are reported in Table 1 of the main paper and
calculated energy levels in Table T3.

It is worth noting that no changes in free-ion parameters are observed (an Eave variation of
only 2 cm is the only noticeable change), but the set of calculated CF parameters are
slightly different to those of Duan et al.> A more careful look at these parameters let us
conclude that all of them have the same sign and only important differences are observed
for Bf, B4, BS, and B’S , as well as for B’ and B¢ CF parameters that are no longer zero.
It is worth noting that all the CF strength parameters calculated using these fittings can be
considered equivalents with a value ranging from 561 to 566 cm, indicating the goodness

of the simulations (I, I1, and 111) made.

S2.2 Simulation at high pressures

To simulate these displacements, only F@ Slater parameter was allowed to vary freely,
together with the average energy of the 4f 3 configuration, Eave. The other Slater integrals
were restricted to those F®/F® ratios obtained in the ambient pressure fitting and the rest
of the free-ion parameters were held fixed in the simulation procedure. Thus, only two free-
ion, or atomic, parameters were used to describe the barycenters shifts. In addition, the
spin-orbit parameter (4 was kept constant to its ambient conditions value (see Fig. 5), since
there are only two experimental multiplets that can be used to calculate it and compare its
variation with pressure. Anyhow, appears evident that the small change with pressure,
expected in this parameter, can be disregarded in this simulation. In addition, the parameter
A in equation Eqg. (3) has been changed to fulfil valence sum rule at each pressure obtaining

a variation from A=1.997 A, at ambient pressure, to A=1.925 A, at 30 GPa.
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Thus, relating the structural modifications with the variation of the CF parameters is not an
easy task, particularly in low local symmetries. Typical variations of the magnitudes of CF
parameters ranges from 100 to 250 cm™ up to ~30 GPa, except for remarkable variations of
the B, B and B¢real CF parameters and their imaginary parts, showing larger
sensibilities to pressure with variations of ~400 cm™ that increases up to 1100 cm™ for the
imaginary B’S sixth-rank CF parameter. This fact can be attributed to some angular

displacement resulting from local rearrangement of ions at medium and short distances that,

in addition, results in increases of the “length” /(B[{)Z + (B’f;)z of these complex

parameters.

The simulated maximum splitting rates of these multiplets up to ~30 GPa are, assuming
linear variations, AE(Zs-Z1)= +5.8 cm™/GPa for the *lg/2 ground state, AE(Ys-Y1)=+3.56
cm™Y/GPa for the *l11/2 first excited multiplet, and AE(R2-R1)= +0.44 cm™/GPa for the *Fa
emitting multiplet. These simulated results are in reasonable agreement with the
experimental ones, except for the splitting of the “Fs/> lowest emitting level that varies with
a rate of +0.22 cm™/GPa and it is clearly overestimated compared to the experimental
results that do not show appreciably changes with pressure (see Fig. 3). This feature
indicates that B parameters, the main responsible of the splitting of the “Fs/2 emitting level,

are overestimated using SOM.

S3. Tables

Table T1. Cell parameters and agreement factors obtained from the Rietveld fitting

Compound a(d) b)) c@A) ¢ Rp Rwp  Rexp

YAIOs: Nd**1.0% 533 738 518 366 721 108 1.78
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Table T2. Identification of the Nd®* emission lines associated with the *Fs2(R1.2)—*ler2(Z:1-
5) and *Fsp2(R12)—*1112(Y1-6) transitions between Stark levels and the slopes of the linear

fits of their evolutions with pressure.

‘Fap—lor Eo (cm) Linear fit *Far—hu Eo (cm) Linear fit
Stark levels slope Stark levels slope
Rz, at 1 atm (cm/GPa) R, at 1 atm (cm/GPa)
2-1 11546 +1.75 2-1 9519 +0.31
2-2;1-1 11422 +1.53 2-2 9447 -0.56
2-3 11337 +0.94 1-1 9395 +0.23
1-2 11307 +0.64 2-3 9388 -1.25
1-3 11214 +0.77 1-2 9322 -0.69
2-4 11046 -2.43 2-4 9278 --
1-4 10922 -2.57 1-3 9262 -1.43
2-5 10879 -4.58 2-5 9224 -3.15
1-5 10755 -4.70 2-6 9170 -
1-4 9156 -3.10
1-5 9099 -3.18
1-6 9043 -3.69

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595

Codigo de verificacion: DQgkxjbU

Firmado por: MIGUEL ANDRES HERNANDEZ RODRIGUEZ
UNIVERSIDAD DE LA LAGUNA

Fecha: 01/02/2018 12:01:36

ULISES RUYMAN RODRIGUEZ MENDOZA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 12:06:33

INOCENCIO RAFAEL MARTIN BENENZUELA
UNIVERSIDAD DE LA LAGUNA

01/02/2018 14:40:10

ERNESTO PEREDA DE PABLO
UNIVERSIDAD DE LA LAGUNA

15/02/2018 14:03:46

158 /217



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/3184
N° reg. oficina: OF002/2018/2499
Fecha: 01/02/2018 15:22:49

Table T3. Experimental and calculated Nd** Stark energy levels at ambient conditions in

YAIQOs.

2541 5 multiplet Experimental Experimental Simulation | Simulation 11 Simulation 111
(degeneracy) Energy levels Energy levels Calculated Calculated Calculated
Barycenter (cm™) (cm™) (cm™) Energy levels Energy levels Energy levels
and shift under Kaminskii 4 Weber & (cm?) (cm™®) (cm™®)
pressure (cm*/GPa) 77K Varitimos ° Duan et al.? rms=18 cm* rms=12 cm-t

RT rms= 12 cm?*
41g12(5) 0 0 5 0 4
118 117 121 107 123
364 (+4.5) 212 211 207 212 213
500 499 498 538 505
671 670 671 649 669
411172(6) 2023 2023 2013 2018 2017
2097 2098 2096 2091 2099
2217 (+4.7) 2158 2157 2156 2164 2157
2264 2269 2260 2280 2265
2323 2320 2322 2316 2324
2378 2368 2378 2367 2378
1312(7) 3953 3953 3939 3941 3942
4021 4017 4013 4046 4018
4185 (+4.8) 4092 4087 4086 4060 4084
4200 4190 4184 4208 4189
4291 4285 4280 4272 4286
4328 4324 4326 4318 4325
4446 4439 4437 4432 4437
*11512(8) 5757 5760 5747 5735 5749
5893 5896 5892 5944 5899
6224 (+5.0) 6011 6011 6024 5992 6018
6240 6199 6226 6238 6238
6307 6242 6311 6327 6313
6402 6311 6402 6398 6402
6687 6404 6687 6675 6690
6743 6748 6740 6750 6746
*Fa2(2) 11421 11419 11421 11421 11421
11496 (+2.7) 11550 11542 11527 11533 11532
4Fsr(3) 12411 12302 12389 12389 12392
12447 12413 12446 12449 12452
12529 (+2.8) 12511 12450 12501 12510 12500
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?Hyn(5) 12561 12513 12554 12549 12553
12593 12561 12597 12587 12597
12695 (+3.9) 12713 12715 12712 12717 12717
12742 12745 12772 12774 12774
12883 12887 12864 12869 12868
“Fr4) 13323 13332 13317 13316 13317
13452 13455 13453 13459 13455
13492 (+3.0) 13565 13566 13568 13564 13570
13589 13590 13577 13583 13581
#S92(2) 13607 13608 13598 13604 13601
13651 13652 13646 13649 13650

13577 (+2.9)
*Fo(5) 14665 14680 14673 14688 14673
14723 14730 14724 14705 14726
14767 (+3.4) 14740 14746 14739 14736 14741
14793 14795 14781 14790 14784
14928 14925 14913 14920 14916
?H111(6) 15858 15865 15894 15890 15894
15893 15898 15901 15900
16002 15903 15906 15915 15921 15918
15995 15992 15969 15967 15971
16095 16095 15979 15979 15983
16053 16054 16056
“Gsn(3) 16963 16964 16961 16942 16959
17023 17027 17011 17028 17027
17120 17116 17109 17122 17112
°Gro(4) 17295 *17114 17271 17283 17275
17313 17310 17324 17330 17321
17255 17364 17367 17347 17361 17353
17456 17458 17452 17436 17454
“Grr(4) 18846 18850 18834 18837 18839
18893 18896 18888 18884 18886
19029 18975 18972 18977 19006 18988
19077 19073 19094 19085 19103
?Gon(5) 19245 19234 19245 19242 19250
19309 19301 19304 19336 19311
19418 19350 19342 19363 19379 19365
19425 19392 19401 19398
19546 19547 19412 19436 19412
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2Ka32(7) 19499 19481 19500
19637 19518 19513 19524
19589 19652 19554 19533 19554
19747 19662 19625 19653
19806 19751 19752 19745
19873 19882 19890 19887
19924 19961 19983 19970
2K 1512(8) *20774
20865 20832 20855 20857 20853
21059 20894 20887 20873 20862 20873
20955 20946 20893 20903 20902
4Ger2(5) 21041 21034 20943 20941 20947
20977 21002 20987
21116 21110 21103 21035 21061 21037
21231 21232 21101 21125 21108
2D3p(2) 21276 21288 21214 21221 21225
21294 21267 21247 21269
21338 21367 21312 21306 21311
21464 21373 21351 21377
4G1112(6) 21536 21525 21469 21458 21463
21580 21512 21509 21514
21569 21630 21574 21577 21577
21654 21628 21620 21620
21718 21641 21640 21645
21748 21745 21704 21705 21703
21834 21835 21748 21762 21742
21906 21847 21854 21846
21930 21924 21913 21894 21925
21940 21963 21942
2Pyp(1) 23164 23151 23156 23155 23158
23161

In ref. [15] the lowest “Gs, Stark level at 16849 cm-! corresponds to a transition from the first *lo;, Stark level

(see ref. [2]).
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4. ARTICLES COMPENDIUM

4.3.2. High pressure sensitivity of anti-Stokes fluorescence in Nd** doped
yttrium orthoaluminate nano-perovskites

Authors: M.A. Hernandez-Rodriguez, U. R. Rodriguez-Mendoza, V. Lavin, J.E.

Mufoz-Santiuste, I. R. Martin and A.D. Lozano-Gorrin

Published in: Journal of Luminescence; Volume: 196; Pages: 20-24; DOI:
doi.org/10.1016/j.jlumin.2017.12.008; Accepted date: 4 December 2017

In the first part of this article, a study of the Nd**:YAIOs nano-perovskite anti-Stokes
emission under 785 nm laser excitation at ambient pressure condition was carried out.
The spectrum showed several well resolved narrow bands in the 660-760 nm spectral
range, which were assigned to transitions between multiplets of the excited state *Fg, and
*1g/2 the ground state (Ki—Z;), and those peaks in the 730-760 nm spectral range between
multiplets of the *F72+*Sg, excited states and the ground state (Qi—Z;), as it shown in the
Fig. 1 of the paper. The mechanism which is responsible of the population of these levels
was related to local heating in the sample, as a consequence of high power density
excitation due to the employed confocal setup, which condensed the laser beam energy

in a micro-size spot.

A study of the dependence of the intensity of anti-Stokes luminescence with the pump
power of the excitation of the laser, showed slopes less than 1 for each considered
transition. The explanation that supported the former tendency was due to the confocal
setup used in the experiment, which focused the laser beam in a surface less than 5 um,
with a maximum of the order of 12 mW, resulting in high power densities and therefore
in saturation in the observed emission.

The last part of this work, a high pressure study of anti-Stokes fluorescence spectra of
Nd**:YAIO3 nano-perovskite has been performed from ambient conditions up to 10.32
GPa. As the pressure increased, some loss of structure was observed, mainly the
emissions associated to “Fr2+*Ss2(Qs456) — “lor2(Z1) Stark transitions, which can be
correlated with distortions induced by pressure in the surroundings of Nd* ions, resulting
in inhomogeneous broadenings. On the other hand, blue and red induced pressure shift
could be observed, which was supported by the comparison of the experimental pressure
evolution data with the theoretical ones given by the crystal field analysis.
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4. ARTICLES COMPENDIUM

In general, most of observed bands presented linear pressure-induced shifts, and some of
them showing high pressure coefficients (see Fig. 4 of the manuscript), which are
comparable with those reported in Cr¥*, suggesting the possible application of Nd%*:
Y AIOs nano-perovskite as a NIR optical pressure sensor, mostly in those lines with high
intensities, which in this case correspond to those assigned to *Fz/2 + *Sarz—*lg/2 transitions

from ambient conditions up to 10 GPa.

165

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1191595 Codigo de verificacion: DQgkxjbU

Firmado por: MIGUEL ANDRES HERNANDEZ RODRIGUEZ Fecha: 01/02/2018 12:01:36
UNIVERSIDAD DE LA LAGUNA
ULISES RUYMAN RODRIGUEZ MENDOZA 01/02/2018 12:06:33
UNIVERSIDAD DE LA LAGUNA
INOCENCIO RAFAEL MARTIN BENENZUELA 01/02/2018 14:40:10
UNIVERSIDAD DE LA LAGUNA
ERNESTO PEREDA DE PABLO 15/02/2018 14:03:46

UNIVERSIDAD DE LA LAGUNA

165/ 217



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada
N° registro: 2018/3184

N° reg. oficina: OF002/2018/2499

Fecha: 01/02/2018 15:22:49

Journal of Luminescence 196 (2018) 20-24

journal homepage: www.elsevier.com/locate/jlumin =

Contents lists available at ScienceDirect

Journal of Luminescence

(55}
=
L
(=5}
(75}
Ll
==
=
=
—1

JOURNAL OF

I

High pressure sensitivity of anti-Stokes fluorescence in Nd** doped yttrium

orthoaluminate nano-perovskites

M.A. Hernandez-Rodriguez®, U.R. Rodriguez-Mendoza

I.R. Martin™¢, A.D. Lozano-Gorrin®

Gheck for
updates

¢V, Lavin™®, J.E. Mufioz-Santiuste™©,

@ Departamento de Fisica, IMN, and IUdEA, Universidad de La Laguna, Apdo. 456, E-38200 San Cristébal de La Laguna, Santa Cruz de Tenerife, Spain
bDepartanuento de Fisica, Escuela Politécnica Superior, Universidad Carlos Il de Madrid, Avenida de la Universidad 30, E-28913 Leganés, Madrid, Spain

©MALTA Consolider Team, Spain

ARTICLE INFO ABSTRACT

Keywords:

Nd®*:YAIOs, Anti-Stokes
Optical pressure sensor
Nano-perovskite

Pressure-induced energy shifts of anti-Stokes emissions of Nd**:YAlO; nano-perovskite has been studied up to
10 GPa. Emission lines have been identified as thermally-induced transitions between “Fy,,, *Ss/5, and *Fy»
multiplets and the *Iy, ground state, which emerge as a consequence of the heat produced in the sample by
using a confocal set up, which condenses the energy of the laser beam in a micro-sized spot. Blue and red-shifts

have been observed with linear pressure coefficients that range from +3.15cm™'/GPa to —7.21 cm™'/GPa.
These results suggest the use of Nd**:YAIO3 nano-perovskite in high pressure experiments as an optical pressure
sensor in the wavelength interval from 660 to 760 nm.

1. Introduction

Inorganic materials doped with trivalent neodymium (Nd**) ions
have caught attention in several areas, from fundamental science re-
search to industry applications. It is known that Nd®>* ions present a
strong, broad absorption band around 806 nm and a strong emission
near to 1064 nm, leading to a “four-level” laser scheme. Another fea-
ture of Nd®* ions is that the *F;,, lowest emitting level can be easily
populated by low-cost commercial laser diodes [1-4]. In addition to
this, this ion has several intense pumping levels and efficient up-con-
verted emissions [2,5-9].

Concerning host materials, perovskite crystals have been studied
due to their outstanding structural, chemical and physical properties
that allow their use in several fields, for instance, laser applications. In
particular, YAIO; has found use as laser crystals [1,4,10-12] (Cr®*,
Nd®*, Yb®* and Ho®* doped), scintillator [13-16] (Tm®**, Yb®*, and
Ce®* doped), phosphors [17,18] (Mn?* doped and Gd**-Pr** co-
doped) and as detector material [19] (Mn®* doped). YAIO; crystals
doped with Nd®* ions have been studied for its application as high
pressure (HP) optical sensor in the near-infrared (NIR) as well [20].
However, it cannot be forgotten the strong rise of the nanomaterials
research the last decade, which has been caught the sight of many
scientists from many fields due to the splendid properties that these
nano-sized materials present that can be taken advantage in several
fields [21]. A special mention must be made to their capability to

behave as their bulk counterparts, allowing useful comparisons be-
tween them. In this sense, many works have been focused in studies of
properties of nanomaterials doped with lanthanide ions, especially in
nano-perovskite in ambient conditions, including upconversion (UC)
fluorescence studies [22-27].

As far as we know, anti-Stokes fluorescence of Nd>* ions in YAIO,
nano-perovskite at HP conditions has not been studied yet. For this
reason, its pressure evolution in the range of 0 ~ 10 GPa is analyzed,
focusing in bands corresponding to “Fo 5—>*15,2, ?H11/2—>"111,2 and *F,,
2 + S35 —=%Io,, transitions, in order to check its viability as an optical
pressure sensor working in the NIR.

2. Experimental details

Yttrium  orthoaluminate nano-perovskites of composition
Y(1 - xNdxAlO3, with x = 1 mol% was synthesized by sol-gel method in
air atmosphere. Stoichiometric molar ratios of high-purity Y
(NO3)34H,0 (Aldrich, 99.9%), AI(NO3)39H,0 (Aldrich, 99.9%) and Nd
(NO3)3'H50 (Aldrich, 99.9%) materials were dissolved in 25 ml of 1 M
HNO; under stirring at 80 °C (353 K) for 3 h. Then citric acid, with a
molar ratio of metal ions to citric acid of 1:2, was added to the solution,
which was stirred and heated at 90 °C (363 K) until reaching the
transparency of the solution. Then, 4 mg of polyethylene glycol was
added to the solution. This last step created a gel that was fired at
400 °C (673 K) for 6 h in order to remove the residual nitrates and
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organic compounds, and the subsequently obtained powder sample
went through two thermal treatments at 1200 °C (1473 K) and 1500 °C
(1773 K) for 20 h and 12 h, respectively. The details of the character-
istics of the nanocrystals obtained have not been discussed, since a deep
study including XRD measurements was published by the authors
elsewhere [28]. The average grains size of the nano-crystal was de-
termined from Scherrer formula, applied on the main peaks of the XRD
pattern, resulting in nano-crystals of around 30-40 nm. Besides, the
obtained TEM images confirm the mentioned nanometric size (see
supplementary information published in [29]). It is worth mentioning
that from the point of view of absorption and luminescence properties,
our nano-crystals behave like their bulk counterparts [30,31].

Confocal anti-Stokes luminescence images were acquired using a
commercial scanning confocal Raman instrument (Renishaw InVia)
exciting with a cw diode laser at 785 nm and detecting with a cooled
CCD. A 20x SLWD objective was used to achieve a laser-spot diameter
of less than 5 pm on the sample. High pressure was generated with a
membrane-type diamond anvil cell designed at Université Pierre et
Marie Curie (Paris VI). A 200 um tungsten carbide gasket was pre-in-
dented to 70 pm to make the hydrostatic chamber with typical diameter
of 150 pum. For pressure calibrants, ruby chips less than 10 um was used
and 16:3:1 methanol- ethanol-water mixture served as pressure trans-
mitting medium, providing hydrostatic pressures of up to ~16 GPa
[32]. The HP luminescence measurements were carried out up to
10.3 GPa.

3. Results and discussion
3.1. Ambient pressure anti-Stokes fluorescence

The anti-Stokes spectrum was obtained under cw excitation at
785 nm, just in the band tail of the *Io,,— *Fs/5 +2Ho, of the Nd**:
YAIO3 nanocrystals, as can be observed from the diffuse reflectance
spectrum [28]. The spectrum shows several well resolved narrow bands
in the 660-760 nm spectral range, whereas it is important noting that
no more bands were observed for shorter wavelengths (see Fig. 1).

Due to the complexity of the energy level diagram for Nd** ions,
assignation of emission bands is not simple and has been tentatively
ascribed according to the partial energy level diagram constructed from
our experimental data [28] and those given by Morrison et al [31] for
the Nd®*:YAIO; bulk crystal. A partial energy level diagram is shown in
Fig. 2. For the 660-715 nm spectral bulk range, bands observed were
assigned to transitions between multiplets of the excited state 4F9/2 and

Energy (cm™
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v : . . . 37'2‘ .
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Fig. 1. Ambient pressure anti-Stokes emission spectrum under 785 nm excitation of
Nd**: YAIO; nano-crystal monitoring the *Fo,,—"lg/» and *F;2+ *Ss/s —*los transi-
tions. The identification of the Stark levels is also shown.
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Fig. 2. Partial energy level diagram of Nd**: YAIO; nano-crystals. Possible mechanisms
of anti-Stokes emission after excitation with 785 nm in 4F5/2+2H9/2 states are also de-
picted.

“Io, ground state, and those peaks in the 730-760 nm spectral range
between multiplets of the “F,,,+ S5/, excited states and the ground
state. According to Dieke's nomenclature for Stark levels of the Nd®*
multiplets, transitions can be written as “Fo,5(K;_5)—"lo,2(Z1_5) and
“F; 2+ *S3/2(Q1-6)—"1o,2(Z1_s). One of the emission lines observed does
not fit with the assignation proposed, in particular that around 720 nm,
according to the energy level diagram should correspond to ®Hi;,
2—>"111,2(C1-Y4) and, since its intensity vanished with pressure, it has
not been subsequent follow-up.

Fluorescence through hot band absorption processes seems to be
responsible for the emission observed. Consequently, most likely me-
chanisms considered for the population of emission states are depicted
in (Fig. 2) and can be described as follows: Since five Starks of the
ground state *Iy,, shows a maximum energy gap, between the lowest Z;
and the highest one Zs, around 670 cm ~, all upper Starks levels of the
ground state are thermally populated at relatively low temperatures,
favored by the heat transfer supplied from the excitation laser beam.
According to Boltzmann factor, and considering this maximum energy
gap, the population of Zs can be estimated in a 10% at 400 K, this
would allow to the one photon pumping excitation at 785 nm to pro-
mote resonantly electrons either to “Fs/5 +?Ho 5 or *F;/5+ Sz, excited
states, the latter namely a direct single-photon hot band absorption
process (see Fig. 2). Once both states have been populated, emission
from the 4F7/2+"S3/2 state takes place either by direct excitation or
followed by one or multiphonon-assisted transition, which is a non-
resonant energy transfer process in which the mismatch in energy be-
tween two states involved is compensated by annihilation of one or
more phonons, so from the *Fs,, +2Hg 5 state it can promote the excited
ion to the upper “F,/,+%S;,, state [6,8]. In the case of Fy, state it is
more likely that took place by a direct excitation of *F;/,+*Ss/, state,
followed by a multiphonon-assisted transition, favored by the local
heating in the sample, as a consequence of high power density excita-
tion, favoring the population of *F;,,+ S5/, and “Fo,, thermally cou-
pled states. In this case, the small energy gap between those levels and
the excitation energy (~600 cm ™' between the excitation energy and
“F;/2+%S3/, states and 1000 cm™! between *F,,5+%Ss» and “Fo
states), can be bridged by one or two phonons, respectively, since for
this nanocrystal the highest phonon energy is around 650 cm™!
[33,34]. Similar results have been found in other Nd** doped systems
like fluorindate glasses, tellurite glasses, NaYF, crystals and oxyfluoride
glass ceramic [6,35-37]. A comparison between the relative intensities
of emissions indicates that the most populated state is, as expected, the
low-lying *F,5+ S5, since this level can be directly excited with the
pumping laser. This assignation will be confirmed in the next section,
analyzing the pressure evolution of the energy of these transitions.

Except for the *Hjj,—*lI11,» (Ci-Y,) emission line, the main
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Fig. 3. Pump power dependence of the anti-Stokes emission intensities (peak area) of the
Nd®*:YAIO; nano-perovskites.

arguments of these assignments are, on the one hand, the linear de-
pendence observed for the emission intensity Ig, with the excitation
pump power Ppyyp. As it is known, at low power excitation densities
Ppump, the intensity of the anti-Stokes luminescence Iy, is proportional
to the n-th power of the IR pumped excitation intensity Ipymp, i.€. gy
C Ppymp', where C is a constant and n is the number of IR photons
involved in the pumping process. In Fig. 3 the log-log representations of
I versus Ppyyp for emission bands are depicted with slopes close but
less than one, indicating one photon mechanisms in the anti-Stokes
processes. For Igy, the integrated area of the peaks corresponding to
each transition has been considered. On the other hand, the experi-
mental pressure evolution of these bands has been compared to those
theoretically calculated from simulation procedures made by the au-
thors, solving the total Hamiltonian of Nd®* in this nano-crystal [38]
and will be treated in the next section.

The fact of slopes less than 1 for each transition considered could
indicate some kind of saturation in the anti-Stokes emission as a con-
sequence of the increase of temperature as the pump-power of excita-
tion is raised [5,39]. The explanation of the results obtained lies on the
setup used to measure the anti-Stokes luminescence [40], in which the
confocal microscope focus the spot of the laser in a surface less than
5 um, with a maximum of the order of 12 mW, resulting in high power
densities and, therefore, in saturation in the emission observed [39].

3.2. High pressure anti-Stokes fluorescence

A high pressure study of anti-Stokes fluorescence spectra of
Nd®*:YAIO5; nano-perovskite has been carried out from ambient con-
ditions up to 10.3 GPa. Changes in relative intensities of *Fo/,—*Io,»
and “F;/5+%S3/,—"1o,, transitions occur during pressure increasing,
observing a decrease in the intensity of the “Fq/,—>*I5,, sub-bands re-
lated to *F;/5+*S3,,—"1o,, ones, as it can be observed in Fig. 3, where
normalized spectra at different pressures are presented. At ambient
pressure only 18 emission lines associated with the 4F9/2—>419/2, and
*F; /5 +S3,,—>*15,, transitions were observed. Upon applying pressure
some loss of structure is appreciable mainly in the *F,.+%Ss,
2(Qs.456)—>"1o/2(Z;) Stark transitions, which can be correlated with
distortions induced by pressure in the surroundings of Nd** ions, re-
sulting in inhomogeneous broadenings.

In the crystallographic site of the Nd** ions, the point symmetry
group is very low, i.e. Cs (C; p), with the subsequent breakdown of the
(2J +1)/2 degeneracies of the **’L; multiplets [38] and the pressure
evolution of emission lines of transitions is different depending on the
energy positions of Stark levels within each multiplet: higher energy
emission lines undergo blue-shifts, in contrast to lower ones which
experiment red-shifts (see Fig. 4). This behavior can be explained in
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Fig. 4. Anti-Stokes normalized emission spectra under 785 nm excitation of Nd**: YAIO5
nano-perovskite monitoring the *F;,5 + S35 —%1o,5 and *Fo/a—>"1o/5, x*H11,0—>"111,2
transitions from AP up to 10.32 GPa.

terms of the pressure evolution of the Stark energy levels of Nd** ions
that can be theoretically reproduced by solving the total Hamiltonian
acting within the 4 f % configuration [41], given by

H Hrrep-1on + Her

k
Hprgp-1on + Z Z B;'C;

k=2,4,6 q=—k
~ N N 2
= Bw+ ), FOf+¢- > li+al
k=2,4,6 i=1
+BGGC) +7rCR)+ Y, MUm;
Jj=0,2,4

+ Y POp 4+ TO.f, + BE-C?
k=2,4,6
+B3(C% + CP) + iB,2:(C%, + CF) + Bj-Ci + Bi(CH + )

+ i-132'4~(ci‘z +CH+ BMCHL+CH + i-Ba’4-(Cf4 +cH

%

r=2,3,4,6,7,8

+ B§-C§ + BH(CS, + CF) + B, 6:(CS, + CF) + BH(CS, + CF)
+ 0B, 6:(C4 + Cf) + BE(CS + C&) + i:B, 6:(C + CO)
(€]

As it was already commented in the introduction, a detailed pres-
sure study of the crystal field experimented by Nd>* ions in this host
been done by the authors [38]. Briefly speaking, the crystal-field (CF)
analysis has been carried out by successfully combining the crystal-
lographic positions of the Nd®* ion and its 12 oxygen ligands at the
YO,, dodecahedral site in YAIOj3 structure, obtained by theoretical ab
initio calculations as a function of pressure [29], and the Simple
Overlap Model [38]. As a general feature, as pressure increases the
volume of the dodecahedral site decreases, giving rise to a smooth
enhancement of the crystal-field interaction between the Nd** ions and
its oxygen ligands. Our simulations also show that the energies of the 4 f
3 ground configuration and the barycenters of the multiplets increase.
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Table 1

Results of atomic and crystal-field parameters derived from the fittings for Nd**:YAIO; at

ambient pressure and 10 GPa. All parameters values are given in cm ™.

Atomic O0GPa 10GPa Crystal-field 0GPa 10GPa
pa.rameters parameters

Eay 24,115 24123 p2 —-487 413
F 70,925 70,805 p? 526 576
F 50,794 50,708  pg -420 -471
F 35424 35364 pi 594 616
Las 875 875 B 349 449

a 23 23 B} -484  —640
B -691  —691  pi 727 543

Y 1690 1690 ¢ -753  —839
il 458 458 BS 151 213
T° 38.4 38.4 BYS -214 -213
™ 758 758 BS 1583 1583
T° -290 -290 g6 480 920
7 237 237 BS 22 -99
had 469 469 BLS 326 375
M° 1.9 1.9

M 1.06 1.06

M 0.72 0.72

P? 206 206

P* 1545  154.5

P° 103 103

The combination of these effects accounts for the wavelength blue-shift
of some Nd®* emission levels (see Fig. 5) [38].

In Table 1, Nd** free-ion and CF parameters resulting from fittings
to experimental data are given for ambient pressure and 10 GPa.
Fig. 5(a,b) shows the experimental pressure evolution of the peaks of
emission lines belonging to *Fo/,—*lo,, and *F 5+ %S3,,—y 5 tran-
sitions, which has been compared with those theoretically simulated
from the Hamiltonian analysis. As can be observed, both, the shift
trends and the energies, match reasonably well, confirming the assig-
nation of these bands to those transitions previously commented.

In overall, most of observed bands present pressure-induced shifts
that can be considered as linear (see Fig. 4a,b). In the case of *F,,

Journal of Luminescence 196 (2018) 20-24

2+ 453/2ﬁ419/2 multiplets transitions slopes range from 3.15 cm ™ 1/GPa
(Qe-Z1) to —1.25 cm™~!/GPa (Qq-Z,), whereas for “Fo,,—"15/, slopes
vary from 2.31 cm™!/GPa (Ks-Z1) to —7.21 cm™'/GPa (K;-Zs). Some
of these pressure coefficients are comparable with those obtained for
Cr®* in ruby (—7.35 GPa) [42,43], suggesting the possible application
of the Nd**: YAIO5 nano-perovskite as a NIR optical pressure sensor,
mostly in those lines with high intensities, which in this case corre-
spond to those assigned to *F,,, + *S3,,—",,, transitions (Fig. 5).

4. Conclusions

Anti-Stokes emission of the Nd**:YAlO; nano-perovskite, under
785 nm laser excitation, at ambient and high pressure conditions has
been studied. Several narrow emission lines close to the excitation
wavelength were observed and associated to transitions between Stark
levels of *Fg,5, and *Fy,, +*S; /5 excited multiplets and the *Iy,, ground
state. The identification of these excited states has been made on the
basis of the slopes obtained from the log-log representation of Igy
versus Ppyyp, With values of less than one, indicating a single-photon
hot band absorption process followed by multiphonon assisted trans-
ferences for the recorded emission. To corroborate this assumption,
experimental data have been fitted to the theoretical ones obtained
from the resolution of the total Hamiltonian as a function of pressure
given by the authors elsewhere. In view of the obtained results it can be
concluded the truth of this assumption. The pressure evolution of bands
shows different behaviors, highlighting the *F;,5 + 4S3,2(Qe)—"15,2(Z1)
and *Fo,5(K;)—1o,2(Zs) emission lines with linear pressure coefficients
of +3.15cm ™~ !/GPa and —7.21 cm~'/GPa, respectively. These results
suggest the possible application of the Nd>*:YAIO; as a NIR optical
pressure sensor in high pressure experiments from ambient conditions
up to 10 GPa.
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Fig. 5. RT Pressure evolution of emission lines cor-
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"F7/2 + 433/2%419,2 transitions form AP up to
10.32GPa. Experimental data (empty black
squares), linear fits (solid black lines) and the theo-
retical simulation obtained solving the total
Hamiltonian (red solid lines) are also included. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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5. CONCLUSIONS

5. CONCLUSIONS

In the last section of this thesis, the main goals achieved during this research are

summarized as follows:

Synthesis, optical and structural characterization

Site selection spectroscopy on YAIO® nano-perovskites doped with different
concentration of Nds- ions, allowed to optimize the synthesis method of the nano-
perovskites, fixing the proper thermal treatment in which the desired phase of the
YAIOs structure is obtained and confirmed later by XRD measurements, i.e. the
Pnma orthorhombic structure.

XRD patterns of undoped and Ln**-nano-perovskites were well indexed to a Pnma
orthorhombic structure, without the presence of amorphous phases on them. This
meant that XRD measurements confirmed that these nano-perovskites show the
same perovskite type as the YAIOs crystal bulk. The crystallites size achieved was

around 40 nm.

XRD experiment of undoped YAIO3 nano-perovskite was performed from
ambient condition of pressure up to 7 GPa. The results of this experiment showed
a nice agreement with those found in YAIOs bulk crystal experimentally. The
experimental results of the structural properties of YAIOs nano-perovskite were
also well compared to those obtained with ab-initio calculations on YAIO3 bulk

crystal.
Vibrational and elastic properties

Experimental Raman scattering spectrum of undoped YAIO3 nano-perovskite
showed 16 out of 24 first order Raman-active modes theoretically predicted by
ab-initio calculation in YAIOs crystal bulk, at ambient conditions.

Experimental RS spectrum of undoped Y AIO3s nano-perovskite was compared to
theoretical one of YAIOs bulk crystal, observing that there are not relevant
differences between the vibrational properties of YAIOs nano-perovskite and its
bulk counterpart at ambient conditions.
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5. CONCLUSIONS

e RS measurement at high pressure up to 30 GPa was performed. The overall profile
of the Raman modes in the RS spectra did not change up to 30 GPa. This result
confirmed that the orthorhombic Pnma phase up to 30 GPa is stable in YAIOs

nano-perovskite.

e The pressure dependence of the observed Raman mode frequencies up to 30 GPa
was compared to the theoretical one with a good agreement.

e The presence of negative pressure coefficients, such as the Bze®> Raman mode,
indicated the softening of several bonds as the pressure increase, however, in the
present case, it could not related directly to any structural instabilities, because no
phase transition was observed in RS experiments up to 30 GPa. This issue was
also supported by the elastic properties theoretical studies that predicted the
structural stability of YAIOs up to 92 GPa.

111. Nd**-doped YAIO3 nano-perovskite as optical temperature sensor

e The emission bands centered at 820 and 890 nm, associated to the Nd** (?Hep,
4Fs12) — *lor2 and *Fa — “lgi2 transitions, was monitored from RT up to 610 K
(337 °C) under 532 nm excitation. The experimental ratio, R, obtained from the
integrated areas of the former emissions was analyzed as a function of the

temperature and fitted to a Boltzmann-type curve.

e The relative thermal sensitivity, Srew, achieved at 293 K (20 °C) was around
0.0018 K (with a temperature uncertainty 67 around 0.9 K) and was compared
with the Srev values of other optical temperature sensors doped with Nd** ions at
the same temperature, showing a notable performance that allows the potential
application of YAP: Nd* 1.0% nano-perovskite as optical temperature sensor

based on the FIR technique, working in the I-BW.

e The temperature calibration in the I1I-BW was performed, analyzing the
temperature dependence of the FHWM of the emission band centered around 1340
nm, associated to the *Fa;2 — *l132 transition, from RT up to 370 K (97 °C) under
532 nm excitation and heated up by increasing the pump power of the excitation

source.
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5. CONCLUSIONS

e The SgeL value achieved at 293 K was around 0.033 K (with a temperature
uncertainty o7 around 0.37 K). By comparison with other optical temperature
sensors working in the 11-BW, Nd**-doped Y AlO3 nano-perovskite showed a great
performance, which allows its consideration as optical temperature sensor

working in the I1-BW.

e The potential application of Nd**-doped Y AlO3z nano-perovskite in the biomaging
field was also proven by a straightforward sub-tissue luminescence depth

experiment, reaching a penetration depth about 5.5 mm.
IV. Tmé*-doped YAIO3 nano-perovskite as optical temperature sensor

e The upconverted emission bands around 700 and 800 nm associated to the Tm3*
3F2,3—°Hs and ®Hs—>Hs transitions was monitored from RT up to 425 K (152 °C)
under 1210 nm pulse excitation. The experimental ratio, R, obtained directly from
the integrated areas of the former upconverted emission bands, was analyzed as a
function of the temperature from 324 to 425 K, and fitted to a Boltzmann-type

curve.

e The SreL obtained in this calibration procedure at 324 K (51 °C) was around
0.0026 K* and was compared with the Sge. values of other optical temperature
sensors doped with Ln®* ions at the same temperature showing the thermal sensing
capabilities of Tm3*-doped Y AIOs nano-perovskite as optical temperature sensor
based on the FIR technique, working in the I-BW and excited whitin 11-BW with
a high sensitivity.

e The potential application of Tm%*-doped YAIOs nano-perovskite in biological
system was also proven by a second temperature calibration procedure in the
physiological range, considering the ratio of the maximum intensity of the Stark
levels at 776.42 and 821.5 nm of the emission related to the *Hs—%Hs transition,
from RT up to 325 K. The Srev achieved in this calibration procedure at 294 K
(21 °C) was around 0.0013 K and was compared with the Sge values of other

optical temperature sensors doped with Ln®" ions at the same temperature.
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5. CONCLUSIONS

V. Nd*-doped YAIOs nano-perovskite as optical pressure sensor

e The pressure evolution of the near-infrared emission lines associated to the
4Fap—*loz and *Fap—*li1 transitions of Nd®* ions in YAIOs nano-crystalline
perovskites from ambient conditions up to 29 GPa exciting at 785 nm, were

performed.

e Two different behaviours were observed in the pressure dependence of the
emission lines, especially the ones associated to the *Fs,—*lg)2 transition. The
emission lines associated to the “Fsn(Ri2) —*le2(Z123) transitions showed
wavelength blue-shifts as the pressure increased that have been also observed in
YAP bulk crystal. On the other hand, emission lines associated to the “Fa/2(Ru.2)
— *l9/2(Z4,5) transitions showed a significant wavelength red-shifts, also observed
in garnet crystals. Emission lines associated to the *Fs;2(R1,2) — *li12(Y1-6) Stark
transitions, Ri2—Y26 emission lines showed clearly wavelength red-shifts,

whereas only the R2—Y1 line showed a slight blue-shift.

e The pressure coefficients achieved in high-pressure were higher enough to
consider the possible application of Nd**-doped Y AlO3 nano-perovskite as optical
pressure sensor working in NIR, especially the ones associated with the R1,,—Zs,
R1—Yas56and Ra—Ys lines with -4.70, -4.58, -3.10, -3.18, -3.69 and -3.15 cm’
1/GPa respectively.

e Simulations performed by Potentiality of the Simple Overlap Model in
combination of ab-initio calculations, showed how the energies of the 4f 3 ground
configuration and the barycenters of the multiplets increase with pressure,
whereas the Coulomb interaction between f-electrons decreases and the crystal-
field strength increases. The combination of these effects explains the wavelength
blue-shift of some near—infrared emission lines of Nd®* ions.

e The pressure evolution of the anti-Stokes fluorescence showed different
behaviors, highlighting the *Fri2 + *Sa2(Qs) — *lo2(Z1) and *For2(K1) — *lor2(Zs)
emission lines with linear pressure coefficients of +3.15 and -7.21 cm*/GPa,
respectively. These results suggest the possible application of the Nd**-doped
YAIOz nano-perovskite as a NIR optical pressure sensor in high pressure
experiments from ambient conditions up to 10 GPa, with a pressure sensitivity

comparable with ruby.
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6. ANNEXES

6. ANNEXES

In this section, unpublished articles yet are presented. Other works published during the

PhD period are also listed.

6.1. Analysis of the upconversion emission of yttrium orthoaluminate nano-

perovskite co-doped with Er®*/Yb3* ions for thermal sensing applications

In this paper, which was already submitted, the upconversion emission properties of
YAIOs: Er¥/Yb®* nano-perovskite have been analyzed. Strong green and red
upconversion emissions, were observed exciting the sample at 980 nm as it is shown in
the Fig. 3 of this article. Upconversion mechanism responsible for the UC process in
YAIOs: Er¥*/Yb** nano-perovskite was also studied with the temporal evolution of the
UC emissions and the pump power dependence of the upconverted band intensities (see
Fig. 5)

Under 980 nm excitation, the green UC emissions at 530 nm (?Hi12—*l15:2) and 550 nm
(*Ssiz — *l1s12) as functions of temperature from RT to 600 K were studied. The obtained
results show a high sensitivity in YAP: Er¥*/Yb% nano-perovskite (0.0123 K* with a
temperature uncertainty around of 0.42 K), as it is shown in Fig. 8 of this paper, which is
better than many other optical temperature sensors based on Er®* and Er**/Yb®*,
suggesting its viability as optical temperature sensor based on the FIR technique working
in the VIS range exciting in NIR. The temperature of the YAP: Er®*/Yb%* nano-perovskite
can be controlled by heating with the pump power of the excitation laser, suggesting its

potential viability in laser heating applications (see Fig. 9).
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38200 San Cristébal de La Laguna, Santa Cruz de Tenerife, Spain.
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Politécnica de Valencia, Cno. de Vera s/n, 46022 Valencia, Spain

*miguelandreshr@gmail.com

Abstract: The upconversion emissions of yttrium orthoaluminate nano-perovskite co-doped with Er®*/Yb3*
have been studied. Strong green and red upconversion emissions, which can be observed by naked eyes,
were observed when exciting the sample at 980 nm. In particular, the green band was monitored as a
function of temperature and the obtained results suggest that this nano-perovskite can be used as an optical
temperature sensor by exciting in the infrared range. The viability of YAP: Er®*/Yb®* nano-perovskite in
laser heating applications has been tested and discussed.

1. Introduction

Lanthanide doped materials have been extensively researched due to their applications in several fields,
for instance, laser materials [1-5], bio-imaging [6-11], optoelectronic [12,13] and optical temperature
sensors [14-22]. Special attention has been paid to the down- and up-conversion (UC) emission properties
of the Erbium trivalent ion (Er®*) [23]. Moreover, several studies revealed that Er**-based ferroelectrics
present excellent electrical and luminescence properties [24]. Nonetheless, the low absorption of Er3*
around 980 nm yield a low emission efficiency that limits the practical application of this ion in commercial
devices. Fortunately, Ytterbium trivalent ion (Yb®") presents a strong and broad absorption band ranging
from 850 to 1050 nm [21] and a good energy transfer (ETU) from Yb® to Er®* [25]. Therefore, host co-
doping with Er¥*/Yb®* is very interesting for practical applications because Yb®* can be used as an excellent
sensitizer in highly luminescent Er®*-doped materials.

Another issue which has drawn much attention in the last years is the research on optical thermal sensors
based on UC emissions of materials and nanomaterials doped with lanthanide ions. For instance, nano-
phosphors [26,27] and NaYFs: Er®*/Yb% nanoparticles can be used a nano-thermometer with high
temperature resolution [28], while NaNbO3: Yb%/Tm®* nanocrystals and Y,0s3: Yb%*/Ho%" nanopowders
can be used as optical thermal sensors [29,30].

In this sense, the research on nanomaterials has become an important issue to concern, due to the
outstanding properties of these materials [31]. Among nanomaterials hosts, yttrium orthoaluminate nano-
perovskite (YAP) can be a good candidate due to its excellent chemical stability and mechanical and
thermal properties [32]. In order to explore the combination of the excellent mechanical-chemical properties
of YAP nano-perovskite with the high UC emission efficiency of Er®* ions, enhanced by Yb®* ions as Er®*
sensitizers, we study in this work the viability of YAP nano-perovskite co-doped with 2.5 mol % of
Yb**/Er®* as an optical temperature sensor and its potential use in laser heating applications.

2. Experimental details

YAP nano-perovskite of composition Y @.xy)ErkYbyAlOs, with x = 0.025 and y = 0.025 (in mol %)
(YAP: Er¥*/Yb® from now) was successfully synthesized by the sol-gel method in an air atmosphere.
Stoichiometric molar ratios of high-purity Y(NO3)34H,O (ALDRICH, 99.9%), AI(NOs3)3'9H.0
(ALDRICH, 99.9%), Er(NOs)35H,0 (ALDRICH, 99.9%) and Yb(NO3)3:5H,O (ALDRICH, 99.9%)
materials were dissolved in 25 ml of 1 M HNOg3 under stirring at 353 K for 3 h. Then citric acid, with a
molar ratio of metal ions to citric acid of 1:2, was added to the solution, which was stirred and heated at
363 K until the solution becomes transparent. Subsequently, 4 mg of polyethylene glycol was added to the
solution to form a gel. This gel was fired at 400 °C for 6 h to remove the residual nitrates and organic
compounds and get the powder sample. This powder was initially burnt out at 1200°C for 20 h in a first
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thermal treatment and then at 1550°C for 12 h in a second thermal treatment. The object of the thermal
treatments is to achieve the orthorhombic structure of the YAIO3 (more details about this in ref [33]).
Powder X-ray diffraction data were collected on a PANalytical X’Pert PRO diffractometer (Bragg-
Brentano geometry) with an X’Celerator detector employing the Cu Koy radiation (A=1.5405 A) in the
angular range 5° < 20 < 80°, by continuous scanning with a step size of 0.02°. On the other hand, the
luminescence measurements from RT to 600 K were carried out in a tubular electric furnace where the
samples were placed at the center of it and heated at a rate of 1.25 K/min. The temperature of the sample
was controlled with a type K thermocouple in contact with it and connected to a voltimeter (Fluke Calibrator
714). A 980 nm commercial laser with a maximum power of 343 mW excited the sample from one side of
the furnace, while the emission was collimated by a lens located on the other exit side, and then focalized
with a another lens into an optical fiber coupled to a 0.5 m single grating spectrometer (Andor SR-500i-
B2-R). The laser spot size on the sample (defined as the 1/e? radius of the intensity) was shown to be 5.6
um of diameter. Detection of luminescence signal was carried out with a cooled CCD detector (Newton
DU490A-1.7) with a resolution of 0.7 nm (~25 cm™) and an integration time of 1 s. The luminescence
decay curves were measured by exciting the sample with a pulsed parametric oscillator OPO
(EKSPLA/NT342/3/UVE) laser and using an analogic storage oscilloscope (LeCroy WS424) coupled to
the detection system. All spectra were corrected for the spectral response of the equipment.

3. Fluorescence intensity ratio technique

The fluorescence intensity ratio (FIR) technique was used in the second part of this work in order

to calibrate the YAP: Er¥*/Yb3* nano-perovskite emission with the temperature. In this technique, the
fluorescence intensity of two nearby levels, i.e. 2Hi12 and “Ssp levels of Er¥* levels, is registered as a
function of temperature and interpreted in terms of a simple three-level scheme system (see Fig.1). Since
the energy gap of this pair of thermalized levels is very small, the population of the upper level from the
lower level is allowed by thermal excitation. The issue here is that the ratio of these intensities is
independent of the laser source, because the emitted intensities only depend on the population
proportionality of the involved levels. Thus, the relationship between the relative population of the
thermalized levels, R, and the temperature can be described by the Boltzmann’s distribution law by the
equation:

R Ty a){lgghv3 eiES%T _ Cei%%
Iy @90,

1
where k is the Boltzmann constant, Es is the energy gap between the pair of thermalized levels, gs, g2 grg
the degeneracies (2J+1), ls1, l21 are the integrated intensities of the thermalized levels, a);*l and a)le are
the spontaneous emission rates of the Es and E; levels to the E; level, respectively.

The sensor relative sensitivity Sgev is defined as follows:

_1JoR _(ij
dt| \kT?

REL — E
The sensor relative sensitivity Sge. permits the comparison of the sensitivity with other optical
temperature sensor ones, because it only depends on the temperature. It is evident that a larger energy gap
between the thermalized levels, leads to a higher sensitivity. However, larger energy gap also means lower
population in the upper thermalized level and thus, lower intensity.
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Fig. 1. Simplified diagram for three level system applied on the Er** ion energy level scheme. E is the
energy gap between the two excited levels, g; is the degeneracy of the i-th level and wf; is the spontaneous
emission rate between the i-th and j-th levels.

The main of FIR technique for temperature sensing is that it neglects accuracy problems resulting from
fluctuations of the excitation or from the lack of absolute emission intensities which could occur by noise
in the detection system.

Concerning the temperature uncertainty, 8T, it is known that this magnitude is the smallest temperature
change (temperature resolution) that can be achieved in a given measurement and can be calculated by the
equation [34]:

sT__L oR o
SREL R
where Sgev is the relative sensitivity and the JR/R is the relative uncertainty on R.

4. Results and discussion
4.1. Structural characterization
X-ray diffraction spectrum of YAP: Er¥*/Yb® is depicted in Fig.2. The XRD pattern of the YAP:
Er3*/Yb%* nano-perovskite was indexed to an orthorhombic structure space group Pnma phase. Hence, XRD
confirms the perovskite-type structure of YAP: Er¥*/Yb®. Unit cell of YAP: Er¥*/Yb% nano-perovskite is
also given in Fig.2. Crystal structure parameters have been obtained from fitting process of the the profiles
of the nano-perovskites by the Rietveld method using FULLPROF program [35] (see Table 1).
Table 1. Cell Parameters and Reliability Factors Obtained From Fitting of XRD Pattern for YAP: Er®/Yb*"
a(A) b (A) c(A) V (A3 Va Rp Rup Rexp
5.323(1) 7.364(1) 5.174(1) 202.8(1) 4.95 24.3 29.5 17.1
The average grains size “D” was determined from Scherrer formula:
_0.894
pCoso
where A= 1.5406 A, f is the full width at half maximum of the peaks and 6 is the angle of diffraction. The

average grains size value was around 35-40 nm. No amorphous phase was detected in the nano-perovskite
sample.
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Fig 2. XRD patterns of the YAP: Er®*/Yb* nano-perovskite and the corresponding Pnma symmetry Rietveld
refinement at ambient conditions. The unit cell is also shown.

4.2.Upconversion mechanism

Under 980 nm excitation and ambient conditions, YAP: Er3*/Yb%* nano-perovskite shows a strong UC
emission which can be observed by naked eye as well (see Fig. 3). The UC spectrum can be divided in two
parts, the first one is attributed to the green emissions assigned to (*Huu2, *Sar2) — 2l1s/2 transitions and the
second one is attributed to the red emission related to the *Fo2— 15/ transition.

T T T T
g i
=
=} i
£
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Fig 3. UC emission spectrum of YAP. Er**/Yb®* nano-perovskite obtained at ambient conditions under 980

nm excitation.

To understand the physical mechanism responsible for the UC process in YAP: Er¥*/Yb% nano-
perovskite, the dependence of the UC emissions with the pump power was analyzed. It is known that the
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number of photons, n, which are needed to populate the upper emitting state can be estimated by the
formula:
n

I oc IPump (5)
where lyc is the intensity of the UC band emission, lpump is the pump power of the excitation source.
Increasing the pump power of the 980 nm laser source, it can be observed that the UC emission intensities
increase with the pump power (see Fig. 4(a)). The n values of YAP: Er¥*/Yb** nano-perovskite for the green
(550 nm) and red (660 nm) emission bands are 1.77 and 1.76 respectively, as shown in Fig. 4(b). This
result suggests that a two-photon process is involved in both the population of “Sz;, and *F. levels.

uc

[(@ | —86.76 mW ] = 550 nm (b)

r —— 18551 mW ] 3

r ——270.15mW ]
B b ——31248mW 7
=t 1 =
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Fig. 4. (a) UC emission spectra of YAP: Er**/Yb®* under different pump powers at ambient conditions and (b)
UC intensities of YAP: Er®*/Yb®* nano-perovskite as functions of the pump power at 980 nm in a double-log
scale. Linear fit dependences give slopes of 1.77 and 1.76 for the 550 nm and 660 nm bands, respectively.

The temporal evolution of the UC intensities at 550 nm and 660 nm are shown in Fig.5. The rise time
that can be seen in both curves indicates that the UC mechanism is based on energy transfer processes
(ETU) in which an excited ion transfers its energy to a neighbor excited ion, which is promoted to a higher
excited state. Otherwise, when the rise time is negligible, then the UC processes are due to an excited state
absorption mechanism (ESA) that involves the absorption of a photon by a unique ion that promotes to a
higher excited state.
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Fig. 5. Temporal evolutions of the UC emissions of YAP: Er®/Yb** nano-perovskite at 550 nm and 660 nm

under excitation at 980 nm.

Based on the results shown in Figs. 4 and 5, it can be confirmed that the mechanism behind the UC
emission is an ETU process with different steps. The simplified energy level diagram of YAP: Er¥*/Yb%*
nano-perovskite is depicted in Fig. 6. The UC mechanism for YAP: Er®*/Yb® nano-perovskite is the energy
transfer ETU from Yb®" to Er®* ions. Exciting at 980 nm, Yb®* ions in the ground level promote to the 2Fs
level by ground state absorption (GSA) and then, the energy of these ions is transferred to Er3* ions.
Afterwards, electrons that are coming from Er®* ions are excited to the “l;1 level and partly decay to the
1132 level by multiphonon relaxation (MPR) processes. At this stage, a second energy photon can be
absorbed by Yb3* ions and transferred to Er®* ions again, during the lifetime of the *l112 and 113 levels.
This leads to the population “F7, and “Fo, levels from the excitation of the electrons that come from *l11/2
and “l132 levels, respectively. Then, these electrons decay to the 2Hiy, “Sa and “Fgr, levels via MPR
process. Finally, a radiative transition process occurs leading to the green and red emissions related to the
(2H11/2, 453/2) — 24572 and *Fora— 21152 transitions, respectively.
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Fig. 6. Partial energy level diagram of YAP: Er**/Yb® nano-perovskite under 980 nm excitation and possible
UC proccesses.

4.3. Optical sensor calibration

Since YAP: Er¥*/Yb® nano-perovskite shows strong UC emission intensities, its viability as optical
thermal sensor was analyzed.

The temperature evolution of the YAP: Er®*/Yb® nano-perovskite UC emission spectra from room
temperature up to 600 K are shown in Fig.7. It can be observed that the emission band associated with the
S, — “l152 (550 nm) transition was decreasing as the temperature increases, while the emission band
associated with the 2Hi12 — “l1s2 (530 nm) transition was increasing, because of the thermally induced
population that comes from the “Sg; level.

Intensity (arb. units)

1 1 1 1 1 1 1

500 510 520 530 540 550 560 570 580
Wavelength (nm)

Fig. 7. Temperature evolution of the upconversion emission of the YAP: Er®*/Yb** nano-perovskite.
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An analysis based on a simple three-level system scheme formed by 2Hi1,2 (level 3), “Sap (level 2) and
41151 (level 1) was performed. The ratio between the integrated intensities for 2Hiy, — *l1s2 and “Sg, —
115/, Was increasing with the temperature, following a tendency that can be described by Eg. (1). From the
fitting process, the values of C = 5.77 and the energy gap Es, = 751.10 cm™ have been determinate. The
relative sensor sensitivity Sger as a function of the temperature T, defined by the Eq. (2) is also shown in
Fig.8. The temperature uncertainty 67 achieved in the optical calibration procedure is also shown in Fig.8.

/
4 . ]
/
||
L / ]
_u"
l/.
L .../././I ]
"
0.1bL . . . . . NP ol . . . . . .
300 350 400 450 500 550 600 300 350 400 450 500 550 600
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Fig. 8. (a) Experimental integrated intensity ratio (R) (black squares) and relative sensitivity (Sge.) (blue line)
of the YAP: Er**/Yb*nano-perovskite obtained from the emission bands associated to the 2Hyy,— I35 and
4Sa2— 151, transitions. The experimental values were fitted to Eq. (1) (red line). (b) Temperature uncertainty
JT computed by Eq. (3).

The maximum relative sensitivity achieved for YAP: Er®*/Yb%" nano-perovskite was 0.0123 K™ with a
temperature uncertainty around of 0.42 K. The relative sensitivity of YAP: Er¥*/Yb%* nano-perovskite was
compared with others RE%*- based temperature optical sensors (see Table 2). YAP: Er¥*/Yb% shows a very
high sensitivity, and thus, it can be considered as potential candidate to become an optical temperature
sensor based on the FIR technique working in the VIS range exciting in NIR.

Table 2. Thermal Relative Sensitivity at 296 K of Different RE**- Based Temperature Optical Sensors?

Er¥/Yb® FIR equation Transition Temperature A exc SreL Ref.
doped host material range (K) (nm)  (x10°K?)
at 300K
NaBiTOs: Er®*/Yb® ceramic 9.77+exp(-795/KT) (*Hurz, *Sar) — *hise 200-443 980 12.6 [24]
YAP: Er®*/Yb* nano-perovskite 5.77+exp(-751.10/kT) (H1z, *Sa2) — *lis2 296-600 980 11.9 This work
NaYFas: Er®* nano-crystalline 10-exp(-741/KT) (?Ha1z, *Sa) — *lisi2 294-720 488 11.7 [19]
Lanthanum Oxysulfide powder:Er®* 8.75+exp(-712.57/KT) (?Haxz, *Sa) — *lsi2 240-300 806 113 [20]
Al,Os: Er¥*/Yb* nano-particles 9.63+exp(-674/KT) (H1ur2, “Sar) — *lis2 295-975 978 10.6 [23]
NaosBiosTiOa: Er®*/Yb®* ceramic 4.71-exp(-579.10/kT) (3Ha1z, *Sar) — *lsi2 93-613 980 9.2 [36]
Chalcogenide glass: Er¥*/Yb** 5.98+exp(-555/kT) (Hu, *Sar2) — *ls2 293-493 1060 8.8 371
NazY2B207: Er*/Yb® nano- 27.6°exp(-536.40/kT)  (*Huwz, “Sar) — *lisi2 300-613 980 85 [26]
phosphor
Silicate glass: Er®*/Yb%* 3.65+exp(-414.80/kT) (H112, *Sar2) — *lis2 296-723 978 6.6 [38]
CaMoOs: Er¥*/Yb** nano-phosphor 5.10+exp(-379.40/kT) (*Hurz, *Sar) — *hse 300-535 980 6 [27]
2FIR Equations, transitions of interest, relative sensibilities as well as the temperature ranges and excitation wavelengths are also

included.
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4.4.Laser heating application

Taking advantage of the temperature calibration of the YAP: Er®*/ Yb® performed in the previous
section of this work, it is possible to obtain the temperature heating of the 980 nm laser source. The
increment of temperature and ratio as a function of the pump power of the laser source are shown in Fig. 9.
As can be observed, it is possible to heat the nano-perovskite sample and control its temperature with the
laser power. Therefore, with a pump power of 350 mW it is possible to increase its temperature 100 K with
an uncertainty lower than 1 K in this temperature range (according to Fig. 8b).
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80 . " n 40.20
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u
u
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Fig. 9. Temperature and ratio increments as functions of the pump power of the laser source.

5. Conclusions

Upconversion properties of YAP: Er3*/Yb3* nano-perovskite exciting at 980 nm have been analyzed.
Under 980 nm excitation, the green UC emissions at 530 nm (*Hi12—*l1s2) and 550 nm (*Sz» — *l1s2) as
a function of temperature from RT to 600K were studied. The obtained results show a high sensitivity in
YAP: Er**/Yb% nano-perovskite (0.0123 K with a temperature uncertainty around of 0.42 K) which is
better than many other optical temperature sensors based on Er®* and Er3*/Yb®*, suggesting its viability as
optical temperature sensor based on the FIR technique working in the VIS range exciting in NIR. The
temperature of the YAP: Er®*/Yb®* nano-perovskite can be controlled by heating with the pump power of
the excitation laser, suggesting its potential viability in laser heating applications.
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6. ANNEXES

6.2. Spectroscopic properties of Ho%* ions in YAIO3 nano-perovskites for
bioimaging and energy applications

In this work (pending submission to journal) the structural and spectroscopic properties
of Ho**-doped yttrium orthoaluminate nanoperovskites were studied. First, the structural
properties of the sample were studied by X-ray diffraction measurements, confirming the
Pnma orthorhombic structure for all samples (see Fig. 1), with average grain around of
35-45 nm.

Secondly, the influent of the Ho®" concentration of the samples in the spectroscopic
properties was also analyzed. In addition, taking advantage of the 1200 nm emission of
the Ho®* ion when it is excited at 895 nm, a sub-tissue penetration depth study was carried
out, reaching a penetration depth around 5.4 nm (see Fig. 7), which is quite close to those
found in other nanomaterials, suggesting the possible application of YAIOs: Ho** nano-
peroskites in sub-tissue luminescence imaging. On the other hand, the capabilities of
YAIOs: Ho® nano-perovskite in the enhancement of the performance of solar cells were
also proven, comparing the upconversion emission of these nano-perovskites with the one
obtained by a crystal bulk doped with the same concentration of Ho®" ions. The
upconversion emission of Ho®* ions in YAIOs was sensible higher that the crystal one
(see Fig. 8), suggesting that YAIOs: Ho®* nano-perovskite can be used for enhancement

of the solar cells performance.
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Keywords:

Abstract: The structural and spectroscopic properties of Ho®-doped yttrium
orthoaluminante nanoperovskites were measured and analyzed. The influent of the Ho®*
concentration of the samples in the spectroscopic properties was also analyzed. The
potential application of YAP: Ho®* nano-perovskites in sub-tissue luminescence imaging

and enhancement of the performance of solar cells were proven.

1. Introduction

In the last decade, several studies have been performed in order to optimize the
luminescence properties of trivalent rare-earth (RE®*)-doped nanocrystals using their size,
shape, phase and concentration dependency [1-3]. The main feature of the nanocrystals
is their capacity to keep the luminescence properties compared to bulk counterparts,
making them useful as optoelectronic materials, for instance, in the photonic and
bioimaging fields [1,4-6]. It is known that luminescence efficiency is generally
considered to be low in oxide materials because of noticeable multiphonon relaxation

(MPR) rate caused by the high-energy phonons. In spite of this, oxide materials result to
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be more efficient for practical applications due to their high chemical durability and
thermal stability [7,8]. When the RE®* ions are inserted into the crystals, their conversion
efficiencies depend on the RE®* ion concentration, the intra- or inter-energy transfer
processes, and the rate of the MPR. Hence, there is a necessity of deep search for RE3*-
doped hosts which should accomplish the next features: i) low energy phonons, ii) high
quantum efficiencies, and iii) optimum RE®* concentration in order to develop optical
devices with efficient luminescence properties [9-11].

Among oxide based materials, perovskites have gained interest because of their
technological applications, such as hydrogen sensors, SOFC electrodes, multilayer
capacitors, and solar cells [12]. The most used perovskite is the CaTiOs, due to its thermal
and chemical stabilities [13]. Futhermore, some of its features make this perovskite a
promising candidate as a host material for powder lasers as well as host lattice for efficient
luminescence of lanthanide ions [14-17], and biomedical applications [18]. In addition,
it is possible to find works focused on others types of perovskites, such as BaTiOz which
it is recognized because its ferroelectric properties [19-21] or LaAlOs as a host material
for RE®* ions [17].

The yttrium orthoaluminate perovskite (YAP) doped with different rare-earths (RE) ions
in bulk crystal and nano-powder has been extensively studied due to its optical properties.
It has been successfully used as a scintillator [22—24] phosphor [25,26], optical sensor
with pressure and temperature [27-30] and for solid-state lasers [31,32]. Due to the
spectroscopic properties of the holmium trivalent ion (Ho®*) [ref], several works on of
Y AP doped with Ho®* can be found, for instance, as phosphors for dosimetry applications
[33], lasers [34-36], etc. The present work focuses on the spectroscopic properties of the
Ho®*: YAP nanoperovskite and the influence of the Ho®*concentration in its luminescent

properties, as well as its potential application energy (solar cells) and biomaging fields.
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. Experimental details

Nanocrystalline YAP perovskites of composition Y 1.xH0xAIOs, with x =0.5, 1.0 and 2.5
(in mol %) were successfully synthesized by the Pechini citrate sol-gel method in an air
atmosphere. Stoichiometric molar ratios of high-purity Y(NO3)3-4H,O (ALDRICH,
99.9%), Al(NO3)3-9H,0 (ALDRICH, 99.9%) and Ho(NO3)35H20 (ALDRICH, 99.9%)
materials were dissolved in 25 ml of 1 M HNO3 under stirring at 353 K for 3 h.
Afterwards, citric acid, with a molar ratio of metal ions to citric acid of 1:2, was added to
the solution, which was stirred and heated at 363 K until reaching the transparency of the
solution. Then, 4 mg of polyethylene glycol was added to the solution. The former step
created a gel that was fired at 400 °C for 6 h to remove the residual nitrates and organic
compounds and the subsequently obtained powder sample was finally burnt out at 1200°
C for 20 h. The second thermal treatment was performed at 1550°C for 12 h.

X-ray diffraction (XRD) patterns were carried out using a diffractometer (PANalytical
X’Pert Pro) using CuKal radiation.

The visible and NIR diffuse reflectance spectrum in the range from 400 to 1300 nm was
measured using an integrating sphere with a Cary 5000 (Varian).

Emission spectra of YAP: Ho®" nanoperovskites were measured by exciting at 457 nm
with a continuous commercial laser. The emission of the samples was focused on the
entrance slit of a CCD spectrograph. The luminescence decay curves were measured by
exciting the Ho®* ions around 539 nm with a 10 ns pulsed optical parametric oscillator
OPO (EKSPLA/NT342/3/UVE) and monitoring the results by using an analogic storage
oscilloscope (LeCroy WS424) coupled to the detection system. For the depth penetration
studies, a solution of Intralipid® [37] was used as phantom tissue. The excitation
wavelength in this experiment was 895 nm, using the laser line of an a Ti:sapphire laser

(3900S Spectra Physics) pumped by the Ar+ laser and the emission as a function of the
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depth penetration was recorded by using a NIR extended photomultiplier (HAMATSU

H10330B-75). All spectra were corrected from the instrument response.

3. Results and discussion

3.1. Structural characterization
All the diffraction patterns of the samples are well indexed to an orthorhombic space
group Pnma. Thus, XRD confirms the perovskite-type structure of YAP: Ho®*. Crystal
structure parameters have been estimated after fitting the profiles of the nanoperovskites
by the Rietveld method using the FULLPROF program [38]. The average grains size “D”
was determined from Scherrer formula:

~0.894 O
£ Cosd

where A= 1.5406 A, f is the full width at half maximum of the peaks and @ is the angle of

diffraction. The average grain size value was around 35-45 nm. No amorphous phase was

found in the samples.

—0.5%
—1.0%
—2.5%

20 30 40 50 60 70 80
20

Figure 1. XRD patterns of the YAP: Ho** nanoperovskite.

3.2. Absorption and luminescence
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Knowing the local structure around the RE®* ions inside the host matrix is important,
because it gives rise to the fine structure splitting of the free-ion multiplets and the forced
intra-configurational 4f-4f electric-dipole transition probabilities in the optical range
(UV-VIS-NIR). In the case the of the YAP structure, the RE® ion enters into the
octahedral interstice sites occupied by the Y** ions [39]. As a result, the crystal field
interaction implies a totally breakdown of the degeneracy of the 25*1L; mutiplets of the
free Ho®" ion, resulting in (2J+1)/2 Stark levels, which are labeled according to the
irreducible representations obtained from group theory. This crystal field splitting of the
electronic levels can be identified from the absorption and emission spectra.

First, the measurement of the diffuse reflectance spectrum of the YAP: Ho®* in the visible-
NIR range was performed, and is shown in Fig.2. The sample with the highest
concentration was chosen for this measure because it has a greater absorption compared
with the other samples. The observed absorption peaks are related to the intra-
configurational 4f%-4f'° electronic transitions starting from the ls ground state to the
different excited levels of the Ho®*. All the transitions were assumed to be electric-dipole
in nature. The sharpness of the peaks of the diffuse reflectance spectrum suggests that
the Ho®* ions are incorporated in the nanocrystalline structure of the perovskite. The
labels of the electronic transitions of the Ho®* in the yttrium-aluminium nanoperovskites

have been assigned according to the Dieke’s diagram for this ion.
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Figure 2. Diffuse reflectance spectrum of the YAP: Ho®* 2.5% nanoperovskite powder in the UV-visible-NIR range at RT. All

transitions start from the ®ls ground state to the indicated levels.

The emission spectra of YAP: Ho®* nanoperovskites for different concentration of doped
holmium are shown in Fig.3. Three main emission bands appear in the wavelength
measurement range, being the following the most intensive transitions: the °S2(°Fs) — 5lg
with the maximum about at 550 nm (530-570 nm range), and the °S,(°F4) — I which its
maximum centered at 757 nm (740-765 nm range). Transitions from the °S,(°F4) are more

intensive than 5Fs — Slg transition (640-670 nm range) as can be observed in the Fig. 3.

Intensity (arb. units)
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Figure 3. Emission spectra of YAP: Ho®* nanoperovskites for different concentration of doped holmium at room temperature

exciting at 457 nm. Transitions are also indicated in the figure.

The emission decay curves for the 5S,(°F4) level of Ho®* ion were obtained by exciting at
539 mm with a pulse laser source and monitoring the 5S,(°F4) —°I- transition at around
757 nm (see Fig. 4). The decay curve for the lowest concentration of Ho®* presented a
mono-exponential nature for short times, while the samples with higher concentrations
showed non-exponential shapes due to the presence of multipolar interactions between
Ho®* ions, which are related with the energy transfer cross-relaxation process [17].

The multipolar interactions mentioned before can be explained by the Inokuti-Hirayama
model [40]. According to this model, the luminescence decay intensity I(t) after laser

pulse excitation can be represented by the following equation:
t t 3/s
10-10-00|-1-0 4] @
T T

where 1(0) is the intensity at time t=0 (in arbitrary units); zis the intrinsic lifetime of the
engaged donor level; S is related to the type of interaction between ions (S=6 for dipole-
dipole interaction); and, in the case of a unique type of acceptor ion, the dimensionless
energy transfer parameter, Q, is given by the following expression:

A 3 3s
Q —?r(l—g)c'(cmr) ©)

where I"is the gamma function, C is the concentration of doping ions, and Cpa is the
donor-acceptor energy transfer parameter [40].

The decay curves of the YAP: Ho®" nanoperovskites have been fitted to the Inokuti-
Hirayama with S = 6, confirming the dipole-dipole interaction between the Ho®" ions as

main contribution of the energy transfer processes.
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Figure 4. Emission decay curves of the 5S2(°F4) level monitoring the 5S2(°F4) —®17 emission exciting at 539 nm with a

pulse laser source. Fitted curves (in red) to the Inokuti-Hirayama model (with S = 6) are also shown.

The lifetime and energy transfer parameters Q were estimated from the fitting process.

The 7 value was found to be 44.46 ps (with an uncertainty of + 1.0 us). The Q parameters

presented a linear dependence (see Fig. 5) with doping concentration of Ho®* ions

according to the Eq. 3 (Q =0.48C).
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Figure 5. Transfer parameter Q values for the °S2(°F) as functions of the Ho3* concentration. Linear fitting is also

given (red line).

3.3. Application of YAP: Ho®*" nanoperovskites in sub-tissue luminescence

imaging
Ho® ion has remarkable absorptions and emissions in the NIR range, which fall in the
well-known “biological windows” of the human skin, composed of two spectral regions,
i) the “first biological window” (I-BW) that covers the spectral range between 700-950
nm and ii) the “second biological window” (11-BW) which spectral range included
between 980-1500 nm. In these windows, the optical scattering due to the absorption of
water and other compounds present in tissues is notably low, being further decreased in
the 11-BW compared to the 1-BW, due to the use of longer wavelengths. In fact, Ho®*

ions can be excited and emit in the I-BW and 11-BW respectively.

When the YAP: Ho®* nanoperovskite is excited at I-BW (895 nm), it exhibits an
emission band and its corresponding Stark levels at 1200 nm associated with the %l —

SIg which falls in the 1I-BW (see Fig.6).

5 5
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Figure 6. NIR Emission spectrum of YAP: Ho®** 2.5% nanoperovskite at room temperature exciting at 895 nm.

Transition is also indicated in the figure.

This feature makes YAP: Ho®* nanoperovskites suitable for applications in the biomaging
field. To evaluate this, an experiment was performed using a liquid known as Intralipid,
dissolved at 10%, as a phantom tissue. The experimental setup for the determination of
the tissue penetration depth of the YAP: Ho®* 2.5% is depicted in Fig.7 (left). Shortly, the
sample was placed into a holder which was located under a 1 mm size cuvette filled with
a solution of this phantom tissue. The sample was excited with a continuous laser source
at 895 nm. The laser beam was partially reflected by a filter and then was focused on the
sample. After that, the 1200 nm emission of the sample passed through the former filter
and then was focused on the spectrometer by a second lens. With this setup, the YAP:
Ho®* 2.5% 1200 nm emission associated with the Ho®" Sls— Sls transition as a function
of the tissue thickness by filling the cuvette with a specific volume of the phantom tissue
was measured. The phantom tissue used in this experiment was a solution of Intralipid
(2.25 mL of Intralipid 20% per 23.6 mL of water) which consists in an absorbing and
scattering medium that has been extensively employed in the past to mimic the optical

properties of human skin in the I-BW and 11-BW [41-43] .

Fig. 7 (right) shows the emission intensity versus tissue thickness. A decrease of the
emission intensity with the thickness can be observed, indicating that the signal is
attenuated within the phantom tissue either by absorption and/or scattering processes.
However, from the penetration depth results, the use of YAP: Ho** 2.5% allows for
penetration depths into in vitro human skin tissues close to 5.4 mm in the 1I-BW. The
penetration depth reported here is in the same order of magnitude as that obtained in the
literature [29,44] for Nd**-doped nanomaterials. This result suggests the possible

application of YAP: Ho®* nanoperovskite for subtissue luminescence imaging.
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Figure 7. Schematic diagram showing the experimental procedure to determine the penetration depth of YAP: Ho® 2.5%. (left).
Sub-tissue luminescence intensity as a function of the phantom tissue thickness as obtained for the emission of Ho®* associated with

51— 515 0f YAP: Ho®* 2.5% in semilogarithm scale (right).
3.4. Application of YAP: Ho®" in the performance enhancement of solar cells
It is known that upconversion is a luminescence process where two low-energy infrared
photons are absorbed by rare-earth ions to generate a high-energy visible photon. The
energy transfer upconversion process (ETU), consists in successive transfer processes
between excited ions under excitation in the near infrared. Therefore, an excited ion can
reach a high energetic level from which de-excites emitting a visible photon. Many works
have been focused on improving the performance of the crystalline-silicon based solar
cells taking advantage of upconversion processes by using RE®* doped materials [45,46].
Among RE ions, Ho®* could be interesting for hosting upconversion processes to obtain
visible emission, mainly due to its energy level scheme. By this way, YAP: Ho®** nano-

perovkites could be a suitable candidate for this purpose.
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Fig. 8 shows a comparison of the upconversion emission spectra of YAP: Ho®* 2.5%
nanoperovskite and glass doped with 2.5 mol% of Ho®" at RT exciting at 1200 nm. The
temporal dependence of the upconversion intensities of YAP: Ho®* 2.5% at 550 nm
(green) at 660 nm (red) are depicted in insets in the figure. The rise time that can be
observed in these curves indicates that the mechanism necessary to produce the
upconversion is based in energy transfer processes (ETU) in which an excited ion transfer
its excitation energy to a neighbor excited ion.

From the figure, the YAP: Ho®* 2.5% is more efficient than the glass sample doped with
the same concentration of Ho®* ions, so the use of YAP: Ho®* nanoperovskites in the

improvement of solar cells performance can be considered.
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Figure 8. Comparison of the upconversion emission spectra of YAP: Ho** 2.5 mol% (black line) and glass doped with 2.5 mol% of
Ho®* (red line) obtained at RT exciting at 1200 nm. Temporal evolutions of the upconversion emissions associated with 5S,(°Fs) —

®ls (green) and °Fs— °I (red) are also shown in two insets in the same figure. All the transitions are indicated.

4. Conclusions

Yttrium aluminium nano-perovskite doped with different concentrations of Ho®* ions
were properly synthesized by sol-gel method. XRD analysis confirmed the Pnma

orthorhombic structure of the YAP: Ho®* nano-perovskites. The spectroscopic properties
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of these nano-perovskites were measured and analyzed. The influent of the dopant
concentration of the samples were also studied. The optical properties depend on the
amount of doped ions in the samples, being the most concentrated sample which showed
the most intensitive emission. The luminescence dynamics measurements showed a
mono-exponential nature for the sample with the lowest concentration of Ho®*, while the
samples with higher concentrations of this ion, presented non-exponential profiles due to
the energy transfer cross-relaxation process. The potential application of YAP: Ho®*
nano-perovskites in sub-tissue luminescence imaging was proven, reaching a penetration
depth around of 5.4 mm. In addition, the upconverted emissions of YAP: Ho®*" nano-
perovskite was compared to a Ho**-doped glass with the same concentration of Ho®* ions,
showing a higher upconverted emission intensities, suggesting the potential use of YAP:
Ho® nano-perovskite to enhance the performance of a solar cell.
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