Institute of Physics, Polish Academy of Sciences
Ph.D. Thesis in Physics

Effects of High-Pressure on Structural, Electronic and
Optical Properties of Selected Lanthanide/Transition-Metal
Ion-Doped Materials

Tutor
Prof. dr hab. Andrzej Suchocki
PhD Candidate
Yongjie Wang

Preface

PREFACE
This dissertation is submitted for the degree of Doctor of Philosophy in Physics at the Institute of
Physics, Polish Academy of Sciences (IP PAS). The research described in this dissertation was
conducted primarily at IP PAS by myself in the period from October 2015 to October 2019,
under the supervision of Professor Andrzej Suchocki at the Division of Physics and Technology
of Wide-Band-Gap Semiconductor Nanostructures - ON4, of IP PAS.
I hereby declare that the work described in this dissertation is original, except where were due
reference is made in the work of others. This dissertation is the result of my own work except
where explicitly stated otherwise in the text. No part of this dissertation, or any similar to it, has
been, or is currently being submitted in previous application for a degree.
The work was supported by Polish National Science Centre under the PRELUDIUM grant
number DEC-2017/25/N/ST5/02285.
This dissertation is less than 51,000 words in length.

Yongjie Wang
Warsaw
October, 2019

i

Abstract

ABSTRACT
Lanthanide and transition-metal ion-doped luminescent materials have received considerable
attention for long time from a scientific viewpoint, and more recently also their enormous
potential as new functional materials. The ability to precisely predict and control the
luminescence properties of incorporated ions has long been an important objective of the optical
materials community. The luminescence properties of these dopants in solids ultimately are
determined by the chemical and physical interactions between them and the local coordination
environment in a given host material. The customary approach for probing the relationships
between the bonding environment of luminescence centers and their optical properties is to
change the chemical compositions of the host materials by doping. However, variations in
chemical composition, on the contrary, very often introduce discrete changes, such as impurities
and defects.
In this work, the alternative approach based on hydrostatic pressure technique is used to study
the structural, electronic and optical properties of lanthanide/transition-metal ion-doped materials,
aiming at achieving new insights into the key chemical and physical factors necessary for
achieving user-designed optical properties in new materials. The research benefits not only
tangible technological applications, but also allows us to understand better the ability of
luminescence centers to function as probes of chemical and physical phenomena. We have
investigated several lanthanide/transition-metal ion-doped materials with emphasis on the highpressure effect on their structural, electronic and luminescent properties. All results, except these
described in Chapter 9, are already published.
The dissertation is organized in the following way: after introductory Chapters of thesis the
results are presented with following Chapters:
In Chapter 5, we present the electronic structure of Ce3+ in YAlO3 and LuAlO3 bulk crystals and
single crystal layers. The intra-configurational 4f – 4f transitions in infrared absorption spectra
indicate the existence of at least three different Ce3+ related centers. The dominant center is
associated with Ce substituting yttrium or lutetium. The two additional centers are most probably
related to the so called antisite positions of rare-earth ions in orthoaluminates, i.e., ions on Al
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sites. Crystal field analysis based on the exchange charge model exhibits excellent agreement of
the calculated transition energies with experimental data for the dominant Ce3+ center. The
linewidths of the 4f-4f transitions in both types of crystals are different depending on the final
level of transition. This is explained as a result of electron-phonon coupling, enhanced by the
matching inter-level spacing of the 2F7/2 state with phonon energies.
In Chapter 6, spectroscopic properties and martensitic phase transition of Y4Al2O9:Ce single
crystals under high pressure is studied. The infrared absorption spectra prove the existence of
four different sites in which Ce3+ ions substitute Y ions. Strong temperature quenching of Ce3+
luminescence is caused by autoionization of the lowest 5d level of Ce3+ to the bottom of the
conduction band. Application of pressure restores Ce3+ luminescence which is absent at ambient
pressure and further induces luminescence enhancement. Angle-dispersive high-pressure
synchrotron radiation X-ray Diffraction and Raman scattering measurements identify phase
transition occurring at pressures between 8 and 11 GPa, which has martensitic character.
In Chapter 7, we demonstrate a potential optical thermometric material, Pr3+-doped triplelayered perovskite Na2La2Ti3O10 micro-crystals, which promises a remarkable performance in
temperature sensing over a wide temperature range (125-533 K). Carrier recombination on Pr3+
related hole traps was proposed in the studied system. In addition, high-pressure measurements
confirmed our interpretation of the observed spectroscopic behavior and the proposed model.
The energy position of intervalence charge transfer (IVCT) state is demonstrated to be a critical
parameter for luminescent properties and potential applications in temperature sensing. The
thermoluminescence properties are investigated as well.
In Chapter 8, a comparative study of luminescence properties and their nature in relation to
different substitutions at the rare-earth site of Pr3+-doped layered perovskite Na2Ln2Ti3O10
(Ln=La, Gd) micro-crystals has been reported. In the case of Ruddlesden-Popper type layered
perovskite oxide compounds our results show a possibility of controlling the 3P0  1D2
nonradiative relaxation of Pr3+ ions via IVCT state and the energy distance of the relatively
shallow traps in relation to the bottom of conduction band, giving a way for specific band-gap
engineering in these materials.
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In Chapter 9, we report the effect of temperature and high-pressure on the optical properties of
Mn3+ ions in the garnet-type Ca3Ga2Ge3O12 single crystal. A dramatic decrease of Mn3+:5T25E
luminescence is caused by thermalization between 5T2 and 1T2 electronic levels with decreasing
temperature. The significant influence of the crystal-field strength on the observed emission
intensities has to be taken into account. Pressure-induced blue-shift of the spin-allowed 5T2  5E
transition of Mn3+ was estimated to be ~10 cm-1/kbar. The Jahn-Teller effect, which was found to
be larger for 5E ground state than 5T2 excited state of Mn3+, is nearly independent of the pressure.
The additional band appearing under high pressure above 80 kbar is assigned to 3E  3T1
radiative transition of Mn3+ ion. In addition, the strong deep-red luminescence of Mn4+ ion was
observed at low-temperature below 100 K. The possible mechanisms involved in the present
system are proposed as well.
In Chapter 10, these results are summed up and the future work is mentioned.
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STRESZCZENIE
Materiały luminescencyjne domieszkowane jonami lantanowców i metali przejściowych są
badane z powodów czysto poznawczych od dawna, zaś ostatnio także z powodu ich ogromnego
potencjału

jako materiałów funkcjonalnych. Możliwość precyzyjnego przewidywania oraz

sterowania własnościami luminescencyjnymi jonów domieszek jest od dawna podstawowym
celem badań w środowisku zajmującym się materiałami optycznymi. Własności luminescencyjne
jonów domieszkowych w ciele stałym są określone przez oddziaływania chemiczne i fizyczne
pomiędzy nimi i lokalnym ich otoczeniem w danej matrycy. Typowym podejściem do badania
relacji

pomiędzy

lokalnym

otoczeniem

wraz

z

wiązaniami

chemicznymi

centrum

luminescencyjnego a jego własnościami optycznymi jest zmienianie składu chemicznego
matrycy odpowiednio ją domieszkując. Jednak zmiana składu chemicznego bardzo często
wprowadza zmiany struktury materiału poprzez wprowadzanie domieszek i defektów.
W

niniejszej

pracy zastosowano podejście

alternatywne oparte

na użyciu

ciśnień

hydrostatycznych dla badania strukturalnych, elektronowych i optycznych własności materiałów
domieszkowanych lantanowcami i metalami przejściowymi, w celu uzyskania innego wglądu w
podstawowe czynniki chemiczne i fizyczne niezbędne dla otrzymania pożądanych własności
optycznych nowych materiałów. W ten sposób prowadzone badania mogą prowadzić do
użytecznych

zastosowań,

ale

też

pozwalają

na

zrozumienie

własności

centrów

luminescencyjnych jako próbników własności chemicznych i fizycznych materiałów. W tej
pracy zbadano kilka materiałów domieszkowanych jonami ziem rzadkich i metali przejściowych
ze zwróceniem uwagi na wpływ ciśnienia hydrostatycznego na ich właściwości strukturalne,
elektronowe i luminescencyjne. Wszystkie wyniki opisane w tej pracy, z wyjątkiem
zamieszczonych w Rozdziale 9, zostały już opublikowane.
Rozprawa składa się z następujących części: po rozdziałach wstępnych, wyniki są przedstawione
w następujących rozdziałach:
W Rozdziale 5, przedstawiono strukturę elektronową jonu Ce3+ w kryształach objętościowych i
warstwach monokrystalicznychYAlO3 i LuAlO3. Struktura przejść wewnątrzkonfiguracyjncyh 4f
– 4f obserwowana w absorpcji w podczerwieni wskazuje na istnienie co najmniej trzech różnych
centrów związanych z jonami Ce3+. Dominujące centrum jest związane z jonem Ce
v
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podstawiającym itr lub lutet. Dwa pozostałe centra sa najprawdopodobniej związane z tzw.
defektami antypołożeniowymi w tych materiałach, tj. jonami ziem rzadkich w miejscu jonów
glinu. Teoria pola krystalicznego oparta o model ładunku wymiennego (exchange charge model)
znakomicie zgadza się z obserwowanymi energiami przejść optycznych dla dominującego
centrum. Szerokości linii widmowych dla przejść 4f – 4f w obu typach kryształów zależą od
końcowego poziomu, do którego zachodzi przejście optyczne. Jest to wynikiem oddziaływania z
siecią, zwiększonego przez zbieżność energii separacji składowych termu 2F7/2 z energiami
fononów.
W Rozdziale 6 przedstawiono wyniki badań spektroskopowych oraz strukturalnych, w tym
fazowej przemiany martenzytycznej monokryształu Y4Al2O9:Ce. Pomiary absorpcji w
podczerwieni pokazują występowanie czterech różnych centrów związanych z jonami Ce3+
podstawiającymi jony Y. Silne gaszenie termiczne luminescencji jonów Ce3+ jest związane z
jonizacja termiczną najniższego poziomu stanu 5d do pasma przewodnictwa. Ciśnienie
hydrostatyczne powoduje przywrócenie emisji jonów Ce3+ nieobserwowanej w warunkach
normalnych, a także indukuje wzrost jej intensywności. Badania rozproszenia promieni X przy
użyciu promieniowania synchrotronowego oraz efektu Ramana w funkcji ciśnienia
hydrostatycznego pozwalają na identyfikację przejścia fazowego występującego w ciśnieniach
pomiędzy 8 a 11 GPa, które ma tzw. charakter martenzytyczny.
W Rozdziale 7, zademonstrowano potencjał mikrokrystalicznego warstwowego perowskitu
Na2La2Ti3O10, domieszkowanego jonami Pr3+ jako materiału dla termometrii optycznej, który
wykazuje znakomitą wydajność pomiaru w szerokim zakresie temperatur (125 – 533 K).
Zaproponowano mechanizm rekombinacji nośników na związanych z Pr3+ pułapkach
dziurowych.

Pomiary

wysokociśnieniowe

potwierdzają

interpretacje

własności

spektroskopowych oraz zaproponowany model. Pokazano, że położenie poziomu związanego ze
stanami interwalencyjnego transferu ładunku (IVCT) ma krytyczne znaczenie dla własności
optycznych tego materiału oraz wydajności termometrycznych. Zbadano również efekt
termoluminescencji tego materiału.
W Rozdziale 8 opisano badania porównawcze luminescencji i jej pochodzenia w odniesieniu do
różnego składu chemicznego związanego z użyciem innego jonu ziemi rzadkiej w
mikrokrystalicznych perowskitach warstwowych Na2Ln2Ti3O10 (Ln=La, Gd) domieszkowanych
vi
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jonami Pr3+. W tym przypadku tych tlenkowych perowskitów warstwowych typu Ruddlesden’aPopper’a wyniki wskazują na możliwość wpływania na relaksację niepromienistą związaną z
przejściami 3P0  1D2 w domieszce Pr3+ poprzez stany IVCT oraz odległość energetyczną
względnie płytkich pułapek w odniesieniu do dna pasma przewodnictwa, co daje możliwość
zastosowania specyficznej inżynierii przerwy energetycznej dla tych materiałów.
W Rozdziale 9 opisano wpływ temperatury i wysokiego ciśnienia na własności optyczne jonów
Mn3+ w monokryształach granatów Ca3Ga2Ge3O12. Występujący w niskich temperaturach
dramatyczny spadek emisji związanej z przejściami 5T25E
5

jest związany z termalizacją

1

pomiędzy poziomami elektronowymi T2 and T2. Pole krystaliczne ma znaczący wpływ na
wydajność luminescencji. Współczynnik ciśnieniowy dozwolonych spinowo przejść 5T2  5E
jonów Mn3+ określono na około 10 cm-1/kbar. Wpływ efektu Jahna-Tellera, który jest większy
dla stanu podstawowego 5E niż dla wzbudzonego 5T2 jest prawie niezależny od ciśnienia.
Dodatkowe pasmo luminescencji pojawiające się powyżej ciśnienia 80 kbar przypisane jest
przejściom radiacyjnym pomiędzy stanami 3E  3T1 w jonach Mn3+. Ponadto w temperaturach
poniżej 100 K obserwuje się silną luminescencję związaną z jonami Mn4+. Zaproponowano
mechanizmy odpowiedzialne za obserwowane własności spektroskopowe w tym krysztale.
Rozdział 10 zwiera podsumowanie i propozycje dalszych badań.
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Chapter 1: General introduction

Chapter 1: General Introduction
1.1 Introduction to high-pressure luminescence
Being able to precisely predict and control the luminescence properties of lanthanide/transition
metal ions-doped systems is an important goal in the field of inorganic luminescence materials
designing. Solar energy conversion, sensor, solid state lasers, optical data storage and phosphors
are good examples of fields where precise control over the wavelength, lineshape, and efficiency
of luminescence is essential for optimizing performance and extending the range of applications.
The luminescence properties of these dopants in solids ultimately are determined by the chemical
and physical interactions between them and the local coordination environment in a given host
materials. The customary approach for probing the relationships between the bonding
environment of luminescence centers and their optical properties is to change the chemical
compositions by doping.1-3 However, variations in chemical composition, on the contrary, very
often introduce discrete changes, such as impurities and defects.
Pressure, the most important thermodynamic parameter, can lead to a continuous decrease of
interatomic distances, and further results in the change of the interactions and brings to the
electronic structure of materials.4 This finer resolution is especially beneficial for investigating
the properties of materials near boundaries corresponding to abrupt changes in properties (e.g. at
crossover points of electronic energy levels, phase transitions, or resonance of dopant states with
the bottom of the conduction band).5-10 The ability of pressure to alter the coordination
environment of luminescence centers in solids provides a new way of understanding better the
relationship of local structure and bonding to electronic energy levels and optical properties.11, 12
One objective of high pressure luminescence research is to gain new insight into the fundamental
chemical and physical factors necessary for achieving user-designed optical properties of
advanced functional materials. This objective benefits not only tangible technological
applications, but also allows us to understand better the ability of luminescence centers to
function as probes of chemical and physical phenomena.
As a new dimension (in addition to temperature and chemical composition), high pressure
technique is a powerful method to finely modulate the structure, generate new properties, and
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unravel the phenomena hidden at ambient conditions. In this dissertation, we present the
experimental and theoretical studies on the structural, electronic and luminescence properties of
selected luminescent materials, as well as high-pressure spectroscopic study, an alternative
approach to obtaining structure-bonding-property information for luminescent lanthanide and
transition-metal ions in solids.

1.2 Aim of the work
The first goal of the PhD was to develop the lanthanide/transition-metal ion-doped materials
which are of great interest for optoelectronic applications, as well as good examples open new
frontiers of high-pressure research.
Our focus has been on the effect of high pressure on the crystal structure, electronic structure and
luminescence properties of these materials from the viewpoints of fundamental investigations
and their technological applications. We have considered the effects of pressure on the basic
properties of f-f, d-f, d-d transitions, as well as intervalence charge transfer state (IVCT) and have
presented several examples that demonstrate the ability of pressure to influence the optical
properties, such as energy levels, crystal field splitting, coupling of electronic and non-radiative
decay pathways that are responsible for the wavelength, lifetime, intensity, linewidth and
lineshape of optical transitions. By high pressure spectroscopy studying, we are able to better
understand and gain more information on the materials properties, and then it may further guide
us to design the new promising materials to serve as optical functional materials.

1.3 Supervision
All of my research at Institute of Physics, Polish Academy of Sciences has been performed under
the supervision by Prof. Andrzej Suchocki in IF PAS. Besides, additional supervision was given
by Prof. Agata Kamińska and Prof. Yaroslav Zhydachevskyy.

1.4 Outline of the thesis
This dissertation is structured in 10 chapters, as follows. Chapter 1 presents a brief introduction
about the topic and outline of this work. Chapter 2 gives some general background information
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about lanthanide/transition metal ion-doped luminescence materials. High-pressure experimental
method based on diamond anvil cell (DAC) technique was introduced in Chapter 3. In Chapter 4
we describe the main characterization methods and equipment used to identify the crystal
structure of studied materials and to characterize their optical properties at ambient and high
pressure. In Chapter 5 we investigated the electronic structure of Ce3+ in YAlO3 and LuAlO3
bulk crystals and single crystal layers. Spectroscopic properties and martensitic phase transition
of Y4Al2O9:Ce single crystals under high pressure was investigated in Chapter 6. Chapter 7
demonstrates a potential optical thermometric material, Pr3+-doped triple-layered perovskite
Na2La2Ti3O10 micro-crystals, which promises a remarkable performance in temperature sensing
over a wide temperature range (125-533 K). In Chapter 8 a comparative study on luminescence
properties and their nature in relation to different substitutions at the rare-earth site of Pr3+-doped
layered perovskite Na2Ln2Ti3O10 (Ln=La, Gd) micro-crystals has been reported. Chapter 9
reports the effect of temperature and high-pressure on the optical properties of Mn3+ ions in the
garnet-type Ca3Ga2Ge3O12 single crystal. Finally, a short summary, conclusions and future work
arising from these studies are presented in Chapter 10.

1.5 Contributions to the PhD work
All the experimental work (experiment planning, structural and spectroscopic characterizations
at ambient and high pressure conditions) have been performed by myself, unless stated in the
thesis. Based on our research interests, the most studied samples are synthesized and kindly
provided for us by our collaborators. Some of the Raman spectra measurements presented in
chapter 6 and 9 were performed by Damian Włodarczyk. High-pressure synchrotron XRD
measurements in chapter 6 were performed by Dr. Rostislav Hrubiak at the High Pressure
Collaborative Team (HPCAT), Sector 16 of the Advanced Photon Source. The data reduction of
high-pressure x-ray powder diffraction data from two-dimensional detectors to one-dimensional
diffraction patterns was processed with supports from M. Sc. Katarzyna Kosyl at IP PAS. Single
crystal X-ray diffraction data were collected by M.Sc. Szymon Sutuła from University of
Warsaw. The SEM images in chapter 7 and 8 were measured by M. Sc. Anna Reszka and the
XRD data for powder samples were collected by Dr. Łukasz Wachnicki. Dr. Mykhailo Chaika
and Prof. Piotr Dłużewski helped a lot for TEM and SAED images measurements. The
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theoretical calculations in chapter 5, 6 and 9 were performed by Prof. MiKhail G. Brik, Institute
of Physics, University of Tartu.
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2.1 Introduction
An solid inorganic luminescence material (phosphor) is the material which converts absorbed
excitation energy into electromagnetic waves in the ultraviolet (UV), visible or infrared
regions.1,2 A wide of range of excitation sources can be used to excite luminescence, and their
diversity offers many kinds of luminescence phenomena, as partially summarized in Table 2.1.
Photoluminescence, in which the luminescence process occurs by absorbing energetic photons, is
one of many types of luminescence. Solid state luminescent materials also known as phosphors
are widely used in a variety of display applications, such as electroluminescent,
photoluminescent, plasma and field emission displays, LCDs, cathode ray tubes (CRTs), X-ray
detectors, LEDs and many more.3 In this thesis, the photoluminescence materials will be mainly
discussed in terms of their theoretical and experimental studies, as well as their technological
applications. Generally, an inorganic luminescent material consists of a substrate material named
host and a luminescent center called activator (A), which is usually intentionally doped for the
purpose of studying its electronic and luminescence properties. The simplest sequence of
processes taking place in photoluminescence is depicted in part (a) of Figure 2.1. The activator A
can be raised to an excited state by absorbing a photon with high energy, then relaxes to an
intermediate lower energy state with a non-radiative relaxation, and finally returns to the ground
state, accompanied by the emission of a photon with lower energy than the absorbed photon.
This reduction in the photon energy conversion is known as Stokes shift. In addition, the energy
transfer can take place through the lattice.
Table 2.1 Types of luminescence

Designation

Excitation

Trigger

Photoluminescence

Absorbed photons

PL

Electroluminescence

Electric filed

EL

Radioluminescence

Bombardment by ionizing radiation

RL

Thermoluminescence

such as / particles or gamma rays
Photons, charged particles

Heat

Abbreviation

TL
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Mechanoluminescence

Mechanical action

ML

Optically stimulated luminescence

Photons, charged particles

Chemiluminescence

Chemical reaction

CL

biochemical reactions

Biochemical reaction

BL

Visible/IR photons

OSL

Figure 2.1 (a) Activator excitation: A jumps to an excited state (A*) by absorption of photon, then relaxes to an
intermediate level by a non-radiative (NR) process, before return to the ground state by spontaneous radiative
emission of a photon; (b) sensitizer excitation: as a results of energy transfer (S*+A → S+A*), the sensitizer returns
to its ground state while the activator is promoted to the excited one, finally return to the ground state by radiative
emission of a photon.

In almost all cases, another impurity ion denoted as sensitizer (S) which can be present as a codoping ion for purpose of enhancing the luminescence efficiency or modulating the
luminescence properties. The light emission takes place on intentionally doped impurities, like
lanthanides or transition metal ions, which are introduced in relatively low concentrations (a few
mole percent or less). In crystalline phosphors, the efficient energy transfer from the sensitizer to
the activator can occur in co-doped system under sensitizer excitation, as depicted in part (b) of
Figure 2.1. As a results of energy transfer, the sensitizer returns to its ground state while the
activator is promoted to the excited one. Finally the activator returns to the ground state by
radiative emission of a photon.4 Such luminescence phenomenon is called sensitized
luminescence, and sometimes people use the terms “donor” and “acceptor” instead of “sensitizer”
and “activator”. Actually, many applications in luminescence materials are proposed with use of
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sensitized luminescence.5-9 In addition, the defects can be regarded as impurities, where the
radiative emission and non-radiative energy transfer may occur.
Recently, incorporating luminescent ions and advanced materials into versatile and
multifunctional systems seems to be a tendency, motivated by the stimulating desires of
fundamental investigations and technological applications. Lanthanide and transition metal ions
are considered as promising candidates for luminescence centers due to their peculiarities of
electronic configurations. The applications in various fields have already been achieved or under
current investigations, for example, biosensor, new solid state laser materials, solar energy
conversion, optical sensing, optical information storage and lighting devices, etc.10
When a luminescence center is introduced in a solid crystal, the shape of absorption and
emission bands is eventually influenced by the interaction of the electronic energy levels with the
lattice vibrations (phonons), which is described as electron-phonon coupling (or electron-lattice).
This coupling leads to the energy shift between absorption and emission bands of the same
electronic transition, the maxima of two bands is well known as the Stokes-shift. This can be
explained in terms of a configurational coordinate diagram. Figure 2.2 shows a simplest
representation for the single configurational coordinate diagram where the energy E is plotted
versus the configuration coordinate Q, a structural parameter standing for deviation of ion-ligand
distance from the equilibrium position. The displacement Q of the equilibrium positions of the
nuclei is induced during photoexcitation, and critically depends on the size and the charge of the
host lattice and the luminescence ions. According to Frank-Condon principle, the optical
transitions are vertical, and the vibrational wavefunctions, represented by harmonic oscillator
functions (E= (n  12 )  , where n=0,1,2…and  the energy of the vibrational mode), show
maximum amplitude nearer to the curve edges as the vibrational quantum number increases. It is
usual to characterize the strength of electron-phonon coupling by the dimensionless Huang–Rhys
factor, S, defined as: 11
S

E
1 M2
(Q ) 2  dis
2 


(2.1)

where M is the effective ionic mass,  is the vibrational frequency and Q is the effective mode
offset between the excited and the ground states. In Figure 2.2 the number of ground and excited
7

Chapter 2: Luminescence materials
state vibrational quanta,  , is labeled by  and ', respectively. As defined in Figure 2.2, the
displacement energy, Edis, is related to the Huang-Phys factor by:
Edis  S   (m  12 ) 

(2.2)

where m' is the value of ' for the strongest transition. Therefore, for S1, the maximum of the
absorption (or emission) transition occurs at energy (S-1/2)  above the zero phonon (0-0) line
(or below, for emission). The Stokes shift is given by:
EStokes shift  (2S  1) 

(2.3)

Thus the Huang–Rhys factor can be obtained from the Stokes shift and the vibrational quantum
energy. Blasse has classified the cases of weak (S<1), intermediate (1<S <5) and strong (S >5)
electron–phonon coupling.12 One should note that this analysis is not good for very small
Huang–Rhys factors. These cases have been discussed in the Ref. 13.

Figure 2.2 Schematic configuration coordinate diagram for excitation (Ex) and emission (Em) transitions

2.2 Luminescence Centers
8

Chapter 2: Luminescence materials
2.2.1

Lanthanides and their optical properties

The peculiarities of electronic configurations of Lanthanide (Ln) ions make them favorable for
candidates of luminescent centers. The lanthanide series of chemical elements comprises the
15 metallic chemical elements with atomic numbers from 57 to 71 (La, Ce, Pr, Nd, Pm, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), as summarized in Table 2.2. These elements, including the
chemically similar elements scandium (Z=21) and yttrium (Z=39), are often collectively known
as the rare earth (RE) elements.
Table 2.2. Trivalent lanthanide ions

Trivalent ion

Number of 4f electrons

Trivalent ion

Number of

La3+

0

Tb3+

8
4f electrons

Ce3+

1

Dy3+

9

Pr3+

2

Ho3+

10

Nd3+

3

Er3+

11

Pm3+

4

Tm3+

12

Sm3+

5

Yb3+

13

Eu3+

6

Lu3+

14

Gd3+

7

2.2.1.1

Electronic structure of lanthanide ions

The electronic structure of the lanthanide elements, with minor exceptions, is [Xe]6s24fn with
n=3-7, 9-14. All but one of the lanthanides are f-block elements, according to the filling of the
4f electron shell; depending on the source, either lanthanum ([Xe]5d16s2) or lutetium
([Xe]5d16s24f14) is considered a d-block element, but is included due to its chemical similarities
with the other 14. All lanthanide elements are mostly the most stable in the +3 oxidation state.
Ln3+ and their chemical properties are largely determined by the ionic radius, which decreases
steadily from lanthanum to lutetium. The lanthanide (Ln) elements are characterized by the
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successive filling of the outer 4f electrons, which are also well shielded by 5s and 5p electrons.
Therefore, the optically active 4f electrons of Ln ions in crystals are weakly influenced by the
local crystalline environment.

2.2.1.2

4f and 5d energy levels of lanthanide ions

The crystal field interaction has a minor (~102 cm-1) perturbation in the determination of the 4f
levels compared to the Coulomb interactions between the electrons in 4fn configuration and spinorbit coupling,14 as depicted in Figure 2.3. The contribution to the energy splitting caused by the
Coulomb interactions, which arise from the existence of repulsions between the electrons within
the 4f shell, are considered to be the largest. This leads to energy splitting of free-ion levels into
2S+1

L energy levels, which are each (2L+1)(2S+1)-fold degenerate, with typical value of the order

of 104 cm-1.15 L and S are the sums of quantum numbers l and s associated with the orbital
angular momentum and the spin of the 4f electrons of lanthanide ion, respectively. Each of these
terms is then split further in the order of 103 cm-1 into several levels by the spin-orbit interaction.
All these levels form the 4f configuration of the free Ln ions and each level can be characterized
with the notation

2S+1

LJ, where 2S+1 is the spin multiplicity and represents the number of

possible states of J for a given L and S. J is total momentum associated with the total angular
momentum, defined as J= L + S (the values of J are restricted to |L - S| ≤ J ≤ |L + S|). Therefore,
when the Ln ions are doped into a host material, the crystal field not only affects the strength of
the intraconfigurational 4f-4f transitions but also brings about an additional splitting of the single
4f states. The number of Stark sublevels depends on the site symmetry of the Ln ions.16 Although
the 4f electrons are well shielded, the crystal field splitting may be up to several tenths of
electron-volts.17
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Figure 2.3 (a) Splitting of energy levels of 4f free-ion due to Coulombic, spin-obit and crystal-field interactions; (b)
crystal field splitting of 5d state.

5d orbitals are not shielded by filled 5s and 5p orbitals and are more extended compared to 4f
orbitals. It is therefore obvious that the f-d transitions are much more sensitive to the crystal field.
The crystal field splitting energy is preliminary determined by the crystal structure, i.e. shape and
size of the anion polyhedron coordinated Ln ion.18 As a result, 5d energy levels are affected by
so called nepheauxetic effect19 due to strong interactions between d orbitals with the surrounding
ligands, which can lower the energy of the excited states.20 On the other hand, degenerate energy
level of 4f5d state may split into several components due to the crystal field, as shown in part b
of Figure 2.3. The f-d transition are often observed in trivalent Ln ions, particularly for Ce3+, Pr3+
and Tb3+,21 as well as in divalent ions such as Eu2+ and Yb2+.22 One should note that the host
effect should be taken into account for the centroid shift of 5d electron configurations, closely
tied to the nephelauxetic effect. Because f-d transitions are allowed they give rise to broad bands
and strong absorption cross-sections. The influence of crystal field and nephelauxetic effects on
the 5d energy levels in solids are widely used for interpretation of different color output in Ce3+
and Eu2+ doped luminescence materials.

2.2.1.3

Selection rules for radiative transitions of Ln ions

The optical transitions between 4fn states are in principle characterized by sharp lines
(FWHM<10 nm) due to the shielded 4f-electrons by the outer 5s and 5p orbitals. In accordance
with the parity conservation rule, in the case of centro-symmetric sites only magnetic dipole is
allowed as any f-f transition between states with same parity. However, if the Ln ions are in noncentrosymmetric sites which lacks inversion symmetry f-f transition can be observed due to a
mixing of opposite-parity states of the 4f(n-1)5d configuration into the 4fn states. The electron
dipole, which is some five orders of magnitude stronger than the magnetic dipole process, plays
the dominant role in determining the optical activity of lanthanide term-to-term transitions.11
Selection rules have been derived for the electronic factors which govern the magnitudes of the
optical properties associated with the 4f-4f transitions in optically active lanthanide (III)
complexes. The S, L, J selection rules for these transitions are listed in Table 2.3 and are
exemplified as below.
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Table 2.3 SLJ selection rules for various types of transition of lanthanide ions.

Type of transition

SLJ selection rules

23, 24

Approximate order of magnitude of
oscillator strength

Electric dipole (ED)

S=0; L1;J1;J=0J'=0 and L=0L'=0 are

~0.01-1

forbidden
S=0; L6; if L=0 or L'=0,L=2, 4,6; if J=0 or
Forced (induced) ED

J'=0 L=2,4,6. This implies that J =0J'=0 and

~10-4 of ED

L=0L'=0 are forbidden
Magnetic dipole (MD)

S=0; L=1;J1;J=0J'=0 is forbidden

~10-6 of ED

Electric quadrupole (EQ)

S=0; L2;J2;J=0J'=0,1 and L=0L'=0

10-10 of ED

are forbidden
One phonon ED vibronic

2.2.1.4

The same as forced (induced) ED

10-7-10-10 of ED

The Dieke diagram

All of the lanthanide elements are mostly stable in +3 oxidation state and it was thought that only
samarium, europium, and ytterbium had the stable +2 oxidation readily accessible in complexes.
In the Ln3+ ions all 5d and 6s electrons are removed and the 4f shell is only partially occupied.
Ln3+ ions adopt abundant energy structure with broad energy range up to ~40000 cm-1. The
energy levels of Ln3+ ions up to 42000 cm−1 in LaCl3 measured by Dieke et al.25 are shown in
Figure 2.4.
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Figure 2.4 Energy levels of the 4fn configurations of the trivalent lanthanide ions.
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2.2.2

Transition-metal ions and their optical properties

Here in this section the 3d transition-metal (TM) ions, adopting an incompletely filled d shell,
are mainly considered as luminescence centers. The 3d-ions are located in the 4th period of the
periodic table, from Sc (21) to Zn (30) with electronic configuration of [Ar] 3dn4s1-2 (1n10).
These elements show different oxidation states from +1 to +6, and thus losing two 4s and some
of 3d electrons, when they are introduced into the crystalline solids, as summarized in Table 2.4.
As a result, the unfilled 3d shell becomes to be an outer electron shell, whose electronic states
formed due to the coulomb interaction between 3d electrons are characterized by much stronger
interaction with the nearest coordination environment than the 4f ions since they have large ionic
radius and there is no equivalent of screening by any other outer shells. These states can be split
into a number of energy levels due to the crystal field splitting, and a large crystal splitting
energy in a wide spectral range from ultraviolet to infrared are observed in various of hosts.
Table 2.4 Number of electrons (n) in the 3d shell of transition-metal ions

n
3+

V

3+

Cr

1

Ti

2

V
2+

3

V

4

Cr

5

Mn

6

Fe

Cu

Ni

Mn

4+

3+

3+

Ni

+

9

4+

Fe

2+

Ni

Co

Mn

Co

+

8

2+

3+

2+

Co

Fe

2.2.2.1

2+

+

7

Cr

4+

3+

3+

2+

2+

Electronic spectroscopy and energy levels of TM ions

It is well know that the spectra lines of atoms adopting many electrons are classified into
multiplets which are assigned to transitions between terms. Each term that consists of almost
degenerate discrete energy levels is specified by SL, as known as ‘term’ (2S+1)LJ. Where S = total
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spin multiplicity, L=total orbital angular momentum and J is combined TOTAL angular
momentum (spin and orbital combined which can range from L+S to L-S). As an example, 3F
has S=1 and L=3. With most TM ions, however, the spin-orbital coupling is small due to electron
delocalization onto the ligands so the energy differences between the possible J state are
negligible but the possibilities would be J=4, 3 or 2 giving rise to 3F4, 3F3 and 3F2 states. There
are many arrangements of electrons in d orbitals so this rise to many possible states (RussellSaunders terms) that represent different energies for the system as a whole. Here, terms of free
ions with dn configuration are given in the Table 2.5.26,27
Table 2.5 Terms of free ions with dn configuration 28
n

Total Degeneracy

Free-ion Terms

10

2

D

d1 d9

1

S 1D 1G

d2 d8
2

5

D

d4 d6

P 4F

1

S 1D 1G

2

d5

F 3P

4

D

d3 d7

3

P 3F

4 4

D

45

3

PF

120

2

P 2D 2F 2G 2H

3

P 3D 3F 3G 3H

2

P 2D 2F 2G 2H

1

210

S 1D 1F 1G 1I

2

S 2D 2F 2G 2I

4

D 4G

6

S

252

The underlined terms are ground state terms.

The degeneracy of the d-orbitals of a transition metal ion is removed when it is introduced in a
crystal or solvated in solution. The splitting of degeneracy of the d-orbitals is usually considered
as a consequence of the crystal field (electrostatic field) set up by the ligands. The simplest and
the most common type of complex is that in which the central ion is coordinated by an
octahedron of ligands. RS terms (2S+1L) split exactly the same way in a crystal filed as do orbitals
with the same value of l (for example in case of Oh crystal filed, as shown in Table 2.6):
Table 2.6 Splitting of free-ion terms of dn configuration in an octahedral field
Free-Ion term

S
P
D

# of states (ML)

Terms in Oh

1

A1g

3

T1g

5

Eg+T2g
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F
G
H
I

7

A2g+T1g+T2g

9

A1g+Eg+T1g+T2g

11

Eg+2T1g+T2g

13

A1g+A2g+Eg+T1g+1T2g

One of the most striking features of transition metal complexes is the array of colors they exhibit.
Color results when a complex absorption frequencies are in the visible region of the spectrum,
causing transitions from the ground electronic states to the certain excited states of the
configurations. Since the electronic states arise from d-electron configurations on the metal ion,
the absorptions are said to be a result d-d transitions. The Selection Rules governing transitions
between electronic energy levels of transition metal complexes are:
1. Orbital selection or Laporte selection rule (l=1)
Orbitals which are left unchanged under the operation of inversion (are symmetric) are labeled
with a subscript g, while for those which undergo a change in sign (are antisymmetric) are
labeled u. For these molecules which have centre of symmetry, the wavefunctions associated
with the metal ion orbital are either g or u, i.e for d and s orbitals, while u is for p and f orbitals.
For these with centre of symmetry, transitions between states of the same parity are forbidden
(symmetry with respect to a center of inversion), i.e., transition from gg and uu are
forbidden whereas ug are allowed.28 (note: the symbols g and u come from the German words
"gerade" and "ungerade" meaning "even" and "odd" respectively.)
2. Spin selection rule (S=0)
Transitions between states of same spin multiplicities are allowed otherwise forbidden. For
example, a transition between 3T1g3T2g electronic energy level of is allowed by spin selection
rule while 3T1g1T2g is spin forbidden.

2.2.2.2

Tanabe-Sugano diagrams

Each crystal field and electron configuration interaction affects the level energies of the 3d ion
by about 104 cm-1.29 The crystal field strength Dq is determined by the effective charge of the
ligands Q, by the average radius r of the d-obital and by the ligand-metal distance R:30
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  r4

3d

/ R 5 . This includes the dependence for Dq on the kind of transition metal ions, on the

arrangements of ligands according to their ability to increase Dq for a given metal ion and given
in the spectrochemical series: Dq (I-<Br-<Cl-<F-,O2-<H2O<NH3<CN-), on the metal-ligand
distance and on the coordination (Dqoct:Dqcub:Dqtetr=1:8/9:4/9), i.e., the geometry of the
polyhedron, formed by the ligand ions. In general, the energy level schemes of 3d transition
metal ions in crystalline hosts are described by the well-known Tanabe-Sugano diagrams.31
These diagrams are given by the number of electrons within the 3d electron shell. The energies
of individual level of transition metal ion are depicted on such diagrams as function of the crystal
field strength Dq. It is appears that the d1 and d6, the d2 and d7, the d3 and d8, and the d4 and d9
configurations have great similarity in the splitting of their levels with the crystal field. Here, the
typical diagrams for d3 (such as V2+, Cr3+, Mn4+, Fe5+…) and d4 (such as V3+, Cr2+, Mn3+…)
electronic configurations are given as examples, as depicted in Figure 2.5.
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Figure 2.5 Tanabe-Sugano diagram for d3 (left) and d4 (right) transition metal ions

Racah parameters A, B and C were constructed to describe the effects of electron-electron
repulsion within the metal complexes. The Racah parameters in a complex are usually smaller
than those for a free ion due to the nephelauxetic effect. In the case of Tanabe-Sugano diagrams
each electron configuration split can be expressed by the unite B value. A is ignored because it is
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roughly the same for any metal center and C generally approximated as being around 4B, and
this approximation is adequate for many uses. What B represents is an approximation of the bond
strength between the ligand and metal.32 Comparisons between tabulated free ion B and B of a
coordination complex is called the nephelauxetic ratio (the effect of reducing electron-electron
repulsion via ligands).



 complex
 freeion

(2.4)

Since 2013, a new parameter 1 has been introduced by Brik and Srivastava in order to
quantitatively describe the nephelauxetic effect of the spectroscopy of the d3 ions:33
2

 B C 
1      
 B0   C0 

2

(2.5)

The applications for the theory were used to Cr3+, Ni2+ and in particular to Mn4+ in various of
hosts, extrapolating an empirical equation for the determination of the lowest energy spinforbidden transitions.26,34

2.2.3

Exchange charge model of crystal field for 3d ions

The crystal field can be expressed in terms of the spherical harmonic, and the coefficients of a
combination depend on the positions and charges of ions of crystal lattice. To accurately
determine the energy levels of 3dn ions, the exchange charge model (ECM)27 of crystal-field
theory was proposed by Brik and Srivastava. The crystal field theory allows us to perform the
calculations of the energy levels of the impurity ions with unfilled d-shell in a given crystal field
as the eigenvalues with use of the general form of CF Hamiltonian HCF:
4

p

H    Bpk Opk

(2.6)

p  0 k  p

where B pk are the crystal field parameters (CFPs) determined from the crystal structure data and
Opk are the linear combination of irreducible tensor operators related to the spherical harmonics

of rank k=2,4,6 and component q; the sum i is over of i electrons of the 3dn configuration; the
sum k is over the ranks; and the sum q is over the components. The number of independent CFPs
depends upon the site symmetry of TM3+ ions, being two for Oh symmetry (B40 and B60) and up
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to 27 for C1 site symmetry. The Hamiltonian is defined in the space spanned by all wave
functions of the free ion’s LS terms, which arise from the Coulomb interaction between electrons
of an impurity ion. The ECM allows expressing the CFPs as a sum of two components:
Bpk  Bpk ,q  Bpk ,S

B pk ,q   K pk e 2  r p   qi
i

Bpk ,S  K pK e2

2(2 p 1)
5

 (G S (s)
S

2
i

(2.7)

V pk (i , i )

(2.8)

Rip 1

 G S ( )i2   pG S ( )i2 )

V pk (i ,i )
Ri

(2.9)

i

The first term Bpk ,q is the point charge contribution to the CFPs, which arise from the electrostatic
interaction between the central ion and the lattice ions enumerated by index i with charge qi and
apherical coordinates, Ri ,i , i . The averaged values 〈rp〉, where r is the radial coordinate of
the d electrons of the optical center (also known as the moments of the 3d electron density). The
values of the numerical factors K pk ,  p , the expressions for the polynomials V pk and the
definitions of the operators can all be found in Ref. 35 and thus are not shown here for the sake
of brevity. The second term of Eq. (2.7) Bpk , S is proportional to the overlap between the wave
functions of the central ion and ligands and thus includes all covalent effects. The

S (s), S ( ), S ( ) terms correspond to the overlap integrals between the d-functions of the central
ion and p- and s-functions of the ligands: S ( s)   d 0 s0, S ( )   d 0 p0, S ( )   d1 p1 . The
GS , G , G entries are dimensionless adjustable parameters of the model, whose values are

determined from the positions of the first three absorption bands in the experimental spectrum.
They can be approximated to a single value, i.e. GS  G  G  G , which then can be estimated
from one (lowest in energy) absorption band only. Summation in Eq. (2.7) is extended only to
the nearest neighbors of an impurity ion, since the overlap with the ions from the further
coordination spheres can be safely neglected.
The ECM employs a small number of fitting parameters and allows for calculating the crystal
field parameters and energy levels of impurities in crystals without making any assumptions
about the impurity center symmetry. The reliability and vitality of the ECM is confirmed by its
success in calculating the energy level of the transition metal and rare earth ion.36-38
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Chapter 3: Methods of high-pressure luminescence
Being able to precisely predict and control the luminescence properties of lanthanide and
transition metal ions in incorporated systems is an important goal in the field of inorganic
luminescence materials designing. The luminescence properties of Ln and TM ions in solids
ultimately depend on the chemical and physical interactions between them and the local
coordination environment in a given host materials.1 In particularly, the most important
interactions predominantly determining luminescence properties take place in the nearest
neighbor coordination shell where factors such as bond angles, bond lengths, coordination
number, and covalency determine the energy, mixing, and splitting of the electronic states
involved in luminescence properties.2 It is therefore important to understand the relationship
between the bonding environment of luminescence centers and their optical properties for
designing of new multifunctional materials. The customary approach for probing the
relationships between the bonding environment of luminescence centers and their optical
properties is to change the chemical compositions of the host materials. The bandgap engineering
in garnet with Al/Ga and Y/Gd dopants ratios is a good example.3 Examples of this approach
include the spectroscopic studies of a given lanthanide ion as a dopant (eg. Ce3+) in a series of
host lattices.4,5 By changing chemical composition, it is possible to control local bonding
environment, and then further modulate the electronic structure and luminescence properties of
Ce3+ dopant. However, variations in chemical composition, on the contrary, very often produce
discrete changes, such as impurities and defects.
Pressure like temperature, electronic and magnetic field is an important parameter of the physical
and chemical properties of the materials. High pressure can lead to changes of crystal field and
further results in the change of luminescence property of lanthanide/transition-metal ions doped
materials. This finer resolution is especially beneficial for investigating the properties of
materials near boundaries corresponding to abrupt changes in properties (e.g. at crossover points
of electronic energy levels, phase transitions, or resonance of dopand states with conduction
band edges).6 It is a complementary to the conventional chemical composition approach and
offers several potential advantages over others. First, by applying pressure we are able to
continuously manipulate electronic, structural and optical properties. Second, high pressure
enables us to study a given chemical composition over a wide range of structure and
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coordination environment. Therefore, the need to synthesize a range of host lattice compositions
or complexes with a variety of ligands is minimized. Complications such as differences in
impurities or defects that may accompany a series of systems are also avoided. Third, high
pressure provides the potential for achieving structures, molecular configurations, phases and
electronic states that are not achievable through other means. Finally, high pressure often allows
us to resolve overlapping or competing excited state processes. Characterization of dominant
effects at high pressure, followed by back-extrapolation to ambient pressure, frequently leads to
new understanding of ambient pressure luminescence properties.
Application of hydrostatic pressure is a useful tool to modify the structural, electronic and optical
properties of solids with dopants.7-12 It also allows obtaining detailed information about bonding
properties, electron density distribution around crystal lattice ions, as well as energy levels of
dopant ions.13-15 These characteristics of solids determine to a large extent the band gap value, its
direct/indirect character and, in the presence of dopants, the location of the dopant energy levels
with respect to the valence and/or conduction band of the host.16,17 These properties are of great
interest for practical applications of the studied materials.
One objective of high pressure studying luminescence materials is to gain valuable insight into
the fundamental chemical and physical factors necessary for achieving user-designed optical
properties in new functional materials. This benefits not only for practical applications, but also
allows us to better understand the ability of luminescence centers to function as probes of
chemical and physical phenomena. High-pressure research has been advancing rapidly during the
last decades, thanks to the concerted development of various pressure devices and probing
technology. This study will help to understand the structure-property relationship and physical
mechanism. As a new dimension, high-pressure technique together with temperature and
chemical composition provides an effective strategy to gain novel functional materials.

3.1 Diamond anvil cell
Many kinds of apparatus for high-pressure generation have been developed to meet the maxima
pressure requirements, including piston-cylinder (in 1910, ~10GPa), Bell apparatus (in1954,
~8GPa), multi-anvil cells (25 GPa) and diamond anvil cells (100-800 GPa).18 The development
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of high-pressure techniques using diamond anvils allowed studies to be carried out beyond 100
GPa. Diamond anvils appeared in 1950s and became practical instruments only with the advent
of gasketed DACs and the ruby-fluorescence scale19 in the 1970s. In recent years the diamond
anvil cell (DAC), has become the most popular high-pressure generating instrument in the
laboratory. Maximal static pressures of over a million atmospheres can be created with use of
DAC and a variety of sophisticated high pressure measurements can be performed, such as
photoluminescence, optical absorption, X-ray diffraction, nuclear magnetic resonance (NMR)
and electrical transport et al.20

Figure 3.1 Schematic diagram of diamond anvil cell (left) and photo taken from the side view

The basic principle of the DAC is relatively simple. Generally, DAC consist of two main parts:
anvils and gasket, as show in Figure 3.1. In a high pressure apparatus, a metal gasket with a hole
(100-300 m diameter) drilled at the center to serve as the pressure chamber has to be introduced
between the anvil faces. The gasket containing samples also supports the edges of anvils and
critically determines the pressure distribution on the anvil. High pressure was achieved between
two diamonds anvils when a force pushes on anvil diamond against the other. Sample is
squeezed by two diamonds with small culet (flat tip of the anvil). A prerequisite to using the
DAC for pressure generation is that the anvil flats are perfectly aligned axially and set parallel to
each other as well.21 A small sample (50 to 100 um in linear dimension and 30 um thick) is
placed in the chamber, together with a tiny fragment of ruby for pressure calibration. In our lab,
two types of DACs were used for high-pressure measurements. They are given in Figure 3.2.
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Figure 3.2 A low-temperature DAC (easyLab CryoDAC LT) (left) and “Mao type” symmetry type DAC (right)

The choice for gasket material should be related to the anvil material as well as the pressure
range. In this dissertation, the hard steels Inconel (X450 and X270) were used for all the high
pressure luminescence experiments. The maximum pressure depends on the gasket materials and
thus the culet diameter, Pmax (GPa) 

12.5
22
The maximum used in experiments should be
2 .
(d (mm))

somewhat lower than this, such as 0.89Pmax to avoid breaking the diamond. There are few types
of diamonds with different culets sizes, i.e, 0.45, 0.75 and 0.9 mm in our lab.

3.2 Pressure calibration
There are several methods based on different materials and their characterizations for pressure
calibration. The Ruby gauge is the most commonly used one for pressure calibration.23 The ruby
gauge shows many advantages over others, practically, it is easy, fast and can be done with a
laser and a spectrometer; micron-sized ruby grains can also be distributed throughout the
pressure medium to give an indication of the uniformity of the pressure in the sample chamber.
The ruby gauge was introduced by Barnett et al.24 (1973) and Piermarini et al.25 (1975) and
calibrated it against the Decker equation of state (EOS) for NaCl up to 19.5 GPa. They found
that the pressure induced red shift of R1 line luminescence line (2E4A2) is almost linear with
pressure, with a coefficient dP/d=2.746 kbar/Å. Further, Mao et al. (1986) calibrated the ruby
against Cu and W in a useful way to 80 GPa and 110 GPa, the so-called quasihydrostatic ruby
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scale in argon medium and neon medium, respectively.26,27 Both calibrations for pressuredependence on the R1 line wavelength can be fitted to the equation
P  ( A / B)[( / 0 ) B  1] (GPa)

(3.1)

Where P is in GPa and  is the measured wavelength of the ruby R1 line in nm, 0=694.24 nm is
the ambient pressure value at 298 K, and A=1904, B=7.665 are the least squares fit parameters,
and B=5 for non-hydrostatic conditions. In 2005, the ruby calibration data was extended to 150
GPa by Chijioke et al.28 The determined parameters A and B are equal to 18766.7 and
10.710.14, respectively. In this work, the Ruby was used for the high-pressure luminescence
measurements. The canlibration with R1 line of ruby is temperature dependent and temperature
correction was well studied by Rekhi et al. (1999) for T>298 K and Datchi et al (2007) for all
T.29,30 In addition, the unit-cell volumes of gold31 were measured for the pressure calibration in
high pressure synchrotron X-ray diffraction experiment. Other pressure sensors are also
considered: those based on the pressure shift of a fluorescence line (Sm2+:SrB4O732,33 and
Sm2+:YAG34) and those based on the pressure shift of a Raman line (c-BN, diamond35).

3.3 Pressure transmitting media
The pressure transmitting media is considered as a crucial factor in the success of high-pressure
experiments with use of diamond anvil cell. The purpose of using the medium is to have an
indication of the uniformity of the pressure in the sample chamber by flowing or deforming in
response to the forces generated as the diamonds are squeezed closer together. For practical
application, an ideal media is required following features:(1) Zero shear-strength; (2) chemically;
(3) zero penetration into the sample or the materials used on the construction of the high-pressure
apparatus; (4) zero compressibility; (5) easy to handle (including non-toxic, non-flammable, no
offensive odour); (6) easy to seal within the high-pressure enclosure; (7) cheap and readily
available. Particularly, for photoluminescence measurements, the media materials should not
have any absorption, emissions, as well as Raman signals.
There is of course no any material that can meet all above requirements. The choice for proper
media should be made in terms of adequate performance, depending on pressure, temperature
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and different type of high-pressure measurements. To date, various of materials including solids,
liquids and gases have been proposed for pressure transmitting media.20 A summary is given in
Ref. 36 for 14 kinds of pressure transmitting media, including 1:1 mixture by volume of
Fluorinert FC-70 and FC-77, Daphne 7373 and 7474, NaCl, silicon oil (polydimethyl-siloxane),
Vaseline, 2-propanol, glycerin, a 1:1 mixture by volume of n-pentane and isopentane, a 4:1
mixture by volume of methanol and ethanol, petroleum ether, nitrogen, argon and helium. In this
work, the solid argon gas and silicon oil are used as pressure transmitting media.
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4.1 Structure and mophology characterization techniques
X-ray powder diffraction and Rietveld refinement
X-ray powder diffraction (XRD) is now a common technique used for the investigation of crystal
structure and atomic spacing. The technique is based on the interaction of monochromatic X-rays
with a crystalline sample in powder form (see in Figure 4.1). These X-rays are generated by a
cathode ray tube, filtered to produce monochromatic radiation, collimated to concentrate, and
directed toward the sample. The interaction of the incident rays with the sample produces
constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law:
nλ=2d sin θ

(4.1)

where n, λ, d and θ are integer, wavelength of the electromagnetic radiation, lattice spacing of
the crystal planes, and angle of the diffraction peak.

Figure 4.1 Schematic diagram of the technique of X-ray diffraction

The crystal structure describes the atomic arrangement of a material. The crystal structure
determines the position and intensity of the diffraction peaks in an X-ray scattering pattern.
Interatomic distances determine the positions of the diffraction peaks. Diffraction peak widths
and shapes are mostly a function of instrument and microstructural parameters. The diffraction
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peak intensities determined by the atom types and positions in entire crystal can be described by
the structure factor Fhkl. The structure factor Fhkl sums the result of scattering from all of the
atoms in the unit cell to form a diffraction peak from the (hkl) planes of atoms.
I hkl  Fhkl

2

(4.2)

m

Fhkl   N i f i exp  2 i  hxi  kyi  lzi  

(4.3)

i 1

where hkl are the Miller indices of the reflecting planes, fi the atomic scattering factor
quantifying the efficiency of X-ray, and xi, yi and zi ate the fractional coordinates of the ith atom
in the unit cell adopting i atoms. Ni is the fraction of every equivalent position that is occupied by
atom i.
In my study, XRD patterns were collected using a High-Resolution Panalytical X'Pert PRO MPD
diffractometer equipped with Cu-K source. The unit cell parameters were refined out using the
Rietveld method with FullProf software.
Scanning electron microscopy (SEM) and transmission electron microscopy (STEM)
The structure and morphology of the studied samples were analyzed using scanning electron
microscopy (SEM), high-angle annular dark-field scanning transmission electron microscopy
(HAADF/STEM), and selected area electron diffraction (SAED) techniques. The TEM
measurements were performed using a FEI Titan CUBED 80–300 microscope equipped with
energy dispersive X-ray spectrometer (EDX). Cross-sectional lamellas of the nano-crystals for
TEM were prepared with use of SEM/FIB Helios 600 dual beam scanning microscope. Analysis
and interpretation of HAADF/STEM and SAED images were carried out using CaRIne
Crystallography 3.1 and Digital Micrograph software. EDX study of elemental composition was
performed with EDX Quant module of TEM Imaging & Analysis (TIA) software (FEI, Hillsboro,
OR, USA).

4.2 Optical spectroscopy
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In our laboratory, there are many types of the equipments we had been able to perform for
various

spectroscopic

characterizations,

such

as

FT-IR,

UV-Vis-NIR

absorption,

photoluminescence (PL), photoluminescence excitation (PLE), Raman spectroscopy, and
thermoluminescence etc. The infrared absorption spectra were measured with a BOMEM DA3
Fourier-Transform Infrared (FTIR) spectrophotometer, together with a cold finger of Oxford
Instruments CF-102 continuous-flow cryostat equipped with BK5 windows for low-temperature.
A Cary 5000 UV-Vis-NIR spectrophotometer was used for the UV-Vis-NIR absorption spectra.
The ambient-pressure photoluminescence excitation (PLE) spectra, photoluminescence (PL)
spectra, and fluorescence decays were recorded using Horiba Jobin-Yvon Fluorolog-3
spectrofluorometer (see in Figure 4.2) equipped with a 450 W xenon lamp for excitation and a
Hamamatsu R928P photomultiplier. Janis ST-100 Optical Cryostat was used for low-temperature
measurements.

Figure 4.2 Horiba Jobin-Yvon Fluorolog-3 spectrofluorometer

The high-pressure PL spectra were obtained using a Triax 320 spectrometer (Horiba Jobin-Yvon)
equipped with a liquid nitrogen cooled charge-coupled device (CCD) camera of CCD-3000 type.
We also employed many types of lasers as the excitation source, such as Coherent Inova 200/400
Ar-ion laser, with available wavelength from 275.4 to 514.5 nm, He-Cd laser with 325 nm UV
wavelength and other UV, Vis and NIR lasers with mainly used wavelength (275 nm, 400 nm,
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440 nm, 532 nm, 942 nm and 980 nm). The high pressure experiments were performed using a
low-temperature diamond anvil cell (CryoDAC LT, easyLab Technologies Ltd). The culet size is
the predominant factor in determining the maximum pressure that can be achieved. There are
few types of diamonds with different culets sizes, i.e, 0.45, 0.75 and 0.9 mm in our lab. Argon
gas is used as a pressure transmitting medium. The DAC was mounted in an Oxford Optistat CF
cryostat equipped with a temperature controller for low-temperature measurements. Schematic
configuration of setup for high-pressure luminescence measurements is given in Figure 4.3.

Figure 4.3 Schematic configuration of setup for high-pressure luminescence measurements.

The experimental setup for recording high-pressure luminescence kinetics consisted of a
passively Q-switched, diode-pumped solid-state (DPSS) microchip laser (PULSELAS®-P-3555-SF) with frequency doubling and tripling and a laser diode driver & TEC controller LDD11BT-D. The laser generated 567 ps pulses at 355 nm wavelength with repetition frequency of 8.7
kHz. The emission signal was analyzed with a P7887 model multiple-event time digitizer (TDC)
(PCI based, 4 GHz max. count rate (burst) - 250 ps pulse pair resolution). Luminescence decays
were collected by a Single Photon Avalanche Diode (SPAD) from MPD, with a 100 μm activesensing area diameter, timing resolution lower than 50 ps FWHM, grade E<25 cps, Peltiercooled.
High-pressure Raman measurements were recorded using a confocal Raman microscope
(MonoVista CRS+) at room temperature or low-temperature with 325 nm He-Cd laser or 532 nm
YAG:Nd laser or 785 nm semiconductor laser.
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Chapter 5: Electronic structure of Ce3+ in YAlO3 and LuAlO3 bulk
crystals and single crystal layers
In this Chapter, the bulk samples used for the study were grown by the Czochralski method by
Prof. Marek Berkowski at IPPAS, and the single crystalline films (SCFs) were grown by Prof.
Yu. Zorenko using liquid phase epitaxy (LPE) at the Department of Physics, Kazimierz Wielki
University in Bydgoszcz. The samples were kindly provided for our studies. The theoretical
calculations of the 4f and 5d energy levels of the Ce3+ ion in the dodecahedral site with C1h
symmetry in YAP and LuAP were performed by Prof. Brik (Institute of Physics, University of
Tartu) in the framework of the exchange charge model.

5.1 Introduction
Yttrium and lutetium orthoaluminates, of chemical formulas YAlO3 (YAP) and LuAlO3 (LuAP),
doped with cerium are very important scintillation materials, especially due to the short decay
time of the Ce3+ luminescence as compared to garnets.1-3 Doped with other transition elements,
such as Nd, Pr, or Mn, they have many other important applications as, for example, solid state
laser materials,4,5 thermoluminescence dosimeters,6,7 thermometer sensors,8 etc. The materials
are produced by a variety of techniques depending on their intended application and include
Czochralski grown single crystals, liquid-phase epitaxial layers, powders and nanopowders
fabricated by several techniques, such as solid state reactions, sol-gel methods, and many others.
These techniques apply different growth temperatures, which strongly affects the material
stoichiometry and quality.
Ce3+ ions in these materials are very efficient luminescence centers (especially important for
scintillation purposes in LuAP due to the high matrix density). The luminescence originates from
parity allowed inter-configurational 4f 05d 1  4f 15d 0 transitions with relatively simple the 4f 1
ground state configuration. Trivalent rare-earths ions constituting the host as well as introduced
as dopants are usually located in dodecahedral sites in the orthoaluminate structure. However, in
materials produced at high temperatures, such as Czochralski grown bulk crystals, so called
antisites are also found, i.e., rare-earth ions replacing aluminum in sites with octahedral
symmetry.9 Antisite formation can have important consequences, such as creation of deep traps,
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which play a crucial role as energy storing centers in thermoluminescent YAP:Mn.6 On the other
hand, the antisite defects influence the optical properties of scintillator materials often with
detrimental effects on their characteristics, such as slowing down the scintillation response and
decreasing the light yield.
Although far infrared absorption spectra of YAP:Ce have been studied previously,1 no
information on low temperature studies of YAP:Ce and LuAP:Ce is available. Low temperature
absorption spectra can provide more detailed information on the electronic structure of Ce3+ ions
in these materials, in particular identify the presence Ce multisites, which is the aim of this work.

5.2 Samples preparation
The bulk samples used for the study were grown by the Czochralski method. The Ce
concentration was equal to 0.2%, 0.5% in YAP and 0.15% in LuAP single crystals. Two sets of
YAP:Ce and LuAP:Ce single crystalline films (SCFs), with a thickness of 40 µm on each side of
the substrate, were grown using liquid phase epitaxy (LPE) from the melt solution based on PbOB2O3 (12:1 mole/mole) flux, using the same YAP substrates, initial raw crystal-forming materials,
and Pt crucible. The concentration of crystal-forming components with respect to the total
content of the melt solution was 2.5-3.0 mole %. The concentration of CeO2 activator oxide was
10 and 15 % mole of the total volume of the crystal forming components in case of YAP:Ce and
LuAP:Ce SCFs growth, respectively. Due to the high segregation coefficient the Ce concentration
in the layers was much lower than nominal. The molar fraction of Ce determined with use of
JEOL JXA-8612 MX electron microscope was 0.42 and 0.5 mole% for YAP:Ce and LuAP:Ce,
respectively.

5.3 Experimental results
The energy structure of Ce3+ ions with the 4f1 configuration consists of a 2F5/2 ground state and a
2

F7/2 excited state. Crystal field (CF) and spin-orbit interactions split these two states into three

(levels #1-3) and four (levels #4-7) energy levels, respectively. The absorption spectrum in the
region of the 4f-4f transitions of the YAP:Ce (0.2%) crystal taken at 4.5 K is presented in Figure
5.1.
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Figure 5.1 Absorption spectrum in the region of Ce3+ 4f-4f transitions in the YAP:Ce(0.2%) single crystal taken at
4.5 K. d – thickness of the sample.

The spectrum exhibits four major lines at 2085 cm-1, 2481 cm-1, 2699 cm-1, and 3257 cm-1. Their
spectral positions are marked by arrows in the plot. In addition, some satellites of smaller
intensity can be seen in the vicinity of the major lines (see Figure 5.5).
The absorption lines observed in Figure 5.1 are attributed to optical transitions from the lowestlying level (#1) of the ground 2F5/2 state to levels # 4 - #7 of the 2F7/2 excited state of Ce3+. A
broader band appearing around 3250 cm-1 (overlapping with the 3257 cm-1 Ce3+ line) is most
probably associated with hydroxyl group vibrations. Figure 5.2 shows the temperature
dependence of the spectra.
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Figure 5.2 Temperature dependence of the 4f4f absorption in YAP doped with Ce (0.2%). Spurious background
absorptions have been subtracted.

Similar properties are observed in the LuAlO3:Ce (0.15%) single crystal. The absorption
spectrum in the region of 4f-4f transitions of Ce3+ in this crystal and the temperature dependence

-1

Absorption coefficient (cm )

of the spectra are shown in Figures 5.3 and 5.4, respectively.
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Figure 5.3 Absorption spectrum of the LuAP:Ce (0.15%) single crystal at 4.5 K.

The energies of the 4f energy levels of Ce3+ in YAP and LuAP obtained from the absorption
spectra are given in Tables I and III, together with the established positions of the 5d levels for
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both YAP and LuAP crystals.
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Figure 5.4 Temperature dependence of the 4f4f absorption in the LuAP single crystal doped with Ce (0.15%).
Spurious background absorptions have been subtracted.

There is a striking difference between the transition to the lowest-lying level of the 2F7/2 excited
state of Ce3+ (transition between levels #1 and #4) and transitions to the remaining three excited
levels (transition from level #1 to #5, 6, and 7). While the linewidth of the former is very narrow,
below 1.5 cm-1 (full width at half of maximum – FWHM) in both YAP and LuAP, the remaining
absorption lines are much broader, with FWHM in the range of 10 – 60 cm-1.
Due to the small FWHM of the transitions between levels #1 and #4 of Ce3+ it is possible to
distinguish at least two satellite lines in addition to the main peaks in the absorption spectra of
YAP and LuAP doped with Ce. The maxima of these additional lines (see Figure 5.5) are located
at 2070 (2088) cm-1 and 2079 (2093) cm-1 for YAP and LuAP, respectively. We associate these
lines with the presence of Ce3+ ions in the so called antisite positions, i.e., on Al octahedral sites
and/or Ce complexes with crystal defects, such as oxygen vacancies or some kind of interstitial
ion. An expanded view of the absorption associated with the transitions to the lowest-lying level
of the 2F7/2 excited state of Ce3+ is presented in Figure 5. It is not possible to distinguish
transitions associated with antisites for higher-lying levels of the excited state (levels #5, #6, and
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#7) due to much wider widths of these lines, which will be discussed later.
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Figure 5.5 Absorption spectra of YAP:Ce(0.2%) and LuAP:Ce(0.15 %) bulk samples taken at 4.5 K in the region of
Ce3+ 4f-4f

#1#4 transition (to the lowest-lying level of the 2F7/2 excited state) with expanded absorption

coefficient axis. Inset: the spectra not expanded.
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The absorption spectra in the same spectral region as shown in Figure 5.5 measured in epitaxial
layers of YAP and LuAP are presented in Figure 5.6. All the line positions are the same as in
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bulk crystals.
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Figure 5.6 Absorption spectra of YAP:Ce(0.42%) and LuAP:Ce(0.5%) LPE grown layers taken at 15 K in the
region of Ce3+ 4f-4f #1#4 transition (to the lowest-lying level of the 2F7/2 excited state) with expanded absorption
coefficient axis. Inset: the spectra not expanded.

The 80 nm thick YAP and LuAP epitaxial layers do not allow detection of the other transitions
except those presented above, due to much lower absorption coefficients than in the bulk. The
layers were grown at lower temperatures than the single crystals grown by the Czochralski
method. In spite of that, especially in the LuAP layer, the weak additional lines due to antisite
defects (on the low energy side of the dominant lines) are well visible. It can be associated with
the small Lu ionic radius, which promotes the formation of Lu antisites. Apparently, the number
of antisites is smaller in the YAP layer, which confirms that ionic radius of RE ions plays a
major role in antisite formation in these perovskite crystals and single layers.
Unpolarized Raman spectra at room temperature of both YAP and LuAP bulk crystals are
presented in Figure 5.7.
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Figure 5.7 Unpolarized Raman spectra of the YAP:Ce(0.5%) and LuAP:Ce(0.15 %) bulk samples measured at
room temperature.

A detailed analysis of the Raman spectra for both compounds has been presented in Ref.10. The
spectra of these compounds contain 24 Raman active modes, out of 60 in total, including 7 A1g
fully symmetric modes. The highest energy peaks at 552 cm-1 and 539 cm-1 for YAP, 568 cm-1
and 550 cm-1 for LuAP, are associated with those fully symmetrical A1g vibrational modes. The
results presented in Figure 5.7 are similar to those reported in Ref. 10, within an accuracy of a
few cm-1.
The absorption spectra as a function of temperature of YAP:Ce (0.5%) and LuAP:Ce (0.15%) in
the region of 4f  5d transitions are shown in Figs. 5.8, and 5.9, respectively. The thicknesses of
the samples were 0.3 mm and 0.39 mm for YAP and LuAP, respectively.
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Figure 5.8 Absorption spectra of YAP:Ce(0.5%) as a function of temperature in the region of Ce 3+ 4f-5d transitions.
Thickness of the sample: 0.3 mm.
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Figure 5.9 Absorption spectra of LuAP:Ce(0.15%) as a function of temperature in the region of Ce 3+ 4f-5d
transitions. Thickness of the sample: 0.39 mm.

Five major absorption peaks are visible in the spectra of both crystals above 100 K, in agreement
with the expected five levels of the 5d state of Ce3+. Their energies are given in Table III. At low
temperatures an additional, relatively weak peak is observed around 281 nm in YAP:Ce and 279
nm in LuAP:Ce. The origin of these additional peaks is unknown, perhaps they are associated
with the multicenter structure of the Ce dopant in those crystals.
Other characteristic features of both spectra are the shifts of the maxima of certain peaks,
especially well observed for the peaks at the longest wavelengths, towards lower energies. These
shifts are most probably associated with the thermal population of the second level of the 4f
ground state of Ce3+ and transitions from this state to the 5d levels.11,12
An interesting difference between YAP and LuAP crystals doped with Ce is the transition
probability to various 5d levels. In YAP crystals the absorption coefficients are all comparable,
in contrast to Ce-doped LuAP where transitions to higher lying levels are less probable than
those to lower lying levels (compare Figures 5.8 and 5.9). Explanation of these differences
would require additional theoretical calculations, which are beyond the scope of this work.

5.4 Discussion
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5.4.1

4f – 4f transition linewidths

The absorption lines associated with transitions between the 4f states are relatively narrow, with
extremely low FWHM for transitions occurring between levels #1 and #4 in both examined
crystals, especially at low temperature. As already mentioned, these linewidths are of the order
of 1 cm-1 whereas those of the remaining three lines (transitions from level #1 to #5 - #7) are an
order of magnitude broader, even with a certain progression - ranging from 10 to 60 cm-1 in both
crystals. The FWHM for all 4f – 4f transitions are given in Table 5.1. This difference is
exceptional, it occurs neither in Ce3+ doped garnets11-13 nor fluorides.14 Inhomogeneous
broadening cannot be responsible for this effect since it should affect all crystal field states.
Table 5.1 Absorption peak energies, full widths at half of maxima (FWHM), energy differences between subsequent
levels, and the closest phonon energies for YAP and LuAP doped with Ce 3+.

Level

Level

no.

energy
-1

(cm )

FWHM
-1

Difference

The

Ea (cm-1)

energy of A1g

cm

closest
-1

phonon (cm )

YAP

Level

FWHM

energy
-1

l (cm )

-1

Difference

The

Ea (cm-1)

energy of A1g

(cm )

closest

phonon (cm-1)

LuAP

4

2085

1.15

---

5

2485

14

400

2100

1.18

----

2518

26

418

441
411

400(B1g)b,
423(B2g) b
6

2699

28.5

214

195,

2716

29.3

198

215(B2g) a

7

3257

58

558

552, 528

146, 296
164(B2g) b

3275

53

559

569, 550

538(B3g) b
a

Difference E – the difference between the energies of this and the next higher-lying level

b

phonons of similar energy (symmetry shown in parenthesis)
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The linewidth of optical transitions for rare-earths has been studied previously in a number of
publications (see, for example Ref. 15). The linewidth, E(T), is dependent on temperature and
is expressed by the following equation:14
E(T) = Einh + ED(T) +ER(T) + EOrb(T) +EMR(T) + ERad

(5.1)

where Einh is the contribution from inhomogeneous broadening, ED(T) from one-phonon
relaxation process, ER(T) - the Raman (two-phonon) process, EOrb(T) - the Orbach (two-phonon)
process, EMR(T) – multiphonon relaxation, and ERad - radiative relaxation.
The contribution of various processes to the linewidth may be derived from temperature
dependencies. Such dependencies have been studied in the past for YAP doped with Pr3+ (Ref.
16) and Eu3+ (Ref. 17). Some papers which considered influence of resonances between the
electronic and phonon energies predict changes in the linewidth and lineshape of particular
transitions, including even splitting of the electronic transitions.18,19 However no convincing
evidence of such effects has been presented so far.
In recent publication also the temperature dependencies of the linewidths of Ce3+ 4f4f intraconfigurational transitions in LiYF4 have been studied.20 The model proposed there includes, in a
simple way, the contributions of population relaxation in the case of direct multiphonon emission
and phonon absorption between the various levels of the 2F7/2 state. In this model the linewidth is
given by:
𝑇

7

𝑇 /𝑇

∆𝜈 = ∆𝜈𝑖𝑛ℎ + 𝛼 (𝑇 ) ∫0 𝐷
𝐷

𝑥6𝑒 𝑥
𝑑𝑥
(𝑒 𝑥 −1)2

+ ∑𝑗<𝑖 𝛽𝑖𝑗 [∏𝑝(𝑛𝑝 + 1)] + ∑𝑗>𝑖 𝛽𝑖𝑗 𝑛𝑘

(5.2)

where x = hν/kT, np, nk are the Bose-Einstein occupation number of p- and k- phonon modes,
respectively and are equal to [eh/kT-1]-1, TD is the Debye temperature, h – is the Planck constant.
The temperature dependencies of the linewidth for the transition from level # 1 to #4 for both
YAP (squares) and LuAP (dots) crystals are shown in Figure 5.10. The solid (YAP) and dashed
(LuAP) lines are fits to Eq. 5.2.
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Figure 5.10 Temperature dependence of the linewidth for the transition between levels #1 and #4 in YAP:Ce (0.2%)
– squares- and LuAP:Ce (0.15%) - dots. The lines are fits of Eq. 5.2 to the data.

Actually, in the theoretical fits only the two first terms in Eq. 5.2 were used since the distance
between levels #4 and #5 is of the order of 400 cm-1 (see Table I), i.e., much above the thermal
energy available in the experiment. The fitting parameters are given in Table II.
Table 5.2 Parameters of the fit of Eq. 1 to the data presented in Figure 5.8

inh

-1

)

(cm-1)

Td (K)

YAP:Ce

1.26 ± 0.5

426± 240

552 ± 130

LuAP:Ce

1.08 ± 0.5

563 ± 300

654 ± 155

All these values were treated as adjustable parameters in the fits. We consider the values of inh
as associated solely with inhomogeneous broadening. The large distance to the first upper level
(level #5) and lack of energy levels below justifies this assumption (absorption and emission of
phonons between the various levels of the 2F7/2 state are negligible at these temperatures). The
Debye temperatures are in good agreement within experimental error with the phonon cut-off
energy obtained from the Raman experiment (see Figure 5.7), although it is slightly lower for the
YAP crystal than obtained from other experiments.21 No other estimates of the Debye
temperature for LuAP crystals are known to us. The fitted value of the Debye temperature for the
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LuAP crystal is slightly higher than that for YAP, again in very good agreement with the Raman
data.
The remaining lines for transitions from level #1 to #5, #6, and #7 are much broader at low
temperatures than transitions between levels #1 and #4. This reflects the influence of the
contributions from population relaxation due to direct multiphonon emission and absorption
processes between the various levels of the 2F7/2 state, negligible in the examined range of
temperatures for transitions between levels #1 and #4. These contributions are expressed by the
third and fourth term in Eq. 5.2. Figure 5.11 presents the temperature dependence of the
linewidth of the transition from level #1 to level #6, the second strongest transition in the 4f-4f
absorption spectrum of Ce3+ in YAP and LuAP crystals.
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Figure 5.11Temperature dependence of the linewidth for transitions between levels #1 and #6 in YAP:Ce (0.2%)
and LuAP:Ce (0.15%).

Phonon assisted recombination may be enhanced due to coincidence of phonon energies with the
distances between different levels of the 2F7/2 state, which is shown in Table I for both examined
crystals. Although it is possible to fit the temperature dependencies of the linewidths for all
remaining transitions (between levels #1 and # 5, #6, #7) using Eq. 5.2, such an attempt is not
very meaningful due to the large number of parameters and relatively narrow range of
temperatures. Equally good fits can be obtained for various phonon energies, which does not
allow establishing accurately the phonons actually involved in nonradiative relaxation processes
of the excited 4f states of Ce3+ ions. This is similar to the previously studied case of LiYF4:Ce.20
44

Chapter 5: Electronic structure of Ce3+ in YAlO3 and LuAlO3
5.4.2

Energy structure of Ce3+ ions in YAP and LuAP crystals

Calculations of the 4f and 5d energy levels of the Ce3+ ion in the dodecahedral site with C1h
symmetry in YAP and LuAP were performed in the framework of the exchange charge model
(ECM).22 Details of the calculation procedure can be found in Ref. 11. Using the standard
notation of Wybourn23 and Table 1.7 of Ref. 24 the parameterized effective Hamiltonian for the
4f1 and 5d1configurations of Ce3+ ions in YAP and LuAP can be written as:
(2)

(2)

(2)

(4)

(4)

(4)

H(4f1 )=𝐸𝑎𝑣𝑔 +ζ4f sf ⋅lf +𝐵02 𝐂0 +𝐵22 (𝐂2 + 𝐂−2 ) +𝐵04 𝐂0 + 𝐵24 (𝐂2 + 𝐂−2 )
(4)

(4)

(6)

(6)

(6)

(6)

(6)

+𝐵44 (𝐂4 + 𝐂−4 ) + 𝐵06 𝐂0 + 𝐵26 (𝐂2 + 𝐂−2 ) + 𝐵46 (𝐂4 + 𝐂−4 ),
2
(2)
(2)
H(5d1 )   E ( fd )   5 d s d  l d  B02 (d)C0(2)  B12 (d)(C1(2)  C(2)
1 )  B2 (d)(C 2  C 2 )

(5.3)

(5.4)

4
(4)
(4)
4
(4)
(4)
4
(4)
(4)
4
(4)
(4)
 B04 (d)C(4)
0  B1 (d)(C1  C 1 )  B2 (d)(C2  C 2 )  B3 (d)(C3  C 3 )  B4 (d)(C 4  C 4 )

where the notation and meaning of various operators and parameters are defined according to
standard practice.25,26 For the 5d states, there will be no sixth rank parameters in the Hamiltonian.
In addition, since the spectral bands corresponding to the 5d states are broad, the spin-orbit
interaction was not considered when calculating the 5d states splitting. The calculated energies of
the Ce3+ levels in dodecahedral sites in YAP and LuAP are listed in Table 5.3, the appropriate
parameters are given in Table 5.4.
Table 5.3 The 4f and 5d CF energy levels of Ce3+ ions in RAP (R=Y, Lu) (data given in cm-1)

Level No.

2

LJ

YAP

LuAP

Ecalc

Eexp

Ecalc

Eexp

0

0

0

0

2

334

-

346

-

3

722

-

728

-

2107

2085

2101

2100

5

2432

2485

2492

2518

6

2772

2699

2742

2716

1

4

2

F5/2

2

F7/2
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7

3209

3257

3284

3275

8

32371

33360

32356

32810

Note: Ecalc and Eexp correspond
to the calculated33965
and observed
CF energy34447
level values,
respectively.
9
34470
34330
3+
-1
Table 5.4 Hamiltonian
ions in RAP35700
(R=Y, Lu)
(unit: cm36315
). Refer to the text for their
10 parameters5dfor Ce 36583
36315

explanation
11
12

YAP

43986

42590

43385

43960

45415

46200
LuAP 47547

46685

4f

5d

4f

5d

B02

-30

1630

-41

2188

B12

-680

-3448

-510

-2849

B22

-60

908

226

2982

B04

-369

2830

-519

2230

B14

1397

18123

1620

20310

B24

-199

-2321

-135

-1213

B34

759

5710

412

1976

B44

-777

-4082

-1059

-5783

B06

1319

1390

B16

-160

-327

B26

390

336

B36

-350

-481

B46

-891

-1019

B56

-110

74

B66

488

347
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G(Cs)

0.15

0.165

0.17

0.175

G(C1)

3.41

-

3.48

-

α
Eavg

-0.449
1654

E(fd)



-0.353
1670

36982
617

1082

37328
618

1082

A very good agreement between the experimentally observed and theoretically calculated energy
levels has been achieved for the dominant Ce3+Y and Ce3+Lu centers. Although crystal field
calculations for Ce3+ ion in YAP were published previously,27 the fitting procedure used there is
not convincing. The authors of Ref. 27 treat all crystal field parameters as adjustable ones,
which results in an "over-defined" problem, where the number of parameters exceeds (or equals
to) the number of experimental points. In our calculations we use crystal lattice sums and a
smaller number of exchange charge model parameters for fitting. Therefore, our results have
better physical meaning than those presented previously.

5.5 Conclusions
Low temperature infrared absorption spectra of YAP and LuAP crystals doped with Ce show
unambiguously that Ce dopant forms multicenters. In addition to the dominant absorption lines,
which we associate with the presence of Ce3+ ions in dodecahedral sites, two additional sites are
clearly visible in the absorption spectra of 4f-4f transitions in both crystals. They are most
probably associated with antisites of rare-earth ions in the orthoaluminate structure, according to
theoretical predictions. Although the concentration of antisite defects in LPE grown YAP:Ce
layers is lower than in the bulk crystals due to much lower growth temperature, it is not the case
for LuAP layers, in which the concentration of defects remains considerably high.
Theoretical fits based on the exchange charge model provide the energy structure of the major
Ce3+ center in these crystals with very good accuracy for all 4f and 5d levels. Different
linewidths for transitions from the lowest level of the ground 2F5/2 state to the various levels of
47

Chapter 5: Electronic structure of Ce3+ in YAlO3 and LuAlO3
the 2F7/2 excited state are explained by electron-phonon interaction, in particular, direct
multiphonon relaxation processes enhanced by coincidence of energy differences between
various sublevels of the 2F7/2 state with the phonon energies of YAP and LuAP.
The most results described in this chapter formed the basis of a publication:
Y. J. Wang, D. Wlodarczyk, L. Li, A. Wittlin, H. Przybylinska, P. Sybilski, Y. Zhydachevskyy,
C. G. Ma, M. G. Brik, M. Malinowski, Y. Zorenko, V. Gorbenko, A. Suchocki. Electronic
structure of Ce3+ in yttrium and lutetium orthoaluminate crystals and single crystal layers. J.
Alloy. Compd., 2017, 723, 157-163.
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Chapter 6: Spectroscopic properties and martensitic phase
transition of Y4Al2O9:Ce single crystals under high pressure
In this section, the YAM:Ce single crystals used for the study were grown by the micro-pullingdown (μ-PD) method instead of the standard Czochralski method and kindly provided for us by
Prof. Michal Malinowski, Institute of Microelectronics and Optoelectronics. And the most of
experiments done by myself at IF PAS unless stated as follows. The high-pressure Raman data
was analyzed by Damian Włodarczyk. Single crystal X-ray diffraction data were collected by
M.Sc. Szymon Sutuła at University of Warsaw. High-pressure XRD experiments were
performed by Dr. Ross Hrubiak at the High Pressure Collaborative Team (HPCAT), Sector 16 of
the Advanced Photon Source. The data reduction was done with supports from M. Sc. Katarzyna
Kosyl. The Ab initio calculations of electronic band structure of YAM:Ce3+ were done by Prof.
Brik from Institute of Physics, University of Tartu.

6.1 Introduction
Y4Al2O9 (abbreviated here as YAM) with monoclinic crystallographic structure and space group
P21∕c (No. 14) with four formula units per unit cell, is one of four crystalline phases in the
Y2O3:Al2O3 system. Other phases in the system are: cubic garnet YAG (Y3Al5O12), orthorhombic
perovskite YAP (YAlO3), and its metastable hexagonal polymorph YAH (YAlO3)1,2 with the
same stoichiometry as YAP, which is observed during the synthesis involving soft chemistry
methods.
Properties of the YAM phase are relatively less known than those of YAG and YAP. Optical
properties of polycrystalline YAM grown by the pulling down technique and doped with
various rare earth elements were recently studied. In particular: in Ref. 3 for the Dy dopant, for
Pr codoped with Ce as a system for down-conversion of solar spectrum in Ref. 4, for Pr in Ref. 5,
for Sm in Refs. 6 and 7, for Eu in Refs. 8 and 9. YAM can be easily prepared in powdered form
by several methods, such as sol-gel or simultaneous addition of reagents.10 In such a form YAM
doped with Bi and Yb was considered earlier as a material for solar spectrum modification by
means of quantum cutting.11 However, our recent results have shown that quantum cutting does
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not occur in this material.12 Nevertheless, YAM doped with rare earths, including Ce, may be
interesting for optoelectronic applications, for example as a fast scintillating material.13
Thermal properties of YAM are also interesting, since it has low thermal conductivity and is
stable at high temperatures up to about 1300 °C. Therefore, it might be used as a new thermal
barrier coating (TBC) material on turbine blades in gas-turbine engines to increase the operating
temperature improving this way the efficiency and power of the engines.14,15 YAM is better
suited for this type of application than many rare earth aluminates, which do not have such a long
lifetime at 1000 oC.16
The important aspect of research on YAM is related to its multisite structure, as also noticed
recently in Ref. 17. This material doped with other rare-earth ions is considered for application in
nanothermometry, solar energy concentrators, and laser devices. It was also studied as a
composite of solidified eutectics with YAP. The low symmetry in this system provided a
convenient and good test for the generality of different geometric criteria of orientation
relationships.18
There are various reports on the physical properties of aluminates similar to YAM, i.e., having
the same stoichiometry and the same crystallographic structure, however, with different rare
earths in place of yttrium, namely: Dy4Al2O9,19 Er4Al2O9,20 Eu4Al2O9,21 Gd4Al2O9,19 Ho4Al2O9,20
Nd4Al2O9,22 Tb4Al2O9,23 Yb4Al2O9,24 and also for some gallates, i.e., Eu4Ga2O9,25 Eu4Gd2O9,26
Pr4Ga2O9,27 Nd4Ga2O9,28,29 Sm4Ga2O9.28 There are also other oxides of the same stoichiometry,
which crystalize in another structure, namely P-32/c1, as for example Co4Nb2O9.30
The crystallographic structure of YAM and local surroundings of Y ions were described earlier
in Refs. 9, 21, 31and 32. The structure, containing four different Y3+ sites coordinated by six or
seven oxygen atoms is presented in Figure 6.1(a). These centers are denoted Y1 – Y4 and they
are shown in Figure 6.1(b). It is believed that Ce3+ ions substitute Y3+ in the YAM host.
Considering the average distances between the central Y3+ ion and surrounding oxygens, the
shortest average is found for the Y2 center (2.278 Å at ambient conditions), the next larger is for
the Y1 center (2.350 Å). The average distances for Y3 and Y4 centers are even longer and
almost equal to each other, i.e., 2.379 Å and 2.380 Å for centers Y3 and Y4, respectively. The
relative strength of the crystal field experienced by the central ion scales roughly with ∑1/a i5,
where ai is the distance between the central ion and surrounding oxygen.33 The appropriate
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values of these sums for each center are given in Table 6.3 (in Part V.2 of this paper). In
accordance with the data in Tab. 6.3 the strength of the crystal field for various Ce3+ centers is
expected to increase in the following order: C3, C2, C4, and C1, (where Ci denotes the
appropriate Yi – center with Y3+ replaced by Ce3+).
In the following sections of this paper optical and structural properties of YAM single crystals
doped with Ce3+ ions at ambient and under hydrostatic pressures are reported. We show that
hydrostatic pressure not only influences considerably the optical properties, but also changes the
crystallographic structure. Theoretical calculations of the observed effects are presented as well.

6.2 Experimental
The YAM:Ce single crystals used for the study were grown by the micro-pulling-down (μ-PD)
method instead of the standard Czochralski method since YAM undergoes a phase transition
during cooling (~1300°C). Samples with Ce concentrations varying up to 1% were investigated.
Here we present the results obtained for the high quality samples doped with 0.1 and 0.2% Ce3+,
calculated as a percentage of Ce over Y ions, introduced in the melt. There is no appreciable
difference in the properties of both samples. The samples, cut and polished down to a thickness
of 20-30 μm, were loaded into the cell along with a small ruby crystal. The R1 ruby
luminescence line was used for pressure calibration.
Single crystal X-ray diffraction data were collected at ambient pressure on an Agilent SuperNova
(Single source at offset, Eos CCD detector) diffractometer equipped with a fine-focus sealed Ag
Kα X-ray tube (0.56085 Å). Data collection, integration and reduction were performed using
CrysAlisPro system software.34 The structure determination was carried out with the OLEX2
program.35 High-pressure XRD experiments were performed at the High Pressure Collaborative
Team (HPCAT), Sector 16 of the Advanced Photon Source.36 Synchrotron X-ray beam
(=0.406626 Å) focus was 1 by 2 micrometers (full with at half maximum). Well grinded
samples were loaded into a DAC with Re gasket and compressed neon gas as a pressure
transmitting medium. The pressure was increased in small steps using a remotely-controlled,
motorized, gearbox mechanism. XRD patterns were collected with 15 second exposure time
using a Pilatus 1M-F area detector and then integrated with the FIT2D software package. The
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unit cell parameters under different pressures were refined using FullProf software. Some gold
powder (<0.5 µm particle size) was placed close to the edge of the gasket to be used as a
pressure standard. The XRD patterns were collected from two points in the pressure chamber in
alternating manner: once from the volume containing sample and gold followed by XRD from
another volume containing only the sample.

6.3 Results and Discussion
6.3.1

Crystallographic structure and parameters at ambient pressure

All crystals were found to crystallize in the monoclinic system. Based on the obtained structure
data, the XRD pattern was generated using Mercury software (Figure 6.1). As shown in Figure
6.2, YAM has four different Y3+ (Ce3+) sites: Y2 is six-fold coordinated with O; Y1, Y3 and Y4
are 7-fold coordinated. Figure 6.3 shows the coordination spheres and bond lengths of Y1, Y2,
Y3 and Y4 sites for the examined Y4Al2O9:Ce (0.2%) single crystals. The parameters are
presented in Table 6.1

Figure 6.1 XRD pattern generated based on the obtained structure data from single-crystal X-ray diffraction
measurement. The insert showing visualization of the formula unit with polyhedral coordination of Y and Al atoms
in a-c plane;
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YAM

1.00 mm

Figure 6.2 (a) Crystal structure of YAM; right is a photograph of examined crystals manufactured by micro-pullingdown (μ-PD) method.

Figure 6.3 Coordination and bond lengths of Y/Ce atoms in four different crystallographic sites, obtained from Xray diffraction of the YAM:Ce (0.2%) single crystal. The bond lengths are given in units of Å.
Table 6.1 Summary of the structural data for YAM.

Experimental [this work]

ExperimentaL Ref. 37

Calculated (this work)

a, Å

7.3511(2)

7.3781

7.7176

b, Å

10.4358(2)

10.4735

10.9184

c, Å

11.0975(3)

11.1253

11.7069

β,°

108.548(3)

108.540

108.7982

Atomic positions (in units of a, b, c)
X

y

z

x

y

Z

X

y

z

Y1

0.52369(5)

0.10968(3)

0.78519(4)

0.5244

0.1081

0.7864

0.52561

0.10932

0.78930

Y2

0.02346(5)

0.09564(3)

0.80616(4)

0.0221

0.0944

0.8066

0.02670

0.09307

0.80832

Y3

0.33901(5)

0.12696(4)

0.43704(4)

0.3390

0.1276

0.4370

0.34020

0.13122

0.44088
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Y4

0.83785(5)

0.12143(4)

0.41605(4)

0.8382

0.1206

0.4173

0.83961

0.12323

0.42030

Al1

0.2179(2)

0.18013 (13)

0.12789(13)

0.2300

0.1818

0.1323

0.22454

0.18077

0.12948

Al2

0.6539(2)

0.17733(13)

0.11369(12)

0.6544

0.1808

0.1170

0.65184

0.17921

0.11970

O1

0.7881(5)

0.2364(3)

0.7465(3)

0.7816

0.2341

0.7454

0.78399

0.23818

0.74933

O2

0.2309(5)

0.2379(3)

0.7683(3)

0.2228

0.2391

0.7642

0.23426

0.23811

0.76402

O3

0.2119(5)

0.0177(3)

0.1548(4)

0.2151

0.0182

0.1559

0.20915

0.02370

0.15208

O4

0.0735(5)

0.2340(3)

0.9810(3)

0.0741

0.2372

0.9822

0.08951

0.23247

0.98461

O5

0.4337(4)

0.2389(3)

0.1159 (3)

0.4286

0.2308

0.1107

0.43754

0.23589

0.12284

O6

0.6373(5)

0.2308(3)

0.9613(3)

0.6519

0.2373

0.9577

0.63609

0.22972

0.97273

O7

0.6959(5)

0.0184(3)

0.1598(4)

0.6884

0.0049

0.1615

0.69508

0.02389

0.15858

O8

0.0766(5)

-0.0065(3)

0.3933(3)

0.0829

0.0045

0.3938

0.07500

-0.00683

0.39172

O9

0.5653 (5)

0.0074(3)

0.3923(3)

0.5676

0.0061

0.4014

0.56454

0.00859

0.39077

As seen in Table 6.1, the calculated and experimentally obtained structural parameters of the
YAM unit cell agree satisfactory well with each other, including the lattice constants and
fractional coordinates of atoms.
Comparison with published theoretical data shows that the studied crystals are of very good
quality, although they are small (a few cm in length and up to 3 mm in diameter - see Ref. 38).

6.3.2

Spectroscopic properties of YAM:Ce at ambient pressure

The energy structure of Ce3+ ions with 4f1 configuration consists of a 2F5/2 ground state and a
2

F7/2 excited state due to spin-orbit coupling. Crystal field (CF) splits these two states into three

(levels #1–3) and four (levels #4–7) energy levels, respectively. Commonly, they are presented
only as two levels separated by about 2200 cm-1, as in the classic Dieke diagram.39
Luminescence spectra of the df transitions often support this picture since they can be
deconvoluted into two semi-Gaussian bands separated by about 2000 cm-1. The low-temperature,
far-infrared absorption measurements show, however, that the splitting of the excited 2F7/2 state
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in many oxide compounds is much larger and extends up to about 4000 cm-1.40-43 An energy
structure scheme of Ce3+ 4f states in low symmetry crystal field is presented in Figure 6.4 (a).
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Figure 6.4 (a) The energy structure of a Ce3+ center in YAM; (b) temperature dependence of absorption spectra of
YAM:Ce(0.2%); (c) temperature dependence of absorption spectra of YAM:Ce(0.2%) in the region of transitions
between levels #1 and # 4 (expanded view form Figure 6.4 (b))

The absorption spectra of the YAM:Ce (0.2%) bulk sample taken at various temperatures
between 4.5 and 300 K in the region of the 4f4f transitions are presented in Figure 6.4 (b). A
spurious background, associated most probably with interferences induced by a thin molecular
film accidentally deposited on the sample surfaces during cooling, was subtracted from the
spectra. The four groups of lines in Figure 6.4 (b) are attributed to optical transitions between the
lowest-lying level (#1) of the ground 2F5/2 state and four levels of the 2F7/2 excited state of Ce3+.
Each group consists of at least four well distinguished lines, which is in agreement with expected
spectra for YAM crystallographic structure. It can be the easiest observed for transitions between
levels #1 and #4, presented in Figure 3c, in which the absorption lines for various centers are
well separated from each other. Intensities of these lines are slightly different, though
commensurable with each other, except for the line at 2187 cm-1 which is less intense. This
indicates that Ce3+ ions populate these sites with similar occupancy rate (assuming that the
oscillator strengths for 4f4f transitions are similar). Substitution of all four Y sites by RE3+
was observed earlier for different RE ions.5-9 The lines are relatively sharp at low temperatures,
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at higher temperatures they are broadened due to electron-phonon coupling. This especially
applies to the line at 2124 cm-1, which is very broad at room temperature. The lines occur in pairs
(at least for the transitions between the levels #1 and #4, for the remaining transitions they seem
to overlap more with each other). This is also in agreement with the crystallographic structure
and the related crystal field strength, which is pair wise similar for the centers Y1-Y4 and Y2-Y3.
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Figure 6.5 (a) Absorption spectra of YAM:Ce (0.2%) as a function of temperature. Inset shows the spectrum for T =
4.5 K in eV scale. Energies of the band maxima are given in the inset; (b) YAM:Ce (0.2%) temperature dependence
of the bandgap energy of, estimated from the absorption spectra in the UV region. The solid line is the fit of
modified Varshni formula, with the parameters given in the graph. Real bandgap energy is smaller than plotted on
this graph by the effective phonon energy (see explanation in the text).

The UV-VIS absorption spectra of the YAM:Ce (0.2%) crystal as a function of temperature
between 4.5 and 350 K are shown in Figure 6.5 (a). Seven bands, associated with the 4f5d
transitions in various Ce3+ centers, can be observed in the spectra. In principle, for each center
five 4f5d transitions should be observed, however, in this case the individual transitions for the
four centers partly overlap. In addition, some of these transitions may be buried in the band-toband absorption of YAM. There is a slight red shift in the position of the maximum of the bands
with increasing temperature, which is probably associated with the thermal population of the
second level of the 4f ground state of Ce3+, as observed in the garnets doped with Ce3+.40-43
However, the red shift is less pronounced than in garnets and it is at present impossible to
calculate the position of the second level of the 2F5/2 ground state for various Ce3+ centers on the
basis of these data.
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Band-to-band absorption is observed above 44 000 cm-1. According to theoretical calculation
YAM crystals have an indirect bandgap (see part IV). In this case, the absorption coefficient in
the region of the band-edge should be proportional to the square of the photon energy:  ~
(ħEg ± ħ, where ħ is the effective phonon energy, emitted or absorbed in this region
together with the absorbed photon, and Eg is the band-gap energy. Based on this, the bandgap
can be evaluated, as a crossing point of the straight lines fitted to the square root of the
absorption coefficient with the energy axis at level 0. The temperature dependence of the
bandgap energy, including effective phonon energy is plotted in Figure 6.5 (b).
The temperature dependence of Eg + ħ was fitted using the Varshni equation,44 modified by
O’Donnel and Chen to account for electron-phonon coupling:45
⟨ħΩ⟩

𝐸𝑔 (𝑇) = 𝐸𝑔 (0) + ⟨ħΩ⟩ − 𝑆 ∙ ⟨ħΩ⟩ ∙ [coth ( 2𝑘𝑇 ) − 1]

(6.1)

where Eg(0) is the band gap at zero temperature, S is a dimensionless coupling constant, <ħ> is
the effective phonon energy, and k is the Boltzmann constant. In Figure 6.5 (b) the solid line
represents the best ﬁt to Eq. 6.1. The best ﬁtting parameters are: Eg(0) + <ħ> = 5.98 eV , S =
13.1, and <ħ> = 0.049±0.005 eV. As can be seen, the bandgap energy remains approximately
constant up to about 100 - 125 K. With increasing temperature the bandgap decreases and is
reduced by about 300 meV at 350 K. YAM bandgap energy (5.93 eV) is the smallest one out of
the other yttrium aluminum oxides, i.e., 8.1 ± 0.3 eV for YAP46 and 7.1 eV for YAG.47
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Figure 6.6 (a) Luminescence spectra of YAM:Ce (0.2%), excited by 385 nm light, as a function of temperature; (b)
Temperature dependencies of the integrated luminescence intensities of YAM:Ce 3+ (0.2%) excited by 365 nm and
385 nm light. The lines are fits with Eq. 3 to the acquired data.

The luminescence spectra of YAM: Ce3+(0.2%), excited by the 385 nm light, are presented in
Figure 6.6 (a). The luminescence is observed in the blue spectral region. The shape of the
spectrum, with a characteristic double peak separated by about 2200 cm-1, is typical for
transitions from the first 5d1 level to the 4f 2 F5/2 and 2F7/2 states of Ce3+. The transition to the
highest energy level of the 2F7/2 state, located at energy of around 3900 cm-1, is not observed in
the luminescence spectra due to much lower probability of spontaneous emission.40 The shape of
the spectra does not depend on the excitation wavelength.
The PL spectra exhibit very strong temperature quenching, which begins already at temperature
of about 20 K. Temperature dependencies of the integrated luminescence intensities, excited by
365 and 385 nm light, are shown in Figure 6.6 (b). Assuming that the temperature dependence of
the nonradiative probability is solely governed by ionization of the initial emitting 5d state, the
temperature dependence of the luminescence intensity is given by the following equation:
𝐼(𝑇) =

𝐵
𝐴+𝐶𝑒𝑥𝑝(−

∆𝐸
)
𝑘𝑇

(6.2)

This equation was used to fit the temperature dependencies of the luminescence intensities. The
energy E, obtained from the fits is equal to about 22 meV. This energy is related to the energy
distance between the emitting lowest 5d1 state and the conduction band of YAM. Such a small
distance between these states is responsible for strong temperature quenching of the
luminescence. At higher temperatures (above 100 K) this process is additionally enhanced by the
decrease of the bandgap energy. For this reason the experimental points in Figure 5b are located
below the theoretical curves.
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Figure 6.7 (a) Photoluminescence (right), photoluminescence excitation, and absorption (left) spectra of
YAM:Ce(0.2%) at T=10 K. The PLE spectrum was corrected for changes of penetration depth of exciting light due
to strong absorption (multiplied by the correction factor e d ()); (b) Photoluminescence excitation and luminescence
spectra at T = 4.5 K of YAM:Ce (0.2%) for different wavelengths of emission and excitation, respectively.

The PLE spectrum of the YAM: Ce3+(0.2%) crystal, presented in Figure 6.7 (a), differs
considerably from the absorption spectrum. This is a direct proof that not all Ce3+ ions contribute
to the luminescence at ambient pressure. A particularly large difference between PLE and
absorption is observed in the spectral region between 30 000 and 40 000 cm-1. However, the
luminescence spectra excited at different wavelengths in this region, depicted in Figure 6.7 (b),
do not show appreciable differences, which is additional evidence that the luminescence of some
Ce3+ centers is quenched at ambient pressure and only some centers give rise to the emission.
Low temperature decay kinetics of Ce3+ luminescence at ambient pressure are shown in Figure
6.8. They exhibit an approximately double exponential behavior, with the decay time of the
major component equal to about 8 ns and about 22 ns of the longer component at 10 K. The
decay times become shorter with the increase of temperature, confirming the mechanism of
temperature quenching associated with thermal ionization of the electrons from the 5d1 level to
the YAM conduction band. The decay time of the shorter component decreases faster with
increasing temperature than that assigned for the longer component.
The temperature dependence of the two components of the decay and the average decay time is
depicted in the inset in Figure 6.8. The average decay time was calculated from the formula:
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𝜏𝑎𝑣 =

𝐼01 𝜏12 +𝐼02 𝜏22
𝐼01 𝜏1 +𝐼02 𝜏2

(6. 3)

,

where I0i – is the initial value of intensity at t = 0, and i – is the decay time of particular
component of the decay kinetics.
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Figure 6.8 Decay kinetics of YAM:Ce (0.2 %) luminescence at various temperatures at ambient pressure, observed
at 440 nm; inset: temperature dependence of the average luminescence decay time and Arrhenius fit.

We interpret the two-exponential character of the decay kinetics as related to combined
luminescence of two Ce3+ centers. The decay time dependencies resemble those dependence of
luminescence intensity as a function of temperature. This confirms the assumption that the
luminescence quenching mechanism is associated with the ionization of the lowest 5d1 level to
the conduction band of YAM. The same decay lifetimes monitored at two maximum peaks (450
nm and 475 nm) in PL spectra are observed (see Figure 6.8 (right)).

6.3.3

High pressure spectroscopy of YAM:Ce
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Figure 6.9 (a) Pressure dependence of luminescence spectra of YAM:Ce (0.2%) at T = 10 K, excited by 363.8 nm
Ar+ laser line. Sharp lines around 695 nm are due to the ruby pressure calibrant; (b) Pressure dependence of the PL
maximum for low-pressure (up to 9.7 GPa) and high-pressure (above 11 GPa) ranges; (c) PL spectra under high
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High pressure luminescence spectra of YAM:Ce (0.2%) measured at 10 K are shown in Figure
6.9. Each spectrum consists of a single, broad band with a maximum in the blue region of the
light (around 21 000 cm-1 – 480 nm) at low pressure. The maximum shifts with increasing
pressure towards lower energies with a rate of about 270 cm-1/GPa until pressure reaches the
value of about 10 GPa. The two-band luminescence, observed at ambient pressure (compare with
Figs. 5 and 6) and associated with transitions from the lowest 5d level to the two manifolds of
the 4f state (2F5/2 and 2F7/2), is less visible here due to lower spectral resolution necessary in case
of small samples used in high pressure experiments with DAC. Approaching 10 GPa the spectra
become broader and another band in the red spectral region appears, with a maximum at about
16260 cm-1 (615 nm). The “blue” band is still visible in the spectra, however the new “red”
emission is much stronger, with about 5 times higher intensity larger than the "blue" one. This
band shifts also with compression towards lower energies, however, the observed rate is smaller
than at lower pressures, being of the order of 65 cm-1/GPa. The splitting of the 5d levels depends
not only on the strength of the crystal field, which increases with applied pressure, but also on
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the distortion from cubic symmetry of the center.48 The very weak pressure dependence of the 5d
level positions of the centers, which is observed in the luminescence spectra above the
martensitic phase transition at about 10 GPa for YAM (see Part III. 4 and 5) means that the
distortion from cubic symmetry for these centers decreases with applied pressure, what
compensates the increase of splitting related to the stronger crystal field. A similar behavior was
previously observed for GGG:Nd49 where the splitting of the 4F3/2 level changed and was
removed at certain pressure.
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Figure 6.11Comparison of decay times by monitoring “blue” and ”red” emissions under pressure at 10.1 GPa (a)
and 12.1 GPa (b).

Decay kinetics, measured as a function of pressure at a temperature of 4.5 K are presented in
Figure 6.10. The PL was excited at 355 nm and recorded at wavelengths corresponding to
maximum emission, i.e., at about 480 – 580 nm and 620 nm, for lower and higher pressures,
respectively. They exhibit approximately double exponential behavior.
At lower pressures, where only the “blue” emission band is observed, the short decay times are
of about 12 ns and are almost pressure independent. However, the decay times of the longer
decay components increase with pressure up to about 10 GPa. The additional "red" luminescence
band peaking at about 620 nm, which appears above 10 GPa, exhibits almost pressure
independent decay times for both shorter (30 ns) and longer (70 ns) decay components. The
decay kinetics for the “blue” emission were also measured at 10 and 12 GPa. Obtained decay
times are shorter than that of “red” emission at the same pressures (see Figure 6.11). Concerning
that the decay times are the same by monitoring different wavelength in PL spectra at ambient
pressure (Figure 6.8). It is an evidence that phase transition occurs in this pressure range and
those two bands are attributed to different centers.

6.3.4

Raman spectroscopy
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Raman spectra as a function of pressure up to 17.2 GPa, measured at room temperature, are
presented in Figure 6.12. The spectra exhibit a complex structure of many lines in the energy
range up to about 1000 cm-1. Pressure application causes a shift of these lines towards higher
energies with a rate between ~0.9 and ~6 cm-1/GPa, as shown in Table 6.3). The shift of the lines
is approximately linear up to about 8 GPa. Above this pressure the spectra undergo relatively
sharp changes, i.e., some of the lines disappear and others emerge with different pressures
coefficients. This is an apparent sign of a phase transition, which occurs above this pressure. It
will be discussed in the following sections of the paper. The number of lines below and above
10.5 GPa is approximately the same, however, some of them overlap, possibly due to nonhydrostaticity of the pressure transmitting medium at higher pressures. The peak positions of the
observed lines vs. applied pressure are depicted in Figure 6.12b-c.
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Figure 6.12 (a) Raman spectra of YAM:Ce (0.1%) excited by the 532 nm laser beam at room temperature as a
function of pressure. (b) and (c) - Peak positions of various Raman lines in YAM:Ce(0.1%) as a function of pressure
at room temperature. Solid lines are linear fits to the data.

The Raman spectra before compression and after decompression for the sample doped with 0.2%
of Ce, are similar, however they exhibit certain differences. Probably a small part of the sample
preserved the high pressure phase after decompression, which results in a few additional lines
remaining after pressure release. The temperature dependence of Raman spectra at ambient
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pressure (see in Figure 6.13) shows that there is no change of the spectra, except for some
broadening of the lines with increasing temperature from 4.5 K to 300 K. This means that the
monoclinic structure of YAM is thermally stable in this temperature range at ambient pressure.
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Figure 6.13 The temperature dependence of Raman spectra for YAM:Ce (0.2%) at ambient pressure.

Table 6.3 Pressure coefficients of various Raman lines at two different pressure ranges.
Initial wavenumber
No
.

1
2
3
4
5
6
7
8
9
10
11
12
13
14

ω, ω* [cm ]

Pressure coefficient
[cm-1/GPa](fitting
range 0-7.8 GPa)

Standard
deviation
[±cm-1/GPa]

165.5
171,3*
175.5
189.4
176,3*
194.4
212.8
236.0
255.9
273.2
284.4
301.6
320.3
340.3

0.95
--1.40
1.09
--1.08
1.85
2.86
2.05
2.50
1.97
2.20
2.85
2.66

0.21
--0.11
0.09
--0.08
0.12
0.13
0.12
0.20
0.07
0.41
0.20
0.12

-1

Pressure
coefficient [cm1
/GPa]
(fitting range
13.4-17.2 GPa)
1.05
0.49
1.61
1.60
1.36
2.16
0.80
1.85
1.61
1.05
2.34
3.15
3.59
1.79

Standard
deviation
[±cm-1/GPa]
0.13
0.09
0.26
0.24
0.17
0.20
0.04
0.13
0.07
0.13
0.14
0.13
0.59
0.29
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

347.4
376.6
384.9
395.3
408.7
417.0
430.3
445.3
459.2
471.7
498.4
519.8
538,5
552.3
567.6
602.0
645.3
715.7
745.7
786.2
798,4
814.9
846.1

3.25
1.64
2.69
3.17
3.33
2.74
3.20
3.03
2.62
4.51
4.28
3.22
3.72
3.79
4.65
3.40
3.81
4.35
4.66
5.25
6.12
5.21
5.20

0.11
0.20
0.26
0.12
0.09
0.22
0.06
0.07
0.11
0.81
0.38
0.25
0.20
0.08
0.15
0.16
0.16
0.27
0.11
0.24
0.70
0.25
0.58

2.10
1.61
1.54
1.79
2.10
2.09
2.65
1.63
1.36
0.83
2.04
2.72
1.90
0.80
3.70
3.15
--1.54
2.65
1.54
3.95
4.44
14.7

0.25
0.26
0.16
0.15
0.25
0.26
0.14
0.07
0.17
0.08
0.44
0.35
0.66
0.04
0.26
0.38
--0.16
0.14
0.16
0.38
0.39
0.75

initial wavenumbers marked with asterisk were determined at 13.4 GPa, these modes were not detected at ambient
pressure.

6.3.5

X-ray diffraction under high pressure

To reveal the possible mechanism of high-pressure induced enhancement of Ce3+ luminescence
in YAM crystals, synchrotron XRD measurements were performed under high pressure up to
29.1 GPa, as shown in Figure 6.14 (a). With the increase of pressure all diffraction peaks shift to
higher 2 angles, which indicates that the unit cell volume decreases under pressure. The peaks
also broaden under compression. A pronounced change in the XRD spectra appears at pressures
above 15.8 GPa, as depicted in Figure 6.14 (b), where some peaks disappear above that pressure.
However, in between 8 and 11 GPa important changes in the spectra are also seen, which can be
observed as differences in the slope of peak position as a function of pressure and significant
changes of the peak intensities.
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Figure 6.14 (a) XRD patterns of YAM:Ce vs. pressure. (b) Expanded view of the main diffraction peaks. (c)
Pressure dependence of lattice parameters normalized to those at ambient pressure. The values of lattice parameters
at ambient pressure are given in Table 6.1.

In order to identify the high pressure phases Rietveld refinement was performed. Based on the
diffraction peaks at every pressure up to 15.8 GPa, we were not able to adopt any other space
group except P21/c. Therefore, all peaks were indexed and analyzed within the same space group.
The obtained lattice parameters of YAM after refinement at pressures below 15.8 GPa were
normalized, as shown Figure 6.14(c). All of the lattice-parameters decrease with compression,
leading to a decrease of the volume by 1.4 % between 9.0 and 10.5 GPa. It is noticed that the
relative intensities of diffraction peaks at small angle undergo a pronounced change at high
pressure. Since at higher Bragg angles the lines overlap the relative peak intensities are
compared only for 2 ranging from 2.5 to 6°, as seen in Figure 12 (a). At lower pressures (up to
~8.0 GPa), the 110 , 111 and 102 reflections are very weak, whereas the 100 and 112 peaks are
stronger than these under higher pressure (9.0 – 15.8 GPa). Similar behavior was observed
earlier by Yamane et al. for high-temperature X-ray powder diffraction of Y4Al2O928,50. They
found that the unit cell volume for high-temperature phase was approximately 0.4% smaller than
that for the low-temperature phase due to a phase transformation. In Yamane’s report the atoms
in the unit cell move cooperatively and each unit slip on the a-c plane around y=0 to ½ and along
the axis by a/4 during phase transition of YAM.
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Figure 6.15 (a) Enlarged view of the diffraction patterns at small angles. Rietveld refinements of diffraction patterns
of YAM:Ce with monoclinic phase and space group of P 21/c: at 1.6 GPa (b) and 10.5 GPa (c) using the lowtemperature model; at 10.5 GPa using the high-temperature model [32] (d). The red crosses, olive and navy solid
lines represent experimental, calculated, and residual patterns, respectively. The short vertical bars indicate the
positions of allowed Bragg reflections. The insets show the enlarged view of the diffraction spectra for small angles.

Figure 6.15 (b, c, d) shows the comparison of Rietveld full-refinement at pressures of 1.6 and
10.5 GPa, respectively. All the diffraction peaks (011), (100), ( 110 ), ( 111 ), (002), (020), ( 102 ),
(012), (021), (111), ( 112 ), (120), and ( 121 ) are indexed according to the monoclinic structure.
The data in Figs. 12 (b) and (c) were refined using low temperature model. The XRD pattern for
higher pressures did not yield as good refinements as the ones for lower pressures. However,
with the high-temperature model proposed by Yamane, the diffraction peaks could be well
indexed within the same structure, as shown in Figure 6.15 (d). At pressures above 9 GPa the
diffraction peaks at 110 , 111 and 102 become more intense and thus more visible. At the same
pressure, a significant drop of the unit cell volume by 1.4% is found. Therefore, judging from the
above results, we can conclude that the change of the diffraction peaks and the accompanying
abrupt volume shrinkage is due to diffusionless transformation, i.e. martensitic phase transition,
where the atoms in the unit cell move cooperatively on the slip plane of oxygen anions parallel to
the (010) plane along the a axis (see Figure 6.16) without change of the crystal space group.

69

Chapter 6: High-pressure spectroscopic properties of Y4Al2O9:Ce

Figure 6.16 (a) Unit cell volume of YAM as a function of pressure. The symbols represent the unit cell volume
measured under compression. The solid lines represent the Birch-Murnaghan EOS fits. Perspective views of YAM
for both low-pressure and high-pressure phases along the b axis showing oxygen atom coordination around Al and Y
atoms are presented in the insets; The lower are showing crystal structures of YAM under and lower- and higherpressure phases projected on the a-c plane (Yamane et.al.[32]).

Due to the different pressure dependencies of the volume below and above 10 GPa, two different
pressure ranges were chosen for bulk modulus fitting, as shown in Figure 6.16. In both low and
high pressure regions, satisfactory fits were obtained with use of second-order Birch–Murnaghan
EOS for 119 GPa and 95 GPa bulk moduli, respectively. The former one is close to the
theoretical prediction (132 GPa) reported by Zhou et al. in Ref.14.
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The model of martensitic phase transition at 10 GPa finds an additional confirmation in the
apparent rearrangement and crossing of lattice parameters (normalized to those at ambient
pressure), shown in Figure6.14 (c).

Figure 6.17 comparison 2D XRD patterns of measurements under pressure at 1.59 GPa and 29.1 GPa

Compared with the results under lower pressures, the 2D synchrotron XRD pattern clearly shows
that the structure is changing to the one with high-symmetry phase under high pressure. A
comparison 2D XRD patterns of measurements under 1.59 GPa and 29.1 GPa is given in Figure
6.17. In the case of the high pressure phase above 16 GPa, most reflections could be indexed
within the hexagonal structure. However, we were not able to index the relative intensities of all
diffraction peaks, most probably due to their broader width under higher pressure. Therefore it is
possible that the broad peaks contain more reflexes than predicted for hexagonal crystal
symmetry. If the high pressure phase indeed has the YAH structure, which has different
stoichiometry than YAM, this suggests possible decomposition of the material at this pressure.
The EOS fitting parameters for the two phases are given in Table 6.3.
Table 6.3. The experimental and theoretical parameters of the 2nd order Birch-Murnaghan EOS of YAM
(experimental data at room temperature.)

Phase I

Phase II

Phase III

(ambient – 8 GPa)

(10.5 – 16 GPa)

(above 16 GPa)

Monoclinic P21/c

Monoclinic P21/c

Hexagonal ?
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experiment

theory

experiment

theory

V0 (Å3)

814 ± 1

941 ± 5

815 ± 3

965

?

B0 (GPa)

119 ± 2

123

95 ± 4

81

?

B0’ (fixed)

4

4

4

4

?

IV. Ab initio calculations of electronic band structure of YAM:Ce3+
The parameters of YAM structure at ambient pressure (both experimental and theoretical) are
summarized in Table I. There are four inequivalent yttrium positions, with coordination numbers
6 and 7 and with very low C1 symmetry. Figure 6.3 shows the nearest environment around the
yttrium ions, which clearly demonstrates low symmetry by the fact that all Y-O chemical bonds
are considerably different.
Electronic band structure of YAM was studied previously in Ref.51. In order to get a better
insight into the YAM structure after doping with the Ce3+ ions, first-principles calculations of the
structural and electronic properties were performed for pure and doped with the Ce3+ YAM
crystals using the CASTEP module52 of Materials Studio. The calculations were performed
within the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
functions.53 The plane-wave basis energy cutoff was chosen to be 340 eV. The Monkhorst-Pack
scheme k-points grid sampling was set at 5×3×3 for the Brillouin zone, which ensured the
separation between the points in the k-space of about 0.03 1/Å. The convergence parameters
were set as follows: total energy tolerance 10-5 eV/atom; maximum force tolerance 0.03 eV/Å;
maximum stress 0.05 GPa; and maximum displacement 0.001 Å. The electronic configurations
for all involved chemical elements were: 4d15s2 for Y, 3s23p1 for Al, 2s22p4 for O, and
4f15s25p65d16s2 for Ce. The optimized lattice constants for pure YAM in comparison with the
experimental data are collected in Table 6.1.
The calculated indirect band gap (Figure 6.18 (c)) is 3.763 eV. The obtained bandgap energy is
smaller than observed experimentally (5.93 eV), which is a typical drawback for this method of
calculation.54 The valence band has width of approximately 5 eV wide and is mostly composed
from the oxygen 2p states. The conduction band is made mostly of the Y 4d and Al 3s, 3p states
(see Figs. 6.18 (a,b)). The top states in the valence band are flat and exhibit very weak dispersion,
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whereas the lowest states of the conduction band show a pronounced dispersion around the
center of the Brillouin zone. The maximum of the valence band is close to the B point in the
Brillouin zone, however, since the top of the valence band is almost flat, we expect that direct
transitions can also play a significant role in the band-to-band absorption of YAM.
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Figure 6.18 (a) Calculated band structure of YAM. (b) Density of states diagram. (c) Expanded view of the band
structure near the band gap.

The next step was to optimize the YAM unit cell with one Ce ion replacing one of the Y ions (at
each of the four different sites). All calculation settings were kept the same for the sake of
consistency. The calculations of the total energy of the unit cells doped in such a way resulted in
the following values: Ce at Y1 site -20240.5617 eV; Ce at Y2 site -20240.6044 eV; Ce at Y3 site
-20240.5727 eV; Ce at Y4 site -20240.5509 eV. Though the difference between all these
energies is small it allows assuming that preferably Ce ions would enter the Y2 sites.
Usually, stronger crystal field leads to a shift of the first 4f excited level towards higher energies.
However, the energies of the various states depend also on the angles between certain Ce-O
bonds. In addition, oscillator strengths for 4f-4f transitions in various Ce centers may be slightly
different. Therefore it is not straightforward to assign the lines observed in the 4f-4f absorption
spectra to specific crystallographic sites occupied by Ce3+ ions. Nevertheless we will make this
attempt in the following paragraph.
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Figure 6.19 Calculated band structure and density of states diagram near the band gap for YAM:Ce, with Ce3+
occupying the Y2 site.

Figure 6.19 shows the calculated band structure for the YAM crystal with Ce3+ ions located at
the Y2 sites. The valence band is again made by the O 2p states. The lowest Ce 4f states appear
in the band gap as a localized, dispersion-less band at about 3.8 eV above the top of the valence
band. The conduction band is made by the superposition of the Y 4d and Ce 5d states. The
calculations show that the 5d states of the C2 center are resonant with the conduction band,
which is in contrast to experimental results, however, strong underestimation of the bandgap
commonly encountered in ab-initio calculations may result in partially improper location of these
levels. Pressure induced changes of the lattice parameters of YAM together with the mentioned
earlier martensitic phase transition observed at pressure between 8 and 11 GPa result in
positioning the 5d levels in the bandgap and strong increase of the luminescence efficiency of
Ce3+ at higher pressures above the first (martensitic) phase transition.
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Figure 6.20 Calculated pressure dependencies of the YAM bandgap energy (a) and unit cell volume (b). Fits of the
2nd order Birch-Murnaghan equation of state are shown as solid lines. Bulk moduli B0 of low-pressure (below 8 GPa)
and high-pressure (between 11 - 17 GPa) phases are given in the graph, assuming that pressure derivatives of bulk
moduli are equal to 4, as it was done for the experimental data.

The pressure dependence of the bandgap energy is presented in Figure 6.20 (a). The bandgap is
monotonically increasing by about 0.4 eV between ambient pressure and 10 GPa, and at higher
pressures become almost pressure independent. Calculations also show that the maximum of
valence band is finally shifted from the B point in the Brillouin zone to the  point at 17 GPa.
This way the band-gap of YAM become direct at this pressure. This effect may be associated
with the proximity of the direct and indirect bandgap energies in YAM. The inflection point in
the pressure dependence of the bandgap energy coincides with the martensitic phase transition in
YAM observed in the XRD experiment. In addition, the theoretical calculations of the pressure
dependence of unit cell volume, depicted in Figure 6.20 (b), remain in perfect agreement with
experimental data, showing a drop of the volume between 8 and 11 GPa, reflecting this way an
occurrence of martensitic phase transition. The pressure dependencies of the unit cell volume
were fitted with 2nd order Birch-Murnaghan EOS. The parameters of the fit are given in Table II.
They are in very good agreement with the experimentally observed data. Bulk modulus value of
the high pressure phase is smaller than for low pressure phase, again in perfect agreement
between theory and experiment.

6.4 Discussion
1. Proposed mechanisms of luminescence quenching and pressure dependence of PL
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Differences in the PLE and absorption spectra of YAM:Ce3+ show that some Ce3+ ions do not
participate in the luminescence at ambient pressure. Low temperature decay kinetics at ambient
pressure exhibit an approximately two-exponential behavior. Additional, much stronger
luminescence in a different spectral region (shifted towards red) is observed at pressures above 8
– 10 GPa. This indicates two groups of centers having different optical properties. The 5d
emission levels for the first group of Ce3+ ions, which are experiencing lower crystal field, are
located just below the bottom of the YAM conduction band (by 22 meV), as shown in Figure 18a
and suggested by the results of temperature dependence of the luminescence intensity and decay
kinetics. The 5d levels of the second group of centers are hidden in the conduction band at
ambient pressure and autoionized by excitation. The 5d levels of the Ce3+ centers from the first
group are partly depopulated by ionization to the conduction band. The very small energy
distance to the conduction band makes the ionization process effective even at very low
temperatures. At higher temperatures the luminescence is additionally quenched by the
temperature decrease of the bandgap energy.
A martensitic phase transition, observed between 8 and 11 GPa, and rearrangement of the atoms
associated with it, together with the strong decrease of unit cell volume, causes 5d emitting
levels related to the second group of centers to emerge from the conduction band and their
participation in the luminescence. The luminescence intensity from these centers is much
stronger than that related to the first group (about 5 times as compared with the first group).
Combination of changes in crystallographic structure and strong drop of the unit cell volume
associated with martensitic phase transition, increase the strength of the crystal field experienced
by all Ce3+ centers so that the emitting 5d levels became located in the bandgap far away from
the bottom of the host conduction band. This results in a weak temperature quenching of the Ce3+
luminescence (quenched approximately by half from 10 to RT), observed only very close to
room temperature at pressures above martensitic phase transition, which is shown in Figure 6.21.
The band with a peak at about 500 nm visible on the shoulder of much stronger band peaked at
about 620 nm, comes from the first group of Ce-related centers, and become less pronounced at
higher temperatures. This effect is related to the increase of pressure in the DAC associated with
temperature compression of pressure-transmitting argon. The lower emission energy of the
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second group of centers means that the splitting between their 4f and 5d levels is much smaller
than in the case of the first one, indicating a much stronger crystal field than for the other centers.
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Figure 6.21 Temperature dependence of YAM:Ce (0.2%) luminescence spectra excited with the 363.8 nm Ar + laser
line. Initial pressure at low temperatures was equal to 10.5 GPa, final pressure at higher temperatures – 11.5 GPa.
Sharp lines around 695 nm are due to the ruby pressure calibrant.

The stronger crystal field is also accompanied by the higher location of the 4f levels in the
bandgap, as suggested by the results publication by Mahlik et al.55 The authors propose that the
pressure shifts the energies of the whole system, i.e., host band structure and 4f, 5d levels,
towards higher values in relation to the vacuum level, however, with different pressure
coefficients. Therefore, weaker strength of the crystals field experienced by centers from the first
group locates their 4f levels lower than for the second one. Certain distortion of oxygen
polyhedra surrounding Ce ions and drop of the unit cell volume after the martensitic phase
transition are responsible for the red shift of the 5d-4f transition in the second group of Ce3+
centers, in agreement with results presented in Ref. 56. These factors cause the emergence of
their 5d levels from the YAM conduction band. A schematic picture showing 4f-5d levels
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locations for the two groups of Ce3+ related centers in YAM and the pressure-influenced
luminescence properties of these centers are shown in Figure 6.22.

Figure 6.22 Schematic energy structure of two groups of Ce3+ centers in YAM at ambient pressure (left)
and after martensitic phase transition (right).

There is also a possibility that the “red” luminescence band observed at higher pressures is
related to a different mechanism of luminescence, such as charge-transfer, which is also pressure
dependent. Another possible mechanism might be related to changes in the Stokes shift of the
luminescence centers induced by changes in the crystal-field strength. Within the latter picture
the very broad luminescence observed at higher pressures would be related to strongly lattice
coupled Ce3+ multisites. Application of pressure would reduce the strength of the coupling and
restore the luminescence of such centers.
2. Assignment of the spectral lines observed in Mid IR region to Y1 – Y4 crystallographic
sites.
The energy position of the first component of the excited 2F7/2 multiplet of the Ce3+ ion (level #4)
depends on the strength of the crystal field. The energy of this level should be higher for stronger
crystal fields, as shown by us in Refs. 40, 41, 42 and 43.
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On this basis as well as on: (i) the approximate estimation of the crystal-field strength, as scaling
with ∑1/(ai5) 1 , (ii) theoretical calculations of the total energies of the centers, and (iii) the
observed line intensities we propose a tentative assignment of the particular crystallographic
centers to the spectral lines in the mid-IR, associated with transitions between levels #1 and #4. It
is given in table 6.4.
Table 6.4 Spectroscopic and another characteristics of various Ce3+ centers in YAM crystals

Center C1 (Y1)

Center C2 (Y2)

Center C3 (Y3)

Center C4 (Y4)

Estimated strength of the crystal field (Å-5)

0.10034

0.09835

0.09618

0.09981

Total energy (eV)

-20240.5617

-20240.6044

-20240.5727

-20240.5509

Proposed assignment of Mid IR line

2174 cm-1

2134 cm-1

2124 cm-1

2187 cm-1

Mid IR line intensity

strong

the strongest

strong

weak

Average distance between Ce3+ and O2- ions

2.350

2.278

2.379

2.380

(Å)

Apparently, centers C1 and C4 experience stronger crystal fields than C2 and C3. The
assignment of the spectroscopic lines within the first group (centers C1 and C4), take into
account also the observed intensity order. Therefore, the weakest line at 2187 cm-1 is assigned to
the C4 center, although the estimated crystal field strength is lower than for the C1. However,
estimation of this strength is very crude. On the other hand, the highest population of the C4
center inferred from the calculated total energy is reflected in the intensity of the mid-IR line
assigned to this crystallographic center. Within the second group (centers C2 and C3) the
proposed assignment of the spectroscopic lines is in full agreement with both the estimated
strength of the crystal field and the total energy, concerning the position and intensity,
respectively.

1

Such a dependence is typical for the fourth rank crystal field parameters. The second and the sixth rank parameters, which
3
7
also will be present in this case for the 4f shell, vary as ∑1/ai and ∑1/ai , respectively. Our analysis refers to dominating terms in
the crystal field strength.
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According to the above assignment, the centers C2 and C3 are those, which give rise to
luminescence at ambient pressure (however only at low temperature, due to strong thermal
quenching). The centers C1 and C4 are inactive in luminescence at ambient pressure and any
temperature, since their first 5d levels are resonant with the conduction band of YAM.
Application of high pressure above the martensitic phase transition (10 GPa) restores strong
luminescence from these last two centers.
3. Consequences for Dorenbos theory
Our studies are also important from Dorenbos57-59 theory point of view and some earlier attempts
to resolve the problem (including one with participation of A.S. in Ref. 60) regarding energies of
Ce3+/4+ and 4f – 5d transitions in various compounds. Dorenbos theory allows calculating the
energies of such transitions knowing these energies for one rare-earth element in a given
compound. Our results show that these energies are also dependent on the crystallographic sites
in which the particular rare-earth ion is located and the crystal field strength experienced by it.
As we show here, the emitting level for the first group of Ce3+ centers in YAM (giving rise to
luminescence at ambient pressure and low temperatures), is located at about 2.84 eV below the
bottom of the conduction band. We estimated this value by summing up the energy of the low
temperature Ce3+ luminescence peak at ambient pressure and the activation energy responsible
for quenching the luminescence. The luminescence of the second group of Ce3+ centers,
quenched at ambient pressure, occurs at about 2 eV, as observed after martensitic phase
transition, and it is weakly pressure dependent. Taking into account the change of the bandgap
energy with pressure, which is equal to about 0.4 eV (between ambient and 10 GPa pressures), as
shown in results presented here ab initio calculations,2 it would allow us to establish the value of
the Ce3+/4+ energy for the second group of centers at 1. 6 eV. This gives about 1.2 eV difference
between various centers in YAM. Of course, establishing these energies for one particular site
might be enough to predict their values for another rare-earth ion at the same site. Nevertheless,
this shows that site location is very important when considering the energy structure of an RE ion
in one and the same compound.

2

ab initio calculations usually underestimate the value of the bandgap, as in our case, however the pressure – induced rate of
change of the bandgap is usually well reflected (see for example: Ref. 54)
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6.5 Conclusions
Spectroscopic properties of YAM:Ce crystals grown by the -pulling down method were studied
as a function of pressure and temperature. Four different Ce3+ centers have been found in YAM,
in accordance with its crystallographic structure. The crystals exhibit relatively strong blue
luminescence at low temperatures, which is strongly quenched with temperature and already
very weak at 100 K. The quenching is associated with very close location of the Ce3+ 5d levels to
the bottom of YAM conduction band and thermally induced ionization those ions. Comparison
of absorption and photoluminescence excitation at ambient pressure shows that some Ce3+
centers are not active in luminescence. In view of our data it is the most likely that their 5d
lowest levels are located in the conduction band, which leads to total quenching of their emission.
Additional much stronger luminescence appears after pressure application above 10 GPa. We
relate this additional luminescence to those Ce3+ centers which 5d levels, resonant with the
conduction band below 10 GPa, start to emerge from the conduction band. As confirmed by our
theoretical calculations, application of pressure systematically increases the bandgap until 10
GPa. The martensitic phase transition observed between 8 and 11 GPa, and associated with
sudden, additional decrease of the unit cell volume and reordering of lattice parameters, results in
energy structure rearrangement of these centers and appearance of their emission.
Both XRD and Raman measurements confirm the occurrence of a phase transition under
pressure between 8 and 11 GPa. Rietveld analysis proves that this transition has martensitic
character, i.e., there is no change of system symmetry but only re-organization of certain groups
of ions accompanied by an appreciable decrease in relative volume of unit cell by about 1.4%.
Low and high pressure phases have different bulk moduli.
An additional phase transition occurs at about 16 GPa, as detected by XRD measurements. The
phase of YAM above that pressure can be indexed within the hexagonal structure, however,
broader width of diffraction peaks under high pressure makes this assignment uncertain.
Additional studies are necessary to identify this phase.
The observed phase transitions are practically reversible, however Raman spectra show a small
admixture of high pressure phases after pressure release.
81

Chapter 6: High-pressure spectroscopic properties of Y4Al2O9:Ce
Our high pressure optical studies (luminescence, Raman), XRD measurements, and theoretical
ab initio calculations remain in perfect agreements with each other and show unambiguously,
that the dramatic changes in the luminescence properties of YAM:Ce at pressure around 10 GPa
are associated with the martensitic phase transition.
The majority of results presented in this chapter formed the basis of a publication:
Y. J. Wang, R. Hrubiak, S. Turczynski, D. A. Pawlak, M. Malinowski, D. Wlodarczyk, K. M.
Kosyl, W. Paszkowicz, H. Przybylinska, A. Wittlin, A. Kaminska, Y. Zhydachevskyy, M. G.
Brik, L. Li, C. G. Ma, A. Suchocki. Spectroscopic properties and martensitic phase transition of
Y4Al2O9:Ce single crystals under high pressure. Acta Mater. 2019, 165, 346-361.

References
1. Han, K. R.; Koo, H. J.; Lim, C. S., A Simple Way to Synthesize Yttrium Aluminum Garnet by
Dissolving Yttria Powder in Alumina Sol. J. Am. Ceram. Soc. 1999, 82 (6), 1598-1600.
2. Yamaguchi, O.; Matui, K.; Shimizu, K., Formation of YAIO3 with Garnet structure. Ceram. Int.
1985, 11 (3), 107-108.
3. Boruc, Z.; Kaczkan, M.; Fetlinski, B.; Turczynski, S.; Malinowski, M., Blue emissions in Dy3+
doped Y4Al2O9 crystals for temperature sensing. Opt. Lett. 2012, 37 (24), 5214-5216.
4. Fetlinski, B.; Boruc, Z.; Kaczkan, M.; Turczynski, S.; Pawlak, D.; Malinowski, M., Sensitisation
of Pr3+ in Y4Al2O9:Ce3++Pr3+ system for down-conversion of solar spectrum. J. Lumin. 2017, 181,
133-137.
5. Kaczkan, M.; Boruc, Z.; Fetlinski, B.; Turczynski, S.; Malinowski, M., Temperature dependence
of 3P0 Pr3+ fluorescence dynamics in Y4Al2O9 crystals. Appl. Phys. B 2013, 113 (2), 277-283.
6. Kaczkan, M.; Boruc, Z.; Turczyński, S.; Malinowski, M., Effect of temperature on the
luminescence of Sm3+ ions in YAM crystals. J. Alloys Compd. 2014, 612, 149-153.
7. Kaczkan, M.; Boruc, Z.; Turczyński, S.; Pawlak, D.; Malinowski, M., Site-selective laser
spectroscopy of Sm3+ ions in Y4Al2O9. J. Lumin. 2016, 170, 330-335.
8. Kaczkan, M.; Turczyński, S.; Pawlak, D. A.; Wencka, M.; Malinowski, M., Laser site-selective
spectroscopy of Eu3+ ions doped Y4Al2O9. Opt. Mater. 2016, 58, 412-417.
9. Kaczkan, M., Luminescence from the 5D1,2,3 excited states of Eu3+ in Y4Al2O9 crystal. Opt.
Mater. 2016, 59, 60-65.
10. Rabinovitch, Y.; Moune, O. K.; Tétard, D.; Faucher, M. D., Synthesis, Optical Absorption, and
Site-Selective Excitation of the 3P0 Levels in Y4Al2O9:Pr3+. J. Phys. Chem. A 2004, 108 (40),
8244-8255.
11. Zhydachevskii, Y.; Lipińska, L.; Baran, M.; Berkowski, M.; Suchocki, A.; Reszka, A.,
Broadband down-conversion in Bi3+–Yb3+-codoped yttrium and yttrium–aluminum oxides.
Mater. Chem. Phys. 2014, 143 (2), 622-628.

82

Chapter 6: High-pressure spectroscopic properties of Y4Al2O9:Ce
12. Zhydachevskyy, Y.; Tsiumra, V.; Baran, M.; Lipińska, L.; Barzowska, J.; Suchocki, A.,
Ultraviolet to near-infrared down-conversion in Bi3+–Yb3+ co-doped YAM phosphor. Ceram. Int.
2017, 43 (13), 10130-10136.
13. Okada, G.; Akatsuka, M.; XKimura, N.; Mori, M.; Kawano, N.; Kawaguchi, N.; Yanagida, T.,
Characterizations of Ce-doped Y4Al2O9 crystals for scintillator Applications. Sens. Mater. 30,
1547-1554.
14. Zhou, Y.; Xiang, H.; Lu, X.; Feng, Z.; Li, Z., Theoretical prediction on mechanical and thermal
properties of a promising thermal barrier material: Y4Al2O9. J. Adv. Ceram. 2015, 4 (2), 83-93.
15. Padture, N. P.; Gell, M.; Jordan, E. H., Thermal Barrier Coatings for Gas-Turbine Engine
Applications. Science 2002, 296 (5566), 280-284.
16. Morán-Ruiz, A.; Vidal, K.; Larrañaga, A.; Arriortua, M. I., Characterization of Ln4Al2O9 (Ln=Y,
Sm, Eu, Gd, Tb) rare-earth aluminates as novel high-temperature barrier materials. Ceram. Int.
2018, 44 (8), 8761-8767.
17. Gasparotto, G.; Tavares, L. S.; Silva, T. C.; Maia, L. J. Q.; Carvalho, J. F., Structural and
spectroscopic properties of Eu3+ doped Y4Al2O9 compounds through a soft chemical process. J.
Lumin. 2018, 204, 513-519.
18. Hay, R. S., Orientation relationships between complex low symmetry oxides: Geometric criteria
and interface structure for yttrium aluminate eutectics. Acta Mater. 2007, 55 (3), 991-1007.
19. Wu, P.; Pelton, A. D., Coupled thermodynamic-phase diagram assessment of the rare earth
oxide-aluminium oxide binary systems. J. Alloys Compd. 1992, 179 (1), 259-287.
20. Mizuno, M., Phase Diagrams of the Systems Al2O3-Ho2O3 and Al2O3-Er2O3 at High
Temperatures. J. Ceram. Soc. Jpn. 1979, 87, 405-412.
21. Brandle, C. D.; Steinfink, H., The crystal structure of Eu4Al2O9. Inorg. Chem. 1969, 8, 13201324.
22. Coutures, J. P.; Antic, E.; Caro, P., Obtention par trempe a partir de l'etat liquide d'une nouvelle
phase dans le systeme Nd2O3.Al2O3. etude comparative avec Nd4Ga2O9. Mater. Res. Bull. 1976,
11 (6), 699-706.
23. Jero, P. D.; Kriven, W. M., Formation and Properties of 2Tb2O3· Al2O3. J. Am. Ceram.Soc. 1988,
71 (11), C454-C455.
24. Mizuno, M.; Noguchi, T., Phase diagram of the system Al2O3-Yb2O3 at high temperature. J.
Ceram. Soc. Jpn. 1980, 88, 322-327
25. Sawada, K.; Nakamura, T.; Adachi, S., Europium gallium garnet (Eu3Ga5O12) and Eu3GaO6:
Synthesis and material properties. J. Appl. Phys. 2016, 120 (14), 143102.
26. Nicolas, J.; Coutures, J.; Coutures, J. P.; Boudot, B., Sm2O3-Ga2O3 and Gd2O3-Ga2O3 phase
diagrams. J. Solid State Chem. 1984, 52 (2), 101-113.
27. Gesing, T. M.; Uecker, R.; Buhl, J. C., Z. Kristallogra. 1999, 214, 430.
28. Liu, F. S.; Liu, Q. L.; Liang, J. K.; Song, G. B.; Luo, J.; Yang, L. T.; Zhang, Y.; Rao, G. H.,
Crystal structure and magnetic properties of Nd4Ga2O9 and Sm4Ga2O9. J. Alloys Compd. 2004,
381 (1), 26-31.
29. Purohit, R. D.; Chesnaud, A.; Lachgar, A.; Joubert, O.; Caldes, M. T.; Piffard, Y.; Brohan, L.,
Development of New Oxygen Ion Conductors Based on Nd4GeO8 and Nd3GaO6. Chem. Mater.
2005, 17 (17), 4479-4485.
30. Khanh, N. D.; Abe, N.; Sagayama, H.; Nakao, A.; Hanashima, T.; Kiyanagi, R.; Tokunaga, Y.;
Arima, T., Magnetoelectric coupling in the honeycomb antiferromagnet Co4Nb2O9. Phys. Rev. B
2016, 93 (7), 075117.

83

Chapter 6: High-pressure spectroscopic properties of Y4Al2O9:Ce
31. Babin, V.; Lipińska, L.; Mihokova, E.; Nikl, M.; Shalapska, T.; Suchocki, A.; Zazubovich, S.;
Zhydachevskii, Y., Time-resolved spectroscopy of Bi3+ centers in Y4Al2O9. Opt. Mater. 2015, 46,
104-108.
32. Yamane, H.; Shimada, M.; Hunter, B. A., High-Temperature Neutron Diffraction Study of
Y4Al2O9. J. Solid State Chem. 1998, 141 (2), 466-474.
33. Garcia Sole, J.; Bausa, L. E.; Jaque, D., An Introduction to the Optical Spectroscopy of Inorganic
Solids. John Wiley & Sons, Ltd.: Chichester, UK, 2005.
34. In CrysAlis Pro-Data Collection and Processing Software for Agilent X-ray Diffractometers
Agilent Technologies, Oxfordshire, UK, 1995-2014.
35. Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H., OLEX2: a
complete structure solution, refinement and analysis program. J. Appl. Crystallogr 2009, 42,
339-341.
36. Meng, Y.; Hrubiak, R.; Rod, E.; Boehler, R.; Shen, G., New developments in laser-heated
diamond anvil cell with in situ synchrotron x-ray diffraction at High Pressure Collaborative
Access Team. Rev. Sci. Instrum. 2015, 86 (7), 072201.
37. Lehmann, M. S.; Christensen, A. N.; Fjellvag, H.; Feidenhans'l, R.; Nielsen, M., Structure
determination by use of pattern decomposition and the Rietveld method on synchrotron X-ray
and neutron powder data; the structures of Al2Y4O9 and I2O4. J. Appl. Cryst. 1987, 20 (2), 123129.
38. Yoon, D.-H.; Yonenaga, I.; Fukuda, T.; Ohnishi, N., Crystal growth of dislocation-free LiNbO3
single crystals by micro pulling down method. J. Cryst. Growth 1994, 142 (3), 339-343.
39. Dieke, G. H., Spectra and energy levels of rare earth ions in crystals. Interscience Publishers:
New York, 1968.
40. Przybylińska, H.; Ma, C.-G.; Brik, M. G.; Kamińska, A.; Szczepkowski, J.; Sybilski, P.; Wittlin,
A.; Berkowski, M.; Jastrzębski, W.; Suchocki, A., Evidence of multicenter structure of cerium
ions in gadolinium gallium garnet crystals studied by infrared absorption spectroscopy. Phys.
Rev. B 2013, 87 (4), 045114.
41.Przybylińska, H.; Ma, C.-G.; Brik, M. G.; Kamińska, A.; Sybilski, P.; Wittlin, A.; Berkowski, M.;
Zorenko, Y.; Gorbenko, V.; Wrzesinski, H.; Suchocki, A., Electronic structure of Ce3+
multicenters in yttrium aluminum garnets. Appl. Phys. Lett. 2013, 102 (24), 241112.
42. Przybylińska, H.; Wittlin, A.; Ma, C.-G.; Brik, M. G.; Kamińska, A.; Sybilski, P.; Zorenko, Y.;
Nikl, M.; Gorbenko, V.; Fedorov, A.; Kučera, M.; Suchocki, A., Rare-earth antisites in lutetium
aluminum garnets: Influence on lattice parameter and Ce3+ multicenter structure. Opt. Mater.
2014, 36 (9), 1515-1519.
43. Wittlin, A.; Przybylińska, H.; Berkowski, M.; Kamińska, A.; Nowakowski, P.; Sybilski, P.; Ma,
C.-G.; Brik, M. G.; Suchocki, A., Ambient and high pressure spectroscopy of Ce3+ doped yttrium
gallium garnet. Opt. Mater. Exp. 2015, 5 (8), 1868-1880.
44. Varshni, Y. P., Temperature dependence of the energy gap in semiconductors. Physica 1967, 34
(1), 149-154.
45. O’Donnel, K. P.; Chen, X., Temperature dependence of semiconductor band gaps. Appl. Phys.
Lett. 58, 2924-2926.
46. Rotella, H.; Copie, O.; Steciuk, G.; Ouerdane, H.; Boullay, P.; Roussel, P.; Morales, M.; David,
A.; Pautrat, A.; Mercey, B.; Lutterotti, L.; Chateigner, D.; Prellier, W., Structural analysis of
strained LaVO3thin films. J. Phys.: Condens. Matter 2015, 27 (17), 175001.

84

Chapter 6: High-pressure spectroscopic properties of Y4Al2O9:Ce
47. Ueda, J.; Dorenbos, P.; Bos, A. J. J.; Kuroishi, K.; Tanabe, S., Control of electron transfer
between Ce3+ and Cr3+ in the Y3Al5−xGaxO12 host via conduction band engineering. J. Mater.
Chem. C 2015, 3 (22), 5642-5651.
48. Herrmann, G. F.; Pearson, J. J.; Wickersheim, K. A.; Buchanan, R. A., Crystal Field Effects for
Ce3+ and Yb3+ in the Garnets. J. Appl. Phys. 1966, 37 (3), 1312-1313.
49.Kaminska, A.; Buczko, R.; Paszkowicz, W.; Przybylińska, H.; Werner-Malento, E.; Suchocki, A.;
Brik, M.; Durygin, A.; Drozd, V.; Saxena, S., Merging of the 4F3/2 evel states of Nd3+ ions in the
photoluminescence spectra of gadolinium-gallium garnets under high pressure. Phys. Rev. B
2011, 84 (7), 075483.
50. Yamane, H.; Omori, M.; Hirai, T., Thermogravimetry and Rietveld analysis for the hightemperature X-ray powder diffraction pattern of Y4Al2O9. J. Mater. Sci. Lett. 1995, 14 (7), 470473.
51. Ching, W. Y.; Xu, Y.-N., Nonscalability and nontransferability in the electronic properties of the
Y-Al-O system. Phys. Rev. B 1999, 59 (20), 12815-12821.
52. Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert, M. J.; Refson, K.; Payne, M. C.,
First principles methods using CASTEP. Z. Kristallogr. 220, 567-570.
53. Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized Gradient Approximation Made Simple.
Phys.l Rev. Lett. 1996, 77 (18), 3865-3868.
54. Jones, R. O.; Gunnarsson, O., The density functional formalism, its applications and prospects.
Rev. Mod. Phys. 1989, 61 (3), 689-746.
55. Mahlik, S.; Lazarowska, A.; Ueda, J.; Tanabe, S.; Grinberg, M., Spectroscopic properties and
location of the Ce3+ energy levels in Y3Al2Ga3O12 and Y3Ga5O12 at ambient and high hydrostatic
pressure. Phys. Chem. Chem.l Phys. 2016, 18 (9), 6683-6690.
56. Qin, X.; Liu, X.; Huang, W.; Bettinelli, M.; Liu, X., Lanthanide-Activated Phosphors Based on
4f-5d Optical Transitions: Theoretical and Experimental Aspects. Chem. Rev. 2017, 117 (5),
4488-4527.
57. Dorenbos, P., Ce3+ 5d-centroid shift and vacuum referred 4f-electron binding energies of all
lanthanide impurities in 150 different compounds. J. Lumin. 2013, 135, 93-104.
58. Dorenbos, P., Lanthanide 4f-electron binding energies and the nephelauxetic effect in wide band
gap compounds. J. Lumin. 2013, 136, 122-129.
59. Dorenbos, P., The 5d level positions of the trivalent lanthanides in inorganic compounds. J.
Lumin. 2000, 91 (3), 155-176.
60. Godlewski, M.; Świa̧tek, K.; Suchocki, A.; Langer, J. M., Excitonic mechanism of luminescence
excitation of rare-earths and transition metals in solids. J. Lumin. 1991, 48-49, 23-28.

85

Chapter 7: Ratiometric luminescence thermometry in Na2La2Ti3O10:Pr3+

Chapter 7: Hole trapping process and highly sensitive ratiometric
thermometry over a wide temperature range in Pr3+-doped
Na2La2Ti3O10 layered perovskite microcrystals
In this chapter, the studied materials were synthesized and kindly provided for us by Prof.
Hongbin Liang and Dr. Qi Peng, Sun Yat-Sen University of China. And the most of experiments
are done on my own except that the SEM images were measured by M. Sc. Reszka, and the TEM
images together with DEX measurements were performed by Prof. Dłużewski at IP PAS.

7.1 Introduction
The layered perovskite oxide (LPO) compounds have received considerable attention as
multifunctional materials that provide two-dimensional microspaces.1-3 Many LPO compounds
based on titanates and niobates, for instance, NaGdTiO4, ALnTi2O7 (A=Na, K, Rb), KCa2Nb3O10,
K2Ln2Ti3O10 (KLTO), and KLaNb2O7, are well known due to their attractive photocatalytic and
optical properties (Ln=Lanthanide ions).

4-10

Na2La2Ti3O10 belongs to Ruddlesden-Popper (R-P)

type layered perovskite oxide compounds expressed by the general formula A2A′n-1BnO3n+1,
where the perovskite-type A′n-1BnO3n+1 layers of n octahedra in thickness, formed by slicing the
perovskite structure along one of the cubic directions, are interleaved by A cations.11,12
The energy transfer process between host and activators is of particular interest in layered
transition-metal oxides built of metal-oxygen octahedra, where the interlayer positions are
occupied by large alkali-metal atoms. The lanthanide-doped materials with perovskite structure
have been investigated for their efficient luminescence properties under bandgap excitation.13-16
Kudo et al. have reported a series of Ln3+-doped R-P type LPO compounds, K2La2Ti3O10
(Ln=Sm, Dy, Er, Tm, Pr and Tb), in which the luminescence of Ln3+ (Ln=Sm, Dy, Er, Tm) ions
were predominantly observed under bandgap excitation and the host luminescence was
considerably quenched at 77 K.7, 17,18 Efficient luminescence of Pr3+ and Tb3+ were observed in
their respective compounds, whereas the host luminescence was negligible, suggesting efficient
energy transfer from the host to Pr and Tb activator ions under bandgap excitation. It was
proposed that the excited states in K2La2Ti3O10 and KLaNb2O7 with layered perovskite structure
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are delocalized, as observed in SrTiO3, Y2Ti2O7, Ca3Ti2O7, etc., implying that energy and/or
electron transfer process takes place in the luminescence phenomenon.19
Pr3+ is well known to emit greenish-blue and red light corresponding to the emission transitions
from the excited 3P0 and 1D2 energy levels to the ground state 3H4, respectively. In some
materials, however, the 3P0 emission is completely quenched, leading to red emission only.
Recently, the intervalence charge-transfer (IVCT) state model,20 which is also known as the
virtual recharge model21 or metal-to-metal charge transfer (MMCT),22 has been proposed by
Boutinaud et al. for interpretation of 3P0 emission quenching. Reut et al.21 reported that the
probability of radiationless 3P0  lD2 transition caused by IVCT is greater than that of multiphonon relaxation in scheelite and fergusonite type crystals. Thus, an important goal for Pr3+doped oxide materials is to control the 3P0  lD2 radiationless transition and hence the relative
intensities of the greenish-blue (3P0  3H4) and red (1D2  3H4) emissions via the IVCT state.
Furthermore, IVCT state of lanthanide-doped luminescence materials exhibits a great interest for
not only fundamental studies but also technological applications,23,24 particularly for optical
temperature sensing.25-30 Up to now, the most typical technique previously reported for optical
thermometry materials is fluorescence intensity ratio (FIR), which is based on thermally coupled
energy levels (TCELs) of lanthanide ions, such as Er3+, Tm3+, Ho3+.31 FIR shows some
advantages over others, particularly, it is intrinsically self-referenced and has negligible signal
drift only because the FIR value is independent of excitation power and doping concentration.
However, there are some inherent limitations for TCELs measurement in maximum measurable
temperature, relative sensitivity and long-term stability. Thereupon, the FIR based on nonTCELs luminescence ions has attracted a great deal of attention as promising optical
thermometry materials. Recently, Wang et al. reported a novel strategy utilizing FIR technique
based on the IVCT interfered Pr3+/Tb3+ luminescence,32,33 revealing a relatively high sensitivities
in high temperature range (above RT).
Here we report a promising optical thermometry based on fluorescence intensity ratio (FIR) of
TCELs and non-TCELs of Pr3+ ions, and operating over a wide temperature range (125-533 K)
in Pr3+-doped Na2La2Ti3O10 layered perovskite micro-crystals. Carriers recombination on Pr3+
related hole traps, which makes the Pr3+ luminescence under host excitation so efficient, was
proposed in the studied system. Both temperature- and high pressure-dependent measurements
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reveals that the Pr3+-Ti4+ IVCT energy is a critical parameter for luminescence properties and
eventual applications in luminescence thermometry in the 296-533 K range. In the 125-300 K
range, the temperature sensing property based on diverse thermal responses of TCELs 3P1 and
3

P0 of Pr3+ was explored as well. In addition, thermoluminescence properties and discussion of

possible mechanisms for the interpretation of the experimental results are presented.

7.2 Experimental
7.3.1

Synthesis of materials.

The Na2La1.995Pr0.005Ti3O10 layered perovskite oxide micro-crystals, here abbreviated as
NLTO:Pr, were prepared using high-temperature solid-state reaction in the reducing mixed gas
atmosphere (volume ratio of hydrogen and argon was 1:19). All chemicals were of analytical
grade and were used as received without further purification. In the process of preparation Pr6O11,
La2O3, TiO2, and Na2CO3 were used as starting materials in the proper stoichiometric ratio. To
obtain a pure phase 30 mol% excess of Na2CO3 was added as another raw material. Each mixture
was dispersed in a small amount of ethanol and adequately ground in an agate mortar. Then the
mixtures were transferred to open alumina crucibles and calcined at 1000 °C for 20 h under
reducing atmosphere in a tube furnace. After the samples were cooled to room temperature they
were ground to fine powders for subsequent characterization.

7.3 Results and discussions
7.3.1

Structural characterization.

Crystal structure of the triple-layered perovskite NLTO and the coordination environment around
La (Pr) sites are presented in Figure 7.1 (a). The XRD pattern of NLTO:Pr sample is displayed in
Figure 1b. All observed peaks can be well indexed to the standard data (COD card no. 1544433),
confirming that the desired compound, i.e., the R-P layered type perovskite with the targeted
chemical formula Na2La1.995Pr0.005Ti3O10 was synthesized through the solid-state reaction. The
XRD data was refined using the Rietveld method with FullProf software. The Rietveld
refinement was carried out in the tetragonal structure with space group I4/mmm. The main
information about the refinement pattern fitting and crystallographic data collection is given in
Figure 7.2 and Table 7.1 in Supporting Information. It is seen in SEM images in Figure7.1 c-e
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that the sample consists of rectangular shaped micro-crystals with sizes ranging from a few to
tens of microns. The slightly broadened peaks and small inaccuracies in the intensities of the
XRD pattern (see Figure S1) are probably due to the differences in micro-crystal sizes. TEM
investigations shown in Figures 1f-h confirmed the presence of R-P type layered perovskite
crystal structure of the NLTO:Pr sample. In Figure 1f HAADF/STEM image of a fragment of the
NLTO:Pr crystallite is presented, the uniform contrast proving high quality of the crystallite.
Figure 1g presents a part of the crystallite shown in Figure 1f under high magnification. The
uniformly distributed rows of bright dots represent columns of heavy cations (La or Pr) along the
[100] direction. Figure 1h shows the SAED pattern along the <010> zone axis together with (hkl)
indexes ascribed to R-P type layered perovskite structure. Accordingly, STEM and SAED results
clearly reveal the monocrystalline structure of NLTO:Pr micro-crystals. In addition, the
distribution of the Na, La, Ti, and O elements obtained from EDX spectroscopy (see Figure 7.3
shows a good agreement with the expected chemical composition (shown in Table 7.2).

Figure 7.1 (a) Schematic crystal structure of Na2La2Ti3O10 and 8-fold coordination environment around La (Pr) sites;
(b) XRD pattern of NLTO:Pr; (c)-(e) SEM images of NLTO:Pr; (f) HAADF-STEM image showing a portion of an
individual NLTO:Pr micro-rectagon; (g) HAADF-STEM image taken from [010] projection of the region defined in
(f); (h) SAED pattern recorded along the <010> zone axis.
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Figure 7.2 Experimental (circles) and calculated (black solid line) XRD patterns and their difference (blue solid line)
for NLTO-Pr sample. Green ticks represent the Bragg reflection positions.

Table 7.1 Crystallographic data of NLTO:Pr sample
Radiation
2 range (°)
Step scan (2)
Crystal system, space group
a=b (Å)
2 (Å)
Volume (Å3)
No. of reflections
No. of refined parameters
Z
Rwp
Rp

Cu K
15-100
0.02
Tetrahedral, I4/mmm
3.8335
28.6356
420.811
100
21
2
10.6
7.9
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Figure 7.3 EDX spectrum on single crystal chosen for STEM measurement (see in paper Figure 1f).

Table 7.2 Tabulated EDX results showing comparison of quantified and calculated elemental composition for
NLTO:Pr micro-crystals

Elements

Atomic % (theoretical)

Atomic % (Experimental)

O
Na
Ti
La

59
12
18
12

57
11
21
11

7.3.2 Luminescence properties of Na2La1.995Pr0.005Ti3O10 at room temperature.
Figure 7.4 shows the PLE and PL spectra of NLTO:Pr at room temperature (RT) (part a) and 4.5
K (part b). Upon 315 nm excitation the studied material shows numerous sharp lines in the 460760 nm range, including four main narrow emission peaks at 491, 611, 620, and 652 nm
corresponding to the 3P0  3H4, 1D2  3H4, 3P0  3H6, 3P0  3F2 transitions of Pr3+ ions,
respectively. The remaining weak peaks in greenish-blue and red ranges are ascribed to 3P1, 3P0
 3H5 (~533, 549 nm), 1D2  3H5 (~688 nm), and 3P0  3F3,4 transitions. The excitation spectra
monitored at 611, 620, and 652 nm have been normalized to their highest intensity for
comparison. Each spectrum consists of several lines in the visible region 420-500 nm,
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corresponding to the Pr3+ 3H4 3PJ (J=0, 1, 2), 1I6 transitions within the 4f2 configuration, and
broad bands in the UV region. These broad bands centered at 285, 315 and 354 nm (band A, B,
and C), are assigned to the 4f2  4f5d transition, host absorption of the TiO6 unit, and Pr3+-Ti4+
IVCT, respectively.33
Both PL and PLE spectra measured at 4.5 K exhibit some different features, as shown in Figure
7.4 (b). Noteworthy, the luminescence intensity of Pr3+ under indirect excitations abnormally
weak (~1/3 as compared to that at RT), implying that the host sensitization of Pr3+ luminescence
becomes less efficient as the temperature is lowered. Furthermore, an additional broad PL band
centered at 475 nm (400-600 nm) is observed. This blue emission band is attributed to the
titanate host luminescence, i.e., recombination of self-trapped excitons (STEs) localized in TiO6
octahedra. Such STEs luminescence was observed in many titanate phosphors, such as CaTiO3,
SrTiO3, NaYTiO4, and NaGdTiO4. The UV (250-330 nm) radiation absorbed by titanate units
induces the formation of STEs that can decay either radiatively, giving rise to the broadband
emission centered at 475 nm, or non-radiatively, through energy transfer processes.34
Furthermore, bands B and C in the PLE spectra, although much weaker than those monitored
through Pr3+ emission, become equally intense when detected at 522 nm. We can speculate that a
weaker but broader band (400-700 nm) centered at 522 is related to contributions of both STEs
and IVCT emissions or other defects.
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Figure 7.4 (a) Normalized excitation spectra monitored at different emission wavelengths and emission spectra of
NLTO:Pr excited at 315 nm at RT; (b) normalized excitation spectra monitored at different emission wavelengths
and emission spectra of NLTO:Pr excited at 315 and 352 nm at 4.5 K.

Figure 7.5 (a-d) show PL spectra under different excitation conditions at RT. Under direct
pumping of the 3P2 state of Pr3+ at 450 nm (Figure 7.5 (a)) the PL spectrum is dominated by
emissions from 3PJ multiplets. It has been noticed that the 3P0 3F2 electric-dipole (ED)
transition is slightly stronger than 3P0  3H4 as a result of the large value of the Judd-Ofelt
parameter in the host lattice.35 Under excitation into the IVCT state at 352 nm (Figure 3b) the
emission spectrum changes – the intensity of the 1D2  3H4 transition increases relative to the
contribution from the 3P0 state. This observation is in accordance with the results of the PLE
spectra and reveals that light induced population of the IVCT state favors the emission from the
1

D2 state. Hence, very efficient 3P0  1D2 radiationless relaxation must be responsible for the

dominating red 1D2  3H4 emission. Under bandgap excitation at 315 nm (Figure 7.5 (a))
significant increase of the absolute 1D2  3H4 emission intensity is obtained, while the
contribution from the 3P0 level is comparatively larger than under excitation into the IVCT state.
This indicates that the pathway for de-excitation of the 3P0 level under host absorption is
different from that under excitation into the IVCT state. Furthermore, it is clear that band C in
PLE contributes to the IVCT absorption from Pr3+-Ti4+ to Pr4+-Ti3+. Since exciting into band C at
352 nm mainly yields the 1D2  3H4 red luminescence of Pr3+ there must be an efficient deexcitation of the IVCT state overpassing the 3P0 level. Decay kinetics of the 3P0  3H4 (491 nm)
and 1D2  3H4 (611 nm) emissions under different excitation conditions in NLTO:Pr at RT are
shown in Figure 3e-f, respectively. All decay profiles for 3P0 and 1D2 transitions can be well
fitted with a sum of two- or three-exponential function: I (t )   i 1 Ai exp(
n


average lifetimes (  ) then were calculated with use of  


a

n
2
i 1 i i
n

a
i 1 i i

t

i

), n  2,3 . The

, (n  2,3) equation. The

average decay time obtained for 1D2 (~90 μs) is much longer than that from 3P0 (~8 μs) due to
the fact that the 3P0  3H4 transitions are spin-allowed, while the slower 1D2  3H4 transitions
are spin-forbidden. As can be seen the decay curves under intra-4f excitation of Pr3+ differ from
those under band-to-band and IVCT excitations. In present case, a long “tail” to the decay at
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longer decay components would derive from trapping and recombination processes of charge
carriers, which can only be generated under higher energy excitation, as shown in Figure 7.5
(g )(processes g2 and g3). These processes might be responsible for the observed afterglow
luminescence.
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Figure 7.5 Room temperature emission spectra of NLTO:Pr depending on excitation wavelength: (a) 450 nm, (b)
354 nm, (c) 315 nm, and (d) 280 nm. Decay kinetics of 3P0  3H4 (e) and 1D2  3H4 (f) emissions under different
excitation conditions (the wavelengths and are given in the figures). (g) Schematic energy transfer diagram showing
the main recombination mechanisms following the excitation via the 3P2 state of Pr3+ (g1), IVCT state (g2) and host
absorption (g3) in NLTO:Pr.

On the basis of the above analysis a schematic energy level diagram explaining the excitation
and recombination processes in Pr3+-doped NLTO is proposed in Figure 7.5 (g). Upon 450 nm
excitation into the 3P2 excited state (process g1), the electron rapidly relaxes to lower levels 3P0
and 1D2, giving rise to a rich emission spectrum extending from blue to red wavelengths. This
process occurs more rapidly than via IVCT and host excitations, as evidenced by the decay
kinetics shown in Figure 3e-f. The obtained results indicate that the difference in NLTO:Pr PL
spectra under IVCT and host excitations are based on two different recombination channels. The
former is due to the IVCT mechanism, Pr3+/O2-/Ti4+  Pr4+/O2-/Ti3+, proposed by Boutinaud et
al.20,36 Upon 354 nm excitation (Figure 7.5 3g, process g2), the electron from the 3H4 ground
state of Pr3+ is transferred to Ti4+ via an O 2p orbital, which is accompanied by large lattice
relaxation. The electron relaxes then from the excited vibronic level by a fast nonradiative
process to the lowest vibronic level of the Pr4+/O2-/Ti3+ configuration, overpassing the excited 3P0
multiplet of Pr3+. Finally, the electron is back-transferred to the ground Pr3+/O2-/Ti4+ state via
excited states of Pr3+. This process is accompanied by a weak green-blue and more intense red
emission. The red luminescence from the 1D2 state dominates due to the fact that it is
preferentially populated. The excitation via the IVCT state results in redistribution of the
emission intensity from the 3PJ and 1D2 multiplets of Pr3+. An empirical model proposed by
Boutinaud et al. can be used to estimate the IVCT absorption energy in Pr-doped titanates:

 (Ti 4 )
IVCT (cm )  58800  49800[
]
d (Pr 3  Ti 4 )
1

(7.1)

where (Ti4+) is the optical electronegativity (2.05) of Ti4+, and d(Pr3+-Ti4+) is the shortest bond
distance of Pr3+-Ti4+ in the host structure. In NLTO d(Pr3+-Ti4+) is about 3.4237 Å, therefore the
calculated absorption energy of IVCT is 28981 cm-1 (3.59 eV), which is consistent with the result
28818 (3.57 eV) obtained from the experimental data in the PLE spectra.
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The de-excitation process following band-gap excitation, on the other hand, involves a hole trap
induced by Pr ions. Pr ions, which efficiently quench the host luminescence at RT, can easily
become tetravalent in the NLTO system. Kudo et al. and Ghosh et al. have studied the hole trap
mechanism in Tb3+ and Pr3+-doped layered perovskites KLaNb2O7, K2La2Ti3O10, respectively, as
well as in the Cr3+-doped SrTiO3 system.17,18,37 In principle, the present mechanism is similar to
the one reported. Pr ions in NLTO work as hole traps and recombination sites for efficient
excitation energy transfer from the host to Pr. The trapping and successive recombination
process can be described as follows:
NLTO + h  e- + h+

(a)

Pr3+ + h+  Pr4+

(b)

Pr4+ + e-  Pr3+*

(c)

Pr3+*  Pr3+ + luminescence

(d).

Here, Pr3+* represents the Pr3+ ion in its excited state. (a) The incident light induces free electrons,
e-, and holes, h+ in the conduction (CB) and valence band (VB) of the host crystal, respectively.
(b) The hole is trapped by Pr3+ creating Pr4+. (c) The CB electron is then trapped by Pr4+,
whereby a part of recombination energy is transferred to 3PJ and 1D2 excited states of Pr3+. (d)
Pr3+ relaxes to the 3H4 ground state, which is accompanied by weak green-blue and intense red
emissions.
After band-gap excitation with 315 nm (Figure 3g, process g3) the excited electron in CB can
actually relax by two alternative paths with different non-radiative rates: (i) directly, as described
above, and (ii) indirectly via the IVCT state,25 i.e., the electron is first trapped by Ti4+ before it
recombines with the hole on Pr. Both processes lead to Pr3+ luminescence thus explaining the
efficient excitation energy transfer from the host to the Pr3+ impurity ion. It has been reported
that the e--h+ recombination process with the energy transfer to Ln3+ ions is predominant in the
KLTO system, while luminescence of Ln3+-doped oxides, such as vanadates, tungstates and
molybdates, is mostly due to resonant energy transfer or re-absorption of the host emission.18 The
obtained results indicate, however, that the e--h+ recombination at the Pr3+ level is suppressed at
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low-temperature. Instead, luminescence originating from the titanate units, i.e., the
recombination of STEs is observed.38

7.3.3 Temperature dependent PL of NLTO:Pr under host excitation.
Figure 7.6 (a) illustrates the PL spectra of Pr3+-doped NLTO under host excitation at 315 nm in
the temperature range from 4.5 to 300 K. Interestingly, the emission of 3P1  3H5 transition
continuously increases in the 125-300 K range relative to that of the 3P0  3H5 transition, as
presented in Figure 4c. Figure 4b shows the temperature dependence of emission intensities for
the host (STEs) at 470 nm and Pr3+ ions at 491 (3P0  3H4), 652 (3P0  3F2) and 611 (1D2  3H4)
nm. Obviously, the host emission rapidly decreases with the increase of temperature and is
completely quenched above 150 K, whereas the emission intensity of Pr 3+ gradually increases
and then starts to quench at higher temperatures. In addition, one can notice that in the 4.5-75 K
range the intensity of Pr3+ emission increases with much slower speed rather than that of
decrease of host emission, even slightly decreases in the 4.5-50 K range. The significant increase
of Pr3+ emissions can be ascribed to energy transfer from localized excited states of TiO 6 units
(host or STEs) to their nearest-neighbor Pr3+ ions. Quenching of the STE excitons above 150 K
results in intermittence of the excitation energy transfer to Pr3+ ions, followed by decrease of
their emission above that temperature.

Figure 7.6 (a) Temperature dependent PL spectra of the NLTO:Pr sample under 315 nm excitation in the 4.5-300 K
range. In the inset is shown more detail in the 400-600 nm region. (b) Relative intensities of the host (left axis) and
Pr3+ (right axis) luminescence vs. temperature. The PL intensities were divided by their respective values at 4.5 K
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Investigation of energy transfer from host to impurity ions, such as Pr3+, can provide further
insight into the energy migration and quenching processes in the host. Blasse et al. have
discussed luminescence of perovskite-like niobates, tantalates and titanates in detail.39-42
According to these reports, the observed luminescence properties of the perovskite-like
compounds are determined mainly by the degree of delocalization of the excited state. The
delocalization increases as the M-O-M (M=Ti4+, Nb5+, Ta5+...) angle between the corner-sharing
octahedra approaches 180°. In the NLTO structure the TiO6 units located in the middle of
perovskite layers form almost ideal octahedra, with the angle between Ti-O-Ti bonds close to
180°, while these located outside of the layers are considerably distorted. Therefore, the excited
state in NLTO should be more delocalized than in one- or two-layered perovskite structures due
to the greater numbers of TiO6 units with large M-O-M angles.17 The efficiency of energy
transfer from host to Pr3+ depends on temperature as demonstrated by the temperature-dependent
spectra. As the temperature is raised the excitons can undergo a thermally activated hopping
migration and be eventually trapped on Pr3+ centers. This thermally activated exciton model was
used for interpretation of host-sensitized energy transfer in Pr3+-doped NaGdTiO4, YNbO4, and
Nd3+-doped CaMoO4 compounds, respectively.15,43,44 The thermal behavior of Pr3+ emission in
the 4.5 - 50 K range can be tentatively interpreted by the variation of thermal population of Stark
levels in terms of 3P0 and 1D2 emissive states. Another possibility is inefficient de-excitation
process from IVCT state to 3P0 and 1D2 emitting states of Pr3+ ions at low very temperature.
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Figure 7.7 Temperature dependent PL spectra of the NLTO:Pr sample in the 296-533 K range under 315 nm
excitation (a), temperature dependence of 3P0  3H4 (491 nm) PL decay under excitation into the IVCT state at 352
nm (b); the inset shows the decay times and the fit with the modified Arrhenius equation (Eq.4).

To investigate the temperature quenching of Pr3+ ions high-temperature PL measurements have
been performed. Figure 7.7 (a) present the emission spectra in the 296-533 K range under 315
nm excitation. With increasing temperature the emission peaks from 3P0 all quench dramatically,
whereas that of the 1D2  3H4 transition (611 nm) decreases initially up to 373 K, and then
increases slightly with temperature, especially above 400 K. As revealed by the PL spectra
normalized to constant 1D2  3H4 emission intensity, shown in Figure 5c, the thermal-quenching
effect is more pronounced for the 3P0-related transitions (3P0  3H4, 3H5, 3F2,3,4).

Figure 7.8 Schematic energy-level diagram and emission transitions of Pr3+ in NLTO:Pr system (left); Schematic
energy transfer diagram for cross-relaxation and multiphomon relaxation processes (right): (i) Phonon-assisted
cross-relaxation (CR) process, (ii) 3P0 ~ 1D2 multiphonon relaxation (MPR). CR processes [3P0, 3H4]  [1G4, 1G4]
and [3P0, 3H4]  [1D2, 3H6] are favored by phonon assistance due to not resonant energies, as shown with wine-red
arrows; CR process [1D2, 3H4]  [1G4, 3F4], involving the 1D2 state and in practice resonant, is expected to be
efficient for high concentration and weak temperature dependence, as shown with red arrows; MPR from 3P0  3H4,
as shown with purple arrows.
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Generally, three possible nonradiative de-excitation pathways may be responsible for thermalquenching of 3P0-related luminescence: (i) phonon-assisted cross-relaxation (CR) process, (ii)
3

P0→1D2 multiphonon relaxation (MPR), and (iii) crossover to the IVCT state. It has been

reported that CR processes [3P0, 3H4]  [1G4, 1G4] and [3P0, 3H4]  [1D2, 3H6] are favored by
phonon assistance due to non resonant energies, and their efficiency increases with increasing
temperature.45 The other CR process, [1D2, 3H4]  [1G4, 3F4], involving the 1D2 state and in
practice resonant, is expected to be efficient for high concentration and have weak temperature
dependence. Due to very low concentration of Pr3+ ions, its influence is negligible in the present
system. The schematic energy transfer diagrams for CR processes (i) and (ii) are shown in Figure
7.8. As for MPR from 3P0 to 1D2, usually 3-4 phonons are required to bridge the energy gap
between 3P0 and the highest Stark component of 1D2 (E3500 cm-1). Efficient MPR from 3P0 to
1

D2 could be expected due to high maximum phonon energy (ℏ=907 cm-1, determined by

Raman spectra) with respect to the energy gap between 3P0 and 1D2. The MPR rate (WNR) can be
roughly estimated using the exponential energy-gap law modified by Van Dijk and
Schuurmans:46
WNR   el exp[ (E  2 max )]

(7.2)

with el=107 s-1 and =4.5(1)10-3 cm-1.35,47 Under these conditions, a MPR rate of 4.28 103
s−1 is obtained. The temperature dependence of the MPR rate can be described as follows:

 
 
WNR T   WNR  0  1   exp  max
 kT
 





1





p

(7.3)

where p (p=E/ max ) is the number of phonons involved and k is the Boltzmann constant
(0.695 cm-1/K). The MPR rate calculated with Eq.7.3 increases to 5.89 103 s−1 at 533 K. This
value is much smaller than the typical 3P0 nonradiative rate of 106-107 s−1 in titanates (in Ref. 35)
and cannot account for such strong quenching. Therefore, we exclude the MPR mechanism as
being responsible for the strong quenching of 3P0 emission in NLTO:Pr.

100

Chapter 7: Ratiometric luminescence thermometry in Na2La2Ti3O10:Pr3+

Figure 7.9 Temperature dependence on decay kinetics of 3P0  3H4 (491 nm) and 1D2  3H4 (611 nm) transitions
under bangap and IVCT excitations at 315 and 354 nm, respectively. The inserts are average lifetimes.

We postulate that the crossover to low-lying Pr3+-Ti4+ IVCT state is the primary cause for the
thermal-quenching of the 3P0 emission in NLTO:Pr. As shown in Figure 7.5 (g), thermal
depopulation of the 3P0 state can occur via a crossover of configurational parabolas. The
temperature dependencies of the luminescence decays for 3P0  3H4 (491 nm) and 1D2  3H4
(611 nm) transitions were investigated under bandgap and IVCT excitations at 315 and 352 nm,
respectively, as shown in Figure 7.9. It was found that the temperature has a much stronger
influence on the 3P0 decay than that of 1D2. As shown in Figure 5b, under excitation into the
IVCT state the average decay time of 3P0  3H4 transitions monotonously decreases from 8.2 to
3.1 s, as the temperature is raised from 298 to 450 K. Temperature dependence of the decay
time is given by the modified Arrhenius equation:
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 (T ) 

B
A  C exp( kTE1 )

(4)

This equation was used to fit the temperature dependence of the luminescence decay times
shown in the inset of Figure 5b. Under 352 nm excitation into the IVCT state the energy, E,
obtained from the fits is equal to 0.31 eV. This activation energy corresponds to the energy
difference between the lowest 3P0 vibronic state and the crossover point to the IVCT state, as
shown in Figure 3g (process g2). With rising temperature the thermal energy allows the
electrons in the 3P0 state to overcome the energy barrier, E, and overpass to 1D2 state via the
IVCT state, considerably weakening the luminescence of 3P0-related transitions as a result.
Simultaneously, the intensity of the 1D4  3H4 transition slightly increases with increasing
temperature due to this electron feeding process from the 3P0 level via IVCT above 400 K.

7.3.4 Optical temperature sensing performance of NLTO:Pr.
The different thermal responses of the 3P0 and 1D2 multiplets play a remarkable role in
temperature sensing based on fluorescence intensity ratio (FIR) in Pr3+-doped luminescent
materials. In Pr3+-doped NLTO the ratio of 1D2  3H4 (611 nm) to 3P0  3H4 (491 nm) emission
intensities can be applied as a sensitive temperature probe. As it turns out ( see Figure 6a) FIR of
the integrated intensities of 1D2  3H4 and 3P0  3H4 transitions rises from 3.8 at 300 K to 214.4
at 533 K, revealing an increase as high as 56 times. In order to evaluate the relative sensitivity Sr,
defined as relative variation of FIR with respect to the temperature variation,48 the relationship
between FIR and T was fitted by a Boltzmann type equation:
FIR 

I 611
 B  C exp(E / kT )
I 491

(7.5)

where B, C are fitting constants, E is the effective energy difference, k is the Boltzmann
constant, I611, I491 refer to the integrated intensities of 1D2  3H4 and 3P0  3H4 emissions
(integrated from 570 to 640 nm and 460 to 520 nm, respectively). As shown in Figure 6b the
experimental results are well fitted with equation (7.5), revealing a high relative sensitivity of
~5203/T2 above 430 K, if we ignore the constant B with the small value of 3.35. These results
indicate that Pr3+ doped NLTO could be utilized as a potential optical thermometric material.
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The absolute and relative temperature sensitivities, Sa and Sr, are given by the following
expressions:
Sa 

Sr 

FIR
E
 ( FIR  B) 2 ,
T
kT

1 FIR
FIR  B E
 100% 
 100% .
FIR T
FIR kT 2

(7.6)

(7.7)

The temperature dependencies of Sa and Sr calculated based on experimental results with use of
the above equations are given in Figure 7.10. It can be seen that Sa continuously increases and
reaches its maximum of 3.9 K-1 at 533 K, while the relative sensitivity Sr reaches a maximum
value of 2.43% K-1 at 425 K, both being remarkably superior to those of other reported
Pr3+doped optical thermometric materials. For the purpose of practical application, only the Sr
value is considered as a critical parameter for the temperature sensing performance. The results
for Sr are summarized in Table 1 in comparison with literature data. Based on the same method
the thermometric properties of NLTO:Pr were also verified under IVCT excitation at 356 nm. As
shown in Figure S6 the temperature-dependent FIR can be well-fitted with the expression:
FIR=6.45104exp(-3888/T)+1.82. According to Eq. (7.6) and (7.7), the obtained maximum
values of Sa and Sr are 0.54 K-1 (at 533 K) and 1.7% K-1 (at 423 K), both being smaller than these
under bandgap excitation at 315 nm. In view of the superior performances under bandgap
excitation reported here, the Na2La1.995Pr0.005Ti3O10 micro-crystals with layered perovskite
structure can be utilized as the outstanding optical thermometric material under host excitation
with IVCT state interference in the 296-533 K range.
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Figure 7.10 (a) Experimental results and Eq. (5) fitted plot of FIR (I611/I491) versus temperature. (b) Sa and Sr
values obtained from (a) plotted in the temperature range of 296-533 K. (c) Experimental results and Eq. (5)
fitted plots of FIR (I533/I549) versus temperature. (d) Sa and Sr values obtained from (c) plotted as function of
temperature in the range of 150-275 K.

Additionally, the different thermal responses between 3P1 and 3P0 thermally coupled energy
levels (TCEL) were analyzed within the temperature range from 125 to 300 K. The 3P1 and 3P0
states are closely located with a small separation of around 500 cm-1. Due to the small spectral
overlap between 3P13H5 and 3P03H5 transitions and their appropriate FIR value at room
temperature, Pr3+ is a promising dopant for temperature sensing materials based on the FIR
method below 300 K.49 There are two distinct emission bands in the wavelength region from 520
to 575 nm, corresponding to 3P1  3H5 and 3P0  3H5 transitions, respectively. (The temperature
dependent spectra in the 125-300 K range are shown in Figure 4c, where each PL spectrum is
normalized to constant intensity of the emission peak at 549 nm.) After UV excitation the excited
electron relaxes to the 3PJ multiplet and a quick thermal equilibrium is achieved between 3P1 and
the lower-lying 3P0 state. FIR of the integrated intensities of 1P1  3H5 (from 520 to 544 nm) and
3

P0  3H5 (from 544 to 575 nm) emissions shows an increase as high as 5.7 times from 125 K to

300 K, shown in Figure 7.10. The solid line in Figure 6c was obtained with the following
expression:
FIR=10.4exp(-573/T)+0.06.

(7.8)

The obtained energy gap E between 3P1 and 3P0 TCEL is 486 cm-1, which is very close to the
experimental data 512 cm-1 estimated from the excitation spectrum (in Figure 7.3). The Sa and Sr
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curves as function of temperature, calculated with use of Eq. (7.6) and (7.7), are displayed in
Figure 6d. The relative sensitivity Sr obtained is 0.86% K-1 at 275 K. If we ignore the small
constant of 0.06 in Eq.(7.8), Sr can be described as 573/T2, which shows comparable
performance to other reported materials for optical sensors based on thermally linked 3P1 and 3P0
levels of Pr3+, as summarized in Table 7.2. In Table 7.2, the small values of “B” in Eq. (7.7) are
not taken into account for more intuitive comparison of Sr values of NLTO:Pr with those of other
Pr3+-based thermometers. However, the small value of B in Eq.7.5 has an obvious influence on
the FIR fitted result and the Sr value according to Eq. (7.5) and (7.7), especially in lower
temperature range. The results in Table 7.2 reveals that NLTO:Pr micro-crystals show an
comparable performance over others, highlighting its potential application in luminescent
temperature sensing over a wide temperature range (125-533 K), with a maximum relative
sensitivity of 2.43% K-1 at 423 K.
Table 7.2 Summarized temperature sensing performance of Pr3+-doped optical thermometric materials.

Sr (K-1)

Temperature (K)

Ref.

P0,1D2  3H4

1502/T2

77 - 500

25

P0,1D2  3H4

4275/T2

290 - 513

26

P1,3P0  3H5

745.2/T2

290 - 403

26

P1 3H6,3P0  3H5

4624/T2

298 - 523

27

P0,1D2  3H4

7997/T2

293 - 456

28

P1  3H5,1D2  3H4

1617/T2

300 - 437

29

P0,1D2  3H4

4965/T2

303 - 543

33

P1,3P0  3H5

880/T2

293 - 453

49

P1,3P0  3H5

658/T2

120 - 300

50

P0,1D2  3H4

5203/T2

296 - 533

This work

P1,3P0  3H5

573/T2

125- 300

This work

Materials

Transitions

La2MgTiO6

3

BaSrTiO3

3

BaSrTiO3

3

CaTiO3

3

(K0.5Na0.5)NbO3

3

(K0.5Na0.5)NbO3-CaTiO3

3

Na2La2Ti3O10

3

Tellurite glass

3

-NaYF4

3

Na2La2Ti3O10

3

Na2La2Ti3O10

3

7.3.5 Thermoluminescence and afterglow characterization
105

Chapter 7: Ratiometric luminescence thermometry in Na2La2Ti3O10:Pr3+
Figure7.11 shows the glow curves which were obtained by monitoring the 1D2  3H4 (611 nm)
and 3P0  3H4 (491 nm) transitions of Pr3+ thermoluminescence (TL). Similar TL glow curves
were observed both after host absorption and IVCT excitation, suggesting that the same traps are
involved after exciting the electrons to the conduction band. Afterglow curves of NLTO:Pr
monitored at 610 nm and 491 nm at 150 K after bandgap excitation at 315 nm for about 10 min
are presented in Figure 7.12. The maximum of TL intensity is around 150 K when the
temperature was raised with a rate of 10 K/min. Multi-peak structure of TL spectra indicates that
the trap system may be composed of multiple levels with a continuous distribution rather than
one or more discrete energy levels with simple first or second order kinetics. The initial rise
method which is independent of the details of the governing kinetics was therefore adopted for
estimating trap depths. In this method, thermoluminescence intensity as a function of
temperature can be easily described by the following relation: 51
IT  C exp( ET / kT )

(9)

where C is a constant, IT is the TL intensity, k is the Boltzmann constant, T represents the
temperature and, ET is the obtained trap depth. The TL glow curves as a function of temperature
after preheating to different stop temperatures are given in Figure 7.12. A plot of ln(IT) versus
1/T should give a straight line at the lower temperature side, extending to the point where the TL
intensity reaches ~15% of the maximum, as shown in Figure 7.11b.52 Its slope in the initial rise
range is -ET/K, from which the activation ET can be evaluated. The estimated trap depths as a
function of stop temperature Ts obtained by the initial rise method are given in Figure 7.11c.
Revealed by the steps in the ET(T) dependence at least six traps with different activation energies
could be distinguished.
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Figure 7.11 (a) Glow curves of NLTO:Pr after host excitation at 315 nm at 4.5 K. Both curves were measured after
illuminating the sample for 6 min and maintaining it for 1 h at 4.5 K to eliminate afterglows. (b) Initial rise analysis
of the TL glow curves of NLTO:Pr as a function of inverse temperature for different stop temperatures (indicated in
the figure a, em=611 nm). (c) Trap depths of NLTO:Pr estimated with the initial rise method from preheated glow
curves. (d) Schematic diagram of thermoluminescence and afterglow mechanisms.
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Figure7.12 Afterglow curves of NLTO:Pr monitored at 610 nm (1D2  3H4) and 494 nm (3P0  3H4) at 150 K after
bandgap excitation at 315 nm for 10 min (left); Thermoluminescence spectra as a function of temperature after
preheating to different stop temperatures (right).

In the NLTO:Pr system most of the holes generated by band to band excitation are considered to
be trapped by Pr3+, leading to tetravalent praseodymium ions, while electrons may be captured
by various trap centers. Thus, e- thermally excited to CB can radiatively recombine only with
Pr4+, resulting in efficient Pr3+ thermoluminescence. As shown in Figure 8d, under band-gap
irradiation at 315 (or exciting into IVCT state with 352 nm) the electrons are excited from the
VB (or ground state of Pr3+) to the CB generating holes in the VB (process ). The electrons and
holes can either recombine or be captured by electron and hole (Pr3+ ions) traps, respectively
(process ). When the temperature increases electrons can be thermally released from the trap
levels (process) and recombine with Pr4+ ions, giving rise to Pr3+ thermoluminescence. The
very shallow trap levels are responsible for the afterglow luminescence observed at low
temperatures.
As mentioned in the introduction, Pr3+ ions are effective hole traps due to their particular
tendency of taking tetravalent state in solids. The nature of electron traps is to be yet investigated.
Kudo et al. reported n-type semiconducting properties of K2La2Ti3O10due to defects, such as
oxygen vacancies, that introduce shallow energy levels below the CB bottom.18 As stated in
Section 3.3, in Na2La2Ti3O10 the TiO6 octahedra located outside of the perovskite layers are
fairly distorted. Consequently, they are prone to incorporate structural defects, such as oxygen
vacancies. The observed afterglow may be related to their existence.

7.3.6 Pressure dependence of NLTO:Pr luminescence.
Hydrostatic pressure is a very useful technique to study the location of the IVCT state and gain
further information important for new materials design. The RT PL spectra of NLTO:Pr
measured at different hydrostatic pressures are presented in Figure 7.13 (a). Under 325 nm
excitation all the luminescence lines assigned to Pr3+ f-f transitions shift toward lower energies as
the pressure increases. The energies of the emission peaks shift nearly linearly at a rate of
approximately 10 cm-1/GPa, as shown in Figure 7.13 (b). The intensities of the 3P0 and 3P1related transitions decrease with increasing pressure relative to that of the 1D2  3H4 emission.
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This phenomenon we attribute to the decrease of energy of the IVCT state with respect to
energies of the states of the 4f2 electronic configuration of Pr3+, accounting for the gradual
feeding of the 1D2 state from 3P0 via the intermediate state (IVCT). The emissions from 3P0 are
negligible at high pressure, indicating that the energy barrier between the IVCT and 3P0 states
disappears at about 23 GPa. Proposed configurational coordinate diagrams, shown in Figure
7.13(c,d), describe schematically the energy structure of NLTO:Pr at ambient and high pressure,
respectively. With pressure increasing the energy of the IVCT state decreases due to the
shortening of the Pr–Ti shortest bonds, in accordance with Boutinaud’s model (Eq. (1)). With
lowering of the IVCT state energy the energy barrier between IVCT and the 3PJ (J= 0–2)
manifold diminishes and, as a consequence, the probability of electron transfer from 3PJ to the
IVCT state increases lowering thus the probability of radiative recombination of the 3P0 state.
After releasing the pressure to 0 GPa a reversible change in PL spectra is observed, confirming
that no phase transition occurs at least up to 23 GPa. The high pressure PL studies have
demonstrated that the energy of the IVCT state is a critical parameter governing the
luminescence properties and thus possible application for luminescence thermometry.
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Figure 7.13 (a) Emission spectra of NLTO:Pr at different pressures under 325 nm excitation at RT. (b) Energies
of 4f-4f transitions as a function of pressure, solid lines represent linear fits with pressure coefficients given in the
figure in units of cm-1/GPa. Configurational coordinate diagram of the energy structure of NLTO:Pr at ambient (c)
and high pressure (d). The solid and dashed arrows indicate radiative and nonradiative transitions, respectively.

In order to understand better the hole trapping process and energy transfer mechanism from host
to Pr3+ at low temperature pressure dependent PL spectra of NLTO:Pr at 10 K were measured, as
shown in Figure 7.14 (a). In each PL spectrum the luminescence is composed of sharp lines
corresponding to 4f-4f transitions of Pr3+ and an intense broad band from host in the range of
400–750 nm. This broad band, dominating the PL spectra can be ascribed to joint contributions
from STEs at shorter wavelengths and IVCT recombination or other defects at longer
wavelengths, demonstrated already in Figure 4. Due to the small dimensions of the pressure cell,
which limits the amount of material loaded, and the extra absorption and diffraction related to the
experimental setup much higher excitation intensities are needed to observe photoluminescence
than in the case of experiments performed under ambient pressure. Since the number of Pr ions
in the microcrystals as well as the trap centers is limited, at high excitation intensities most of the
generated free carriers recombine directly leading to the observed broad-band PL. The
temperature dependence of PL at 7.3 GPa, shown in Figure 7.14 (b), exhibits similar features to
those already observed at ambient pressure. However, in contrast to the latter the Pr3+
luminescence intensity continuously increases up to room temperature, while at ambient pressure
it already started to quench above 150 K. It may be related to different lattice relaxation under
higher pressure, associated with larger bulk modulus and decreasing value of the Huang-Rhys
factor. The decrease of the Huang-Rhys factor of the IVCT state allows for increased excitation
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of the 3P0 state at elevated temperatures. The temperature dependence of the broad band PL at
high pressure, on the other hand, is the same as at ambient pressure. In both cases the intensity is
completely quenched above 150 K.

Figure 7.14 (a) Pressure dependent emission spectra of NLTO:Pr under 325 nm excitation at 10 K. (b) Emission
spectra of NLTO:Pr under 7.3 GPa as function of temperature at 325 nm excitation.

7.4 Conclusions
Structural identification using XRD, SEM and STEM techniques shows that the desired
compound, Ruddlesden-Popper type layered perovskite Na2La1.995Pr0.005Ti3O10 micro-crystals
were successfully synthesized. Temperature and high-pressure dependent photoluminescence
measurements were performed in this compound. Thermometric characterization using the FIR
method proves a remarkable optical thermometric performance over a wide temperature range
(125-533 K), with a maximum relative sensitivity of 2.43% K-1 at 423 K. It turns out that Pr3+Ti4+ intervalence charge transfer state is the primary cause for such efficient thermometric
characteristics in the 296-533 K range. In the lower temperature range, from 125 to 300 K, 3P1
and 3P0 levels of Pr3+ can be exploited as thermally coupled energy levels for thermal sensing
with relatively high sensitivity. Both show comparable sensing performance in comparison to
those of other Pr3+-based luminescent thermometers. Temperature-dependent PL in the 4.5-300
K range reveals a significant increase of Pr3+ luminescence, which is ascribed to an efficient
thermally-activated energy transfer process from host to Pr3+ ions. Carrier recombination on Pr3+
related hole traps was proposed in the studied system.
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Furthermore, high-pressure measurements were performed to confirm our interpretation of the
observed spectroscopic behavior and the proposed model for the present system. The IVCT
energy is demonstrated to be a critical parameter for luminescent properties and potential
applications in temperature sensing.
Thermoluminescence properties were investigated using preheating and initial rise methods. It is
shown that at least six shallow traps with different activation energies are present in the system.
They are probably related to oxygen vacancies or structural defects in the complicated
crystallographic structure of this type of compounds. The observed afterglow is related to their
existence.
We hope that this work will be helpful for designing highly efficient, lanthanide-doped
luminescent materials applicable as emitters or optical thermometers operating over a wide
temperature range.
Most of the results reported in this chapter comprised following publication:
Y. J. Wang, V. Tsiumra, Q. Peng, H. B. Liang, Y. Zhydachevskyy, M. Chaika, P. Dlużewski, H.
Przybylińska, A. Suchocki. Hole Trapping Process and Highly Sensitive Ratiometric
Thermometry over a Wide Temperature Range in Pr3+-Doped Na2La2Ti3O10 Layered Perovskite
Microcrystals. J. Phys. Chem. A 2019, 123, 4021-4033.
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Chapter 8: 3P0  1D2 non-radiative relaxation control via IVCT
state in Pr3+-doped Na2Ln2Ti3O10 (Ln=La, Gd) micro-crystals with
triple-layered perovskite structure
Following our ongoing interesting in discovering Pr3+ luminescence properties influenced by
Pr3+-Ti4+ intervalence charge transfer state, two samples with different substitutions on rare earth
site, i.e., La and Ga, are chosen for the purpose of comparison studies.

8.1 Introduction
Trivalent praseodymium ion is well known to emit greenish-blue and red light corresponding to
emission transitions from the excited 3P0 and 1D2 energy levels to the ground state 3H4,
respectively. In some materials, however, the 3P0 emission is completely quenched, leading to
red luminescence only. Thus, an important goal for the Pr3+-doped oxide materials is to control
the 3P0  lD2 non-radiative transition, responsible for the 3P0 luminescence quenching. The 3P0
quenching phenomenon is explained by assuming existence of an additional energy level, which
allows to overpass the 3P0 state and effectively transfers the excitation energy from the higher–
lying levels to the 1D2 state. So far, there have been two proposed mechanisms explaining nature
of such additional energy level. The first one is the intersystem crossing through a low-lying
Pr3+4f15d1 excited state, as proposed by Arai et al. for monoclinic Gd2O3:Pr3+,1 and Aumüller et
al. for cubic RE2O3:Pr3+ (RE=Sc, Y, Gd).2 In particular, the CaTiO3 perovskite was widely
studied as a red emitting phosphor or red persistent material when doped with Pr3+ ions. Diallo et
al. first reported that Pr-doped CaTiO3 showed intense red emission under ultraviolet (UV)
excitation.3,4 It was proposed that the 3P0 state quenching is due to the intersystem crossing
through a low-lying Pr3+ 4f15d1 excited state, which brings about a strong probability of
relaxation from the 3P0 manifold to the 4f15d1 states, which is then afterwards followed by a deexcitation to the 1D2 manifold.
The second mechanism, intervalence charge-transfer (IVCT) state model,5 which is also known
as the virtual recharge model6 or metal-to-metal charge transfer (MMCT),7 has been proposed by
Boutinaud et al. for interpretation of the 3P0 emission quenching. Indeed, in such materials, the
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IVCT mechanism for those ions (e.g. Pr, Tb), which can take the tetravalent state in such solids
as titanates, vanadates, tungstates, and molibdates, can be realized by virtual recharge, eventually
leading to the 3P0 emission quenching.8-10 According to it, the 3P0  lD2 non-radiative transition
in the Pr3+ ion excited to the 3P0 level takes place through the electron transfer to one of the
nearest lattice ions, which creates an intermediate Pr3+-Ti4+ charge transfer state, followed by the
electron back-transfer from the lattice ion to Pr4+ via this intermediate state that results in the Pr3+
intense red emission from the 1D2 state. In the other words, the interaction with IVCT state
results in redistribution of the Pr3+ greenish-blue and red emissions over the 3P0 and 1D2
multiplets. The probability of the 3P0  lD2 non-radiative transition through the IVCT state is
greater than that of the multi-phonon relaxation in scheelite and fergusonite type crystals, as
reported by Reut et al.6 Furthermore, the IVCT state not only plays an important role in deexcitation process but also provides a high potential for many applications, particularly in the
field of optical thermometry.11-13 Therefore, in order to design the Pr3+-doped multifunctional
luminescence materials with selective greenish-blue and/or red emission it is important to control
the 3P0  lD2 non-radiative transition process via the IVCT state.
Na2La2Ti3O10 belongs to Ruddlesden-Popper (R-P) type layered perovskite oxide compounds
with the general chemical formula A2A′n-1BnO3n+1, where A′n-1BnO3n+1 is the perovskite-type
layers of n octahedra in thickness, formed by slicing the perovskite structure along one of the
cubic directions, and A is an interleaved cation.14 Kudo et al. and Ghosh et al. have reported the
hole trap and recombination process in Tb3+ and Pr3+-doped layered perovskite KLaNb2O7,
K2La2Ti3O10 and Cr3+-doped SrTiO3 system, respectively.15-17 In their reports, the Pr ions work
as the hole traps and recombination sites for efficient excitation energy transfer from the host to
activators.
Following our interest in controlling the 3P0  1D2 nonradiative relaxation in the Pr3+-doped
perovskites, the R-P type layered perovskite Na2Ln2Ti3O10 (Ln=La, Gd) were chosen for the
comparative study of their photoluminescence properties and their nature in relation to different
substitutions at the rare-earth site. At room temperature (RT), the sample for Ln=La exhibits
intense greenish-blue and red emissions under band gap excitation, whereas for Ln=Gd a weak
red emission can only be observed and all 3P0-related emissions are completely quenched. This
study aims to elucidate the mechanism of 3P0  1D2 nonradiative relaxation via IVCT state,
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which predominately leads to the 3P0 emission quenching rather than the phonon-assisted crossrelaxation and 3P0  1D2 multiphonon relaxation processes of Pr3+ ions in Na2Ln2Ti3O10 (Ln=La,
Gd). For this purpose, the excitation and de-excitation mechanisms for interpretation of different
luminescence properties in the present system were discussed in detail. In addition, it is proposed
that thermally-activated energy transfer (ET) between the host and Pr3+ ions is responsible for
significant enhancement of the Pr3+ luminescence in the 4.5–300 K range. Thermoluminescence
and its possible origins are discussed as well.

8.2 Sample preparation
The R-P type layered perovskite Pr3+-doped Na2Ln1.995Pr0.005Ti3O10 (Ln=La and Gd) microcrystals were synthesized in Prof. Hongbin Liang’s group, Sun Yat-Sen University of China. The
same methods described can be found in Chapter 7.

8.3 Results and discussions
8.3.1

Structural identification
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Figure 8.1 (a) The XRD patterns of the sample for Ln=La (upper) and Ln=Gd (lower); (b), (c) and (d) SEM images
of the sample for La=La; (e), (e) and (g) SEM images Ln=Gd.

The formation of designed compounds and their morphology was confirmed by the XRD and
SEM images. Figure 8.1a shows the XRD patterns of the R-P type layered perovskite
Na2Ln2Ti3O10 (Ln=La, Gd) micro-crystals. All diffraction peaks are in good agreement with the
standard data for crystalline Na2Ln2Ti3O10 (COD card no. 1544433) with a tetragonal phase,
suggesting that the designed compounds were successfully synthesized via high-temperature
reaction method. The SEM images in Figure 8.1b-g, reveal that both samples appear as the
tetragonal-like micro-crystals with different size from few to tens of microns. The unit cell
parameters for these two samples were determined using the Rietveld refinement as implemented
in the FullProf program. The crystal structures were refined out in the tetragonal with space
group I4/mmm. The comparative data for the unit cell parameters, volume and the shortest bond
distance of (Ln3+-Ti4+) of Na2Ln2Ti3O10 (Ln=La, Gd) samples are listed in Table 8.1. The most
intense XRD peak of crystal shifts to the higher angle due to the substitution with smaller Gd 3+
ion instead of the La3+ ion. This is consistent with the smaller unit cell parameters obtained after
the refinement procedure.
Table 8.1 Comparative data for the unite cell parameters, volume and the shortest bond distance of (Ln 3+-Ti4+) of
Na2Ln2Ti3O10 (Ln=La, Gd) samples.

samples

lattice parameters (space group I4/mmm)

Volume (Å3)

Shortest bond distance
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of (Ln3+-Ti4+), Å
a=b (Å)

c (Å)

c/a

Ln=La

3.8363 (2)

28.6280 (17)

7.4623

421.33 (4)

3.4237

Ln=Gd

3.7870 (2)

28.3320 (2)

7.4814

406.32 (4)

3.3593

8.3.2 Na2Ln2Ti3O10 (Ln=La, Gd) luminescence properties at RT and 4.5 K

Figure 8.2 (a) excitation spectra monitored at 611 nm and 615 nm, and (b) emission spectra excited by 315 nm and
302 nm lights at TR for NLTO:Pr and NGTO:Pr, respectively.

The PLE and PL spectra were recorded at RT, as depicted in Figure 8.2. As can be seen, two
PLE spectra in Figure 8.2a by monitoring the 1D2  3H4 emission are similar. Each spectrum
consists of several sharp peaks in the 420-500 nm range, corresponding to the 3H4  3PJ
(J=0,1,2), 1I6 transitions within the 4f2 electron configuration of the Pr3+ ions, and three broad
bands in the UV region. These broad bands labeled A, B and C are assigned to the 4f 2  4f5d
parity allowed transition, host absorption of TiO6 group, and Pr3+-Ti4+ IVCT, respectively.13,18
The 3H4  3PJ peaks in the PLE spectrum of luminescence originating from 1D2 level clearly
indicates the 3P0  1D2 non-radiative relaxation.
Under band gap excitation at 315 nm, the Ln=La sample exhibits intense greenish-blue and
red luminescence, corresponding to the typical Pr3+ 4f-4f transitions, as shown in Figure 8.2 b.
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The PL spectrum is dominated by the 1D2  3H4 emission transition at 611 nm. However, only a
red emission at 615 nm ascribed to the 1D2  3H4 transition can be observed under band gap
excitation at 298 nm for the Ln=Gd sample. All 3P0-related emissions are completely quenched,
implying that a very highly efficient 3P0  1D2 non-radiative relaxation must be responsible for
the only red 1D2  3H4 emission in this sample.

Figure 8.3 (a) Normalized excitation and emission spectra of the sample for Ln=La at 4.5 K; (b) excitation and
emission spectra for Ln=Gd sample at 4.5 K.

Both PL and PLE spectra measured at 4.5 K, as shown in Figure 3, exhibit some different
features. The very strong decrease of band B in excitation implies the host sensitization of the
Pr3+ luminescence becomes relatively inefficient at low temperature. The Pr3+-Ti4+ IVCT
contribution (band C at 347, 357 nm for the Ln=La, Gd samples, respectively) becomes
increasingly higher in PLE spectra monitored at broad emission band at 470 nm and 522 nm.
Band B becomes sharp due to the fact that often a distinct exciton peak appears at energy of the
lowest host excitation band when the self-trapped exciton (STE) emission is monitored at lowtemperature ~10 K.19 Therefore, band B at 315 nm contributes to the absorption of both bandgap
and STE for Ln=La at 4.5 K. Particularly for Ln=Gd, one of important observations is that a
pronounced increase of STE absorption with longer wavelength (313 nm) than band B is
observed, while band A, B and C are almost not visible in PLE spectrum. Band B and C,
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although much weaker as compared with that by monitoring the Pr3+ emissions, dominate in PLE
spectra with same intensities by monitoring emission at 522 nm for the Ln=La sample.
Similar results were found in the low-temperature PL spectra. Firstly, under bandgap
excitation Pr3+ shows abnormally weak luminescence intensity compared to that at RT.
Secondly, an additional PL broadband (centered at ~ 475 or 512 nm for Ln=La, Gd, respectively)
is observed, indicating that the excited state under bandgap excitation is delocalized in threelayered perovskite structure and the energy and/or electron transfer could take part in the
luminescent phenomena of Pr3+-doped Na2Ln2Ti3O10 system. The strong broad emission is
attributed to the STE, i.e., radiative recombination of the hole with an electron trapped on the
octahedral TiO6 units. Such SETs luminescence behaviors were observed at low temperature in
many other titanate phosphors.11,16,17,20 The UV radiation absorbed by titanate units induces the
formation of SETs, which is slightly below the conduction band and can decay either radiatively
through emission or non-radiatively through internal non-radiative relaxation and energy transfer
process. 21
A weak band at ~410 nm for Ln=La and ~420 nm for Ln=Gd was observed in the PLE when
monitoring at broad band emission peaks. Here, the weak broad band can be attributed to the
absorption from midgap defects, from which the radiative and/or nonradiative transitions can
take place after excitation into or above this state. Similar observations at low-temperature has
been reported in the case of ATiO3 (A=Ba, Ca and Sr) compounds.22-24 In their report, several
such kind of midgap states are assigned to electrons trapped on the different kinds of oxygen
vacancies. In principle, the present scheme is similar to theirs, i.e., several midgap states were
expected in Na2Ln2Ti3O10 (Ln=La, Gd), as revealed by PLE spectra in Figure 8.3. Different
oxygen vacancies most probably could be formed due to the distorted TiO6 octahedra located
outside of the layer in studied materials. The presence of such oxygen vacancies is conformed by
the observed thermoluminescence curves with multi-peaks structure (see in section 3.4). Another
possiblility is associated with the radiative transition from Pr3+-Ti4+ IVCT state, however this
assignment would require further confirmation.
Based on the above results, a summary of spectroscopic parameters for Na2Ln2Ti3O10
(Ln=La, Gd) is given in Table 8.2.
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Table 8.2 Observed spectroscopic parameters, i.e., energy positions of bands B, C, self-trapped exciton, optical
bandgap and the edge of band C for Na2Ln2Ti3O10 (Ln=La, Gd)

samples

band B (eV)

band C (eV)

STE (eV)

Eg (eV) (1.04*EFE)

edge of band C (nm)

Ln=La

3.94 (315 nm)

3.57 (347 nm)

3.94 (315 nm)

4.10

~395

Ln=Gd

4.11 (302 nm)

3.47 (357 nm)

4.11(313 nm)

4.27

~430

An empirical model proposed by Boutinaud et al. allows us to estimate the IVCT energy (band
C) in the Pr-doped titanates:

IVCT (cm1 )  58800  49800[

 (Ti 4 )
]
d (Pr 3  Ti 4 )

(8.1)

where (Ti4+) and d(Pr3+-Ti4+) are the optical electronegativity (2.05) of Ti4+ and the shortest
Pr3+-Ti4+ bond distance in the host structure, respectively. According to the XRD refinement
results, the determined d(Pr3+-Ti4+) distance is 3.4237 Å for Ln=La, and 3.3593 Å for Ln=Gd.
Thus, the calculated IVCT energy is 3.59 eV (28981 cm-1) and 3.52 eV (28410 cm-1) for the
Ln=La and Gd samples, respectively. These values are consistent with the observed results 3.57
eV (28818 cm-1) and 3.47 eV (28011) in PLE spectra in Figure 3 for both materials, respectively.
The fundamental excitation EFE, defined as the energy coinciding with the maximum of the
lowest host excitation band is usually observed with good accuracy in the PLE spectra. In
accordance with PLE spectra in Figure 3, the lowest TiO6−8 transition is about 0.17 eV higher in
energy for Ln=La (315 nm, 3.94 eV) than for Ln=Gd (302 nm, 4.11 eV), as given in Table 2.
Furthermore, the optical band gap energy can be estimated using Dorenbos empirical rule
Eg=1.04EFE with a standard deviation of typically 250 meV.25,26 The 1.04 proportionality factor
was determined as the average of the limited available data. Then, the obtained band gap
energies are 4.10 eV and 4.27 eV for Ln=La and Gd, respectively.
However, the energy location of Pr3+ 3H4 ground state should be taken into account in order to
estimate the host and Pr3+ energy locations in these two compounds. It has been proved that the
IVCT energy must be equal or higher than EFE. The Pr3+ 3H4 ground state location can be
estimated as E(3H4)=1.04 EFE-EIVCT,25 where EIVCT is the IVCT energy deduced from the
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excitation spectra at 4.5 K (given in Table 2 as the values of band C). Then, it comes out that the
3

H4 state is located at 0.53 and 0.80 eV relative to the top of valence band for the Ln=La and Gd

samples, respectively. With above approximations, combined with typical observation of band C
edge, which enables us to estimate the host and Pr3+ dopant energy levels schemes for Ln=La
and Gd samples, as depicted in Figure 8.4, regarding the top of the valence band as the energy
reference.

Figure 8.4 Configurational coordinate energy diagrams of Pr3+ ion in Na2Ln2Ti3O10 (Ln=La, Gd).

As shown in the frame of the IVCT model, the energy location of the 3H4 ground state for
Ln=Gd is situated 0.27 eV higher than that for Ln=La. Thereby, the IVCT parabolas is higher
relative to the 3P0 and 1D2 levels in the La-substituted sample, giving rise to pronounced 3P0
luminescence. The downshift of the 3H4 state for Ln=La sample is consistent with the longer Laoxygen distance, corresponding to a weaker negative Madelung electrostatic potential at the La
site available for the Pr3+ ions, as it was considered in perovskites titanates R1/2Na1/2TiO3:Pr3+
(R=La, Gd, Y, Lu).27 As a reference, the activation energy E is defined as the energy gap
between the bottom of the 3P0 level to the point of its crossover with the IVCT level. 3P0
quenching is caused because of small E value. The complete quenching of 3P0 emission for
Ln=Gd can be explained by the shift of the IVCT parabola to lower and/or right direction, as
revealed in the PL and PLE spectra. This downshift leads to smaller E, and higher 3P0  3H4
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non-radiative relaxation probability via the IVCT state. This interpretation confirms the IVCT
energy decrease with decreasing the shortest Pr3+-Ti4+ bond distance with different substitution
from Ln=La to Gd, as well as is suggested by the theoretical approximation in Eq. (1) and
experimental observation in PLE results in Figure 8.2 and Figure 8.3. The spectroscopic results,
in good agreement with the above discussions, indicate that the 3P0 1D2 nonradiative relaxation
in Na2Ln2Ti3O10 (Ln=La, Gd) critically depends on the energy location of the Pr3+-Ti4+ IVCT
state and hence on the location of the praseodymium 3H4 ground state relative to the top of the
VB.
In a given host, the 3P0 emission quenching can not be fully explained by the crossover to
intermediate state mentioned above. Additionally, two other mechanisms were proposed for the
3

P0  3H4 non-radiative transition: (i) phonon-assisted cross-relaxation (CR) process, and (ii) 3P0

~ 1D2 multiphonon relaxation (MPR). The CR processes [3P0, 3H4]  [1G4, 1G4] and [3P0, 3H4] 
[1D2, 3H6] are favored by phonon assistance due to non-resonant energies, and their effects
increase with increasing temperature.28-30 Another CR process, [1D2, 3H4]  [1G4, 3F4], involving
the 1D2 state and in practice resonant, is expected to be efficient for high concentration and weak
temperature dependence. Due to very low concentration of Pr3+ ions, its influence is negligible in
present system. Concerning the 3P0  1D2 MPR, 3-4 phonons are required to bridge the energy
gap between the 3P0 state and the highest Stark component of the 1D2 manifold (3500 cm-1,
approximation for E). The efficient 3P0  1D2 MPR could be expected due to high maximum
phonon energy with respect to the energy gap between the 3P0 and 1D2 states. For this purpose,
the micro-Raman spectra have been recorded using a confocal Raman microscope (MonoVista
CRS+) at RT with Cobolt 532 nm solid state laser as an excitation source. The obtained values of
the maximum phonon energy (ℏ) are 907 and 887 cm-1 for Ln=La and Gd, respectively.
Furthermore, the MPR rate (WNR) can be roughly estimated using the modified exponential
energy-gap law of Van Dijk and Schuurmans :31
WNR   el exp[ (E  2 max )]

(8.2)

with el=107 s-1 and =4.5(1)10-3 cm-1.32,33 Then, the estimated MPR rates are 4.28 103 s−1
and 4.23 103 s−1 for Ln=La and Gd, respectively. Both of them are smaller than the typical 3P0
non-radiative rate 106-107 s−1 in titanates (in Ref. 32) and cannot account for the 3P0 complete
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quenching, as observed for Ln=Gd sample. Thereby, we deduce the MPR contribution to the
3

P0 emission quenching is inefficient as well for the sample with Gd substitution.

8.3.3 Enhanced Pr3+ emission due to excitation energy transfer to Pr3+ ions

Figure 8.5 3D plots of temperature-dependent PL for Ln=La (a) and Gd (c) under band gap excitation at 315 nm or
302 nm; Temperature dependence of the integrated emission intensities of host (STE) and Pr 3+ luminescence for
Ln=La (b) and Gd (d). All intensities in Figure5 (b) and (d) were normalized to the values at T=4.5 K.

Investigation of energy transfer from host to activators can provide a further insight into the
host energy migration and quenching processes. Figure8.5 represents the temperature
126

Chapter 8: 3P0→1D2 non-radiative relaxation control via IVCT state
dependence of Pr3+-doped Na2Ln2Ti3O10 (Ln=La, Gd) luminescence under host excitation in the
4.5-300 K range. Similar behaviors are observed for both samples: integrated intensity of STE
emission rapidly decreases with temperature increasing and it is completely quenched at the
temperature above 150 K for Ln=La and 250 K for Ln=Gd, while that from Pr3+ gradually
increase till to STE quenching temperatures, and then start to decrease at higher temperatures, as
shown in Figure 8.5 (b) and (d). One noticed that in the 4.5-50 K range, the Pr3+ luminescence
intensity keeps almost stable even slightly decreases.
As mentioned above, STEs formed by UV radiation can decay either radiatively through
emission or non-radiatively through internal nonradiative relaxation and energy transfer process.
Here in the present system, the existence of the intermediate IVCT state may provide a big
chance for realization of the STE migration through the lattice and IVCT state to Pr3+ centers.
Therefore, the significant increase of Pr3+ emission intensity can be ascribed to an efficient
thermally-activated energy transfer from the host (exciton) to Pr3+ ions in Na2Ln2Ti3O10 (Ln=La,
Gd). STE quenching could be increased by the Pr3+ ions if they work as additional quenching
centers or decreased if they act as scattering centers to suppress the exciton migration. A similar
phenomenon has been observed in Pr3+-doped NaGdTiO4, YNbO4, and Nd3+-doped CaMoO4,
respectively.20,34,35 In these reports, the higher temperature allows excitons to migrate closer to
the Pr3+ and Nd3+ ions before energy transfer to the quenching center. Thus, thermally-activated
energy transfer model is considered as a reasonable interpretation for the increased luminescence
of the activators.
In addition, it is noticed that the Pr3+ emission quenching temperature for Ln=Gd is ~250 K,
higher than that 150 K for Ln=La. This can be explained by different lowest energy location of
the STE state with respect to the CB. The STE energies given in Table 8.2 are positioned at 0.16
and 0.31 eV relative to the bottom of conduction band for Ln=La and Gd, respectively. As
shown in Figure 8.6, upon direct exciting into the STE state at 313 nm, the temperature
dependence behavior of PL for Ln=Gd differs from that by band gap excitation at 302 nm. The
lower energy of STEs in Ln=Gd sample results in inefficient formation of the Pr3+-Ti4+ IVCT
state with 313 nm excitation, as shown in Figure 4. The STE migration via the lattice and IVCT
to the Pr3+ ions can, however, be suppressed, instead a pronounced emission from STE is
dominated in PL spectra at low temperature. With increasing temperature, this STE emission
127

Chapter 8: 3P0→1D2 non-radiative relaxation control via IVCT state
gradually decreases and remains detectable up to RT, while Pr3+ luminescence increases till to
275 K.

Figure 8.6 3D plot of temperature-dependent PL in Pr-doped Na2Gd2Ti3O10 by exciting into STE state in the 4.5300 K range. Inset is temperature dependent PL intensities of host (STE) and Pr 3+ luminescence for Ln=La (b) and
Gd (d).
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Figure 8.7 3D plots of temperature-dependent PL in Pr-doped Na2Ln2Ti3O10 (Ln=La, Gd) under excitation at 347
nm (a) or 357 nm (b) in the 4.5-300 K range; Variation of the integral emission of host (left axis) and Pr3+
luminescence (right axis) for Ln=La (c) and Gd (d). All intensities in Figure7 (c) and (d) were normalized to the
values at T=4.5 K. And the influence from Pr 3+ emission was minimized by subtracting its PL spectrum for host
emission integral.

Figure 8.7 shows temperature dependence of PL in Pr-doped Na2Ln2Ti3O10 (Ln=La, Gd) in the
4.5-300 K range. Under excitation into the IVCT state, broad band (may overlap with STE
emission) associated with midgap states (or IVCT emission) rapidly decreases with the increase
of temperature, whereas the Pr3+ luminescence increases up to 150 K for Ln=La and 250 K for
Ln=Gd, and then followed by a drop at higher temperature. The increase of Pr3+ luminescence
with increasing temperature is caused by thermal population of excited state 3P0 of Pr3+ from the
bottom of IVCT state. And the downshift of the IVCT state for Ln=Gd is responsible for higher
temperature of Pr3+ maximum luminescence intensity. Furthermore, it indicates that the direct
excitation of IVCT luminescence is less efficient for Ln=Gd than that for Ln=La. Revealed by
observation of PLE spectra in Figure 2 and Figure 3, the full with at half maximum (FWHM) of
band C for Ln=Gd compound is certainly broader than that for Ln=La. Such broader C band for
Ln=Gd compound may introduce another non-radiative relaxation pathway due to the lower
activation energy between the bottom of IVCT state and its crossover point with the 3H4 ground
state of Pr3+. Variation of the integral emission is similar to that under bandgap excitation. The
decrease of Pr3+ luminescence in the low-temperature range (4.5-125 K) is probably due to the
variation of thermal population of Stark levels in terms of 3P0 and 1D2 states or inefficient deexciation process from IVCT state to 3P0 and 1D2 emitting states of Pr3+ ions at lowtemperature.18
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8.3.4 Thermoluminescence of Pr3+-doped Na2Ln2Ti3O10 (Ln=La and Gd)

Figure 8.8 (a) TL glow curves of Pr3+-doped Na2Ln2Ti3O10 (Ln=La and Gd) after band gap excitation for 5 min at
4.5 K, and monitoring red luminescence recorded at a heating rate of 10 K/min. (b) Proposed mechanism for
observed thermoluminescence.

Thermoluminescence (TL) is observed below room temperature for both studied compounds.
Figure 8.8(a) shows the TL glow curves by monitoring red emission of the Pr3+ 1D2  3H4
transitions. The temperature of the glow peak maximum at 145 K for Ln=La and 196 K for
Ln=Gd were observed when the temperature was elevated with rate of 10 K/min. The main glow
peak shifts to higher temperature, indicating that electron trap levels are located lower relative to
the CB bottom in the Ln=Gd sample. A simple approximation equation to derive the trap depth
energy E (in eV) from TL glow curves is as follows:
E=Tm/500

(8.3)

where Tm is the temperature of the glow peak maximum in K. Then, the estimated energetic
depths are equal to 0.29 and 0.39 eV for Ln=La and Ln=Gd, respectively.
The Pr3+ ion works as the hole trap in layered perovskites structure due to its particular
tendency of adopting tetravalent state in solids, as mentioned above. It has been reported that
A2Ln2Ti3O10 (A=K, Rb, Na; Ln=La and Gd) shows photocatalytic activity for water reduction.3638

Moreover, Kudo et al. reported that K2La2Ti3O10 has n-type semiconductive characteristic, and

the impurity levels such as oxygen vacancies (OV) that work as electron trap sites are located
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just under the conduction band level.16 In fact, a large distortion of the TiO6 octahedra exists in
Na2Ln2Ti3O10 structure. The TiO6 octahedra located at the middle layers of the triple-perovskite
slabs is almost an ideal octahedron, while these located outside of the layer are fairly distorted.39
Therefore, one might expect that actually oxygen vacancies (OV) could be formed in the
distorted TiO6 octahedrons under UV irradiation. Such oxygen vacancies might, however, be
formed by breaking Ti-O bonds followed by the removal of O atoms than that of Ti due to lower
binding energy than that of Ti and eventual formation of self-trapped exciton state near the
conduction band.40 In such assumption, the STE state is more likely localized around the OV and
thus situated near the conduction band. Then somehow the energy levels of OV can be reflected
from the energy levels of STE states. The direct evidence for this assumption requires further
investigation, taking into account the observed spectroscopic results. The energy gap between the
STE state and bottom of CB for Ln=Gd is 0.31 eV, higher than that for Ln=La, 0.16 eV (see in
Figure8.4). The observed TL is consistent with electron traps (OV) levels, deeper for Ln=Gd as
observed in TL, Tm=196 K, but for Ln=La, Tm=145 K. Consequently, the electron traps in
Na2Ln2Ti3O10 (Ln=La and Gd) structure are probably related to oxygen vacancies by distorting
TiO6 octahedral symmetry. The interpretation of TL in terms of oxygen vacancies with different
energy levels in studied two samples with different substitutions for bandgap engineering is
similar to the effects observed for some garnet crystals used as scintillators. In garnets, band-gap
engineering allows us to control the defects responsible for detrimental scintillation afterglow
luminescence.41 There is another possibility that the electron traps might be due to structural
defects in complicated crystallographic structure of this type of compounds.

8.4 Conclusions
In summary, we reported a comparative study on the Pr3+-doped layered perovskites
Na2Ln2Ti3O10 (Ln=La and Gd) micro-crystals with different substitutions and their respective
luminescence properties. At RT, the sample for Ln=La exhibits intense greenish-blue and red
emissions under band gap excitation, whereas for Ln=Gd a red emission can be only observed
and all 3P0-related emissions were completely quenched. It is demonstrated that 3P0  1D2 nonradiative relaxation in Na2Ln2Ti3O10 (Ln=La, Gd) critically depend on the energy location of
IVCT and thus on the location of Pr3+ ground state 3H4 with respect to the top of valence band.
Temperature-dependent PL in 4.5-300K range reveals a significant increase of Pr3+ luminescence,
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which is described to an efficient thermally-activated energy transfer process from host (exciton)
to Pr3+ ions. The high temperature allows exciton to migrate closer to Pr3+ ions before energy
transfer to the quenching center. Furthermore, lower energy location of STE state for Ln=Gd is
responsible for thermoluminescence observed at higher temperatures than that for Ln=La sample.
In the case of Ruddlesden-Popper type layered perovskite oxide compounds our results show a
possibility of controlling the 3P0  1D2 non-radiative relaxation of Pr3+ ions and the energy
distance of the relatively shallow electron traps in relation to the bottom of conduction band,
giving a way for specific band-gap engineering in these materials.
The majority of results reported in this chapter formed the basis of the publication:
Y. J. Wang, Q. Peng, H. B. Liang, M. G. Brink, A. Suchocki. 3P0→1D2 non-radiative relaxation
control via IVCT state in Pr3+-doped Na2Ln2Ti3O10 (Ln=La, Gd) micro-crystals with triplelayered perovskite structure. J. Lumin. 2019,213, 510-518.
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Chapter 9: High-pressure and temperature dependent luminescence
properties of Mn3+-doped Ca3Ga2Ge3O12 single crystal
9.1

Introduction

Oxide single crystals, in particular, those with A3B2C3O12 garnet structure are considered as
prospective host materials for optical absorption and emission spectral studies of trivalent
transition-metal ions as for solid-state laser and scintillator applications.1-5 Such ions prefer to
occupy octahedral B3+ sites, which undergo weak trigonal distortions. The calcium gadolinium
germanium garnet Ca3Ga2Ge3O12 (CGGG), which belongs to the rich family of garnet type laserhost crystals,6-9 are well known also as substrate materials for magnetic memories and optical
recording.10,11 The structure and luminescence studies were recently carried out on Cr3+-doped
CGGG phosphors as for near-infrared persistent luminescence materials.12,13 In CGGG crystal
structure, the substitutions of trivalent 3d ions prefer to occupy octahedral Ga3+ sites and thus are
of great interest for solid-state laser applications because of their interesting optical properties.
In general, the energy levels of 3d transition metal ions in crystal fields are described by the
well-known Tanabe-Sugano diagram.14 Mn3+ belongs to 3d4 electronic configurations, where the
ground term 5D is the only quintet term, while the other terms are triplets and singlet. The 5D
term splits into the lower 5E and upper 5T2 terms in an octahedral coordination. For low crystal
field strengths (Dq/B<2.5), the ground state is 5E, and thus only spin-allowed 5E → 5T2 transition
is expected in the absorption spectra. For a system with Dq/B<1.2, the lowest excited state is 5T2
and the radiative transition from it is spin-allowed, while all excited state absorption transitions
are spin-forbidden. Thereby, such a system is in principle very interesting for laser application.15
In systems of 3d4 configuration, however, the Jahn-Teller effect16 has to be taken into account as
a result of its strong influence on the optical properties of such ions in crystals. As only the 5E
level has a configuration with one non-paired electron, the Jahn–Teller distortion for the 5E
ground state is expected to be the highest,17 and moderate Jahn-Teller distortion in 5T2 and 1T2
excited states.18,19 Beside, the synthesis of Mn3+-doped materials is however challenging due to
the fact that Mn3+ ion is relatively unstable, and readily undergoes oxidation, reduction and
disproportionate reactions forming more stable in divalent and tetravalent states, i.e., Mn2+ and
Mn4+.20
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In this section, we report a systematic study on the temperature dependent absorption and
luminescence, as well as high-pressure dependent luminescence of Mn3+-doped garnet-type
Ca3Ga2Ge3O12 single crystals. The sharp emission lines from Mn4+ ions were observed at lowtemperature and high pressure. The aim of this work is to study the influence of the temperature
and high-pressure on the luminescence properties, as well as Jahn-Teller effect for the 5T2 excited
state and the 5E ground state of Mn3+ in CGGG single crystals from the viewpoint of crystal-field
theory as well as for its potential applications as laser materials and near-infrared emitters. A
theoretical analysis by employing the Exchange-Charge-Model (ECM, which was performed by
Prof. M. G. Brik) of crystal filed effect is in perfect agreement with the experimental results.

9.2

Experimental methods
9.2.1

Sample preparation

The Ca3Mn0.1Ga1.9Ge3O12 (CGGG:Mn) single crystal with 100 orientation was grown (by Dr.
M. B. Kosmyna, Scientific-Research Department of Optical and Constructional Crystals, STC
'Institute for Single Crystals', National Academy of Sciences of Ukraine) by the Czochralski
technique in platinum crucibles in air–argon atmosphere using inductive heating (see more
details in Ref. 10 and 21). The size of the obtained single crystals was a 25 mm diameter and 50–
70 mm length. The sample was cut in the form of a plane–parallel 1.0 mm-thick plate
perpendicular to the [100] direction. The concentration in studied sample is 0.1 wt%.

9.2.2

Theoretical calculation

The exchange charge model22 of crystal field was used to calculate the energy levels of the Mn3+
and Mn4+ ions in Ca3Ga2Ge3O12 (Ga octahedral site). The crystal structural data23 were used to
analyze the symmetry properties of the impurity ion site and generate a cluster consisting of
more than 92200 ions (this is needed to ensure proper convergence of the crystal lattice sums
needed for the calculations of the crystal field parameters). The details of the calculations as well
as all relevant equations can be found in our previous publications24-27 and are not repeated here
for the sake of brevity. The non-zero parameters of crystal field, which are listed in Table 1. The
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calculated values of the Racah parameters B and C were chosen from the best agreement with
experimental data. The crystal field splitting of all 16 LS terms for the Mn3+ ions and all 8 LS
terms for the Mn4+ ion was calculated by diagonalizing the crystal field Hamiltonian with all
crystal field parameters.
Table 9.1 Non-zero crystal field parameters

B pk

(Stevens normalization) and Racah parameters B, C (all in cm-1)

for Mn4+ and Mn3+ ions in Ca3Ga2Ge3O12 (Ga octahedral site). The value of the ECM parameter G is also given.

9.3

Mn4+, Ga site

Mn3+, Ga site

𝐵20

2253

1954

𝐵4−3

82013

90516

𝐵40

-11647

-3420

𝐵43

-11647

-13246

G

6.403

5.51

B

584

900

C

3465

3435

Results and discussions
9.3.1

Crystal structure of CGGG

The representation of the unit cell and coordination environment of Ca2+, Ga3+ and Ge4+ cation
sites of the Ca3Ga2Ge3O12 crystal structure are displayed in Figure 9.1. The garnet-type CGGG
has the Oh10-Ia3d (230) cubic space group with Ca2+ ions situated at D2 sites, Ge4+ at S4 site and
Ga3+ at C3i site, adopting a unit cell showing body centered cubic symmetry.11 The Ca2+, Ga3+,
and Ge4+ cations are coordinated by 8, 6, and 4 oxygen anions forming a dodecahedron, an
octahedron, and a tetrahedron, respectively. Photograph of studied sample with a length of 1 cm
and a thickness of 1 mm is given as well.

137

Chapter 9: High-pressure luminescence properties of Ca3Ga2Ge3O12:Mn

Figure 9.1 Representation of the unit cell (left) and coordination environment of Ca 2+, Ga3+ and Ge4+ cation sites
(middle) of the Ca3Ga2Ge3O12 crystal structure; The photograph (right) of studied sample with a length of 1 cm and
a thickness of 1 mm.

Figure 9.2 presents the Raman spectrum of CGGG:Mn measured at room temperature. As
indicated by Cavalli et al. for Ca3SC2Ge3O12 single crystal,28 we assigned Raman active modes in
a similar way as for studied material. The two bands centered near 423 and 815 cm -1 belonging
to totally symmetric vibrational modes A1g of the GeO4 tetrahedral groups were easily identified.
The normal modes 1, 2, 3 and 4 in the regular tetrahedral are active in the Raman spectrum.
13 active modes are clearly observed and their assignments in comparison with reported results
in Ca3SC2Ge3O12 single crystal are given in table 9.2.
Raman

A1g

Ca3Mn0.1Ga1.9Ge3O12

815
Laser 532nm

 1,  3

Intensity [a.u.]

496

 2,  4

278

100

200

300

A1g
423

400

500

600

700

800

900

1000

-1

Wavenumber [cm ]

Figure 9.2 Room-temperature Raman spectrum of CGGG
Table 9.2 Frequencies and assignment of observed bands in Raman spectrum of CGGG:Mn in comparison with
Ca3Sc2Ge3O12.
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9.3.2

Ca3SC2Ge3O12

Ca3Ga2Ge3O12

Ref.[28]

This work

133

142

169

183

267

278

295

316

330

336

402

354

468

423

500

443

688

496

705

671

730

713

804

813

830 (w, sh)

836 (w, sh)

Assignment of phonon
symmetry
lattice
2, 4

(A1g)
1, 3

(A1g)

Absorption of CGGG:Mn single crystal
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Figure 9.3 Absorption spectrum at room temperature (a) and temperature-dependent absorption (b) of CGGG:Mn
single crystal; Schematic energy level diagram (c) for Mn3+ in octahedral field of descending symmetry (Ga site
with C3i symmetry).

In CGGG, Mn3+ ions substitute cations at the octahedral Ga3+ sites, and therefore electric dipole
transitions within the optically active d-electron shell are, in principle, parity forbidden because
of the inversion symmetry. The absorption spectra recorded in a polished single crystal in
transmission mode at room temperature (Figure 9.3a) and in the 4.5-400 K range (Figure 9.3b)
show similar overall behaviors. At room temperature, the absorption spectrum is dominated by a
strong band with a maximum at 531 nm (18833 cm-1) assigned to the transition between the two
quintet levels, i.e. the 5E ground state and the 5T2 excited state. The crystal field strength 10Dq in
octahedral field equals to the energy of the 5T2  5E transition. The maximum of its absorption
band is therefore taken as the 10Dq energy, and crystal field parameter Dq is
E



5



T2  5 E /10  1883 cm1 . The crystal field stabilization energy (CSFE)

29

for Mn3+ ions in

-1
CGGG can be further obtained as (3 / 5) 10  Dq  11300 cm . In infrared (IR) range, a weak

broadband with the maximum at 1532 nm (6527 cm-1) most probably attributes to a transition
between sublevels of the 5E ground state (5E'5E") due to the Jahn-Teller effect, which is caused
by a weak trigonal distortion of Ga3+-coordinated octahedral environment. Additionally, the
Jahn–Teller stabilization energy for the 5E ground state in CGGG, EJT(5E), can be estimated as

EJT ( 5 E ) 

EIR
4

(9.1)

where EIR is the energy that corresponds to the maximum of the infrared absorption band
(5E'5E"). With use of Eq. (9.1), the obtained EJT is 1.63103 cm-1, which is slightly smaller
than these reported in cases of garnets.19
Moreover, the energetic position of the small feature ~510 nm, which is attributed to a Fanoantiresonance effect and in general independent of the crystal field, is observed in the absorption
spectrum. The phenomenon is caused by mixing between spin–orbit components the spinforbidden, crystal-field-independent 3E and the spin-allowed, crystal-field-dependent term 5T2
states.29,30 The wavelength positions of such feature in beryl,29 garnets,19 and YAlO330
compounds were observed, respectively, at 511 nm, 500 nm and 504 nm. It is therefore easy to
obtain the energy ratio of 3E and 5T2 states of ~1.04. According to the Tanabe-Sugano diagram
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for the 3d4 ions, the value of Dq/B can be roughly estimated to be ~2.25, and thus the Racah
parameter B=837 cm-1 is further determined. At liquid helium temperature (4.5 K), the spitting of
the main absorption band is manifested clearly in the difference of the positions of two bands at
524 nm and 587 nm corresponding to two spin-allowed transitions from the 5E ground state to
the Jahn–Teller split 5T2 levels. The splitting energy of 5T2 excited state is 2123 cm-1, which is
much smaller than that (6527 cm-1) as for 5E ground state. Thence, as for Mn3+ at octahedral sites
with local symmetry C3i in CGGG, the Jahn-Teller effect in the 5E ground state is much stronger
than that in the 5T2 excited state, as shown in Figure 9.3c. The observed and calculated values of
the crystal field parameters and energy levels of Mn3+ ions in CGGG are presented below in
Table 9.2.
Table 9.3 Calculated energy levels (all in cm-1) for Mn3+ ion in Ca3Ga2Ge3O12 (Ga octahedral site). The orbital
doublet states are denoted with an asterisk. The energy of the ground state is taken as zero.
“Parent” Oh states

C3i group notation

5

{5Eg(1) + 5Eg(2)}

Eg (5D)

3

3

3

T1g ( H)

1

T2g (1I)

1
5

T2g (5D)
3

{ Eg(1) + Eg(2)}+ Ag

1954*, 2736

2345

1

11711, 12119*

11915

1

Eg ( I)

1

3

Eg ( H)+ T1g ( H)

*

{ Eg(1) + Eg(2)}

13326

4

18003, 19253*

Ag+{4Eg(1) + 4Eg(2)}

3

Averaged

3

3

Energy, observed

0
3

Ag + {1Eg(1) + 1Eg(2)}

1

3

3

Energy, calculated

3

2{ Eg(1) + Eg(2)} + Ag

*

18223 , 18679, 19275

13326
*

18628

~18830

18726

~19607

Surprisingly, the absorption spectra exhibit some different features only in the low temperature
range 4.5-100 K, as shown in the inset in Figure 9.3b. Firstly, several weak but visible peaks
ranging in the 450-490 nm probably attribute to the absorption from ground state to the splitted
levels of Mn3+: 3T1 and 3T2 states due to the crystal field splitting or Jahn-Teller effect at lowtemperature. Secondly, another group of much weaker bands at 680/683 nm and 646 nm are
visible with magnification (in the insert of Figure 9.3b). Here we are more inclined to assign
these bands peaking at 680/683 nm and 646 nm to 4A2  2E and 4A2  2T1 transitions of Mn4+
ions, respectively. In fact, Mn4+ is often observed in absorption and emission spectra at low
temperature in many Mn3+-doped compounds.19 These transitions are spin-forbidden and thus
generally show low in intensity relative to spin-allowed Mn4+:4A2  4T2/4T1 transitions, which
are not clearly resolved due to the overlapping with the very strong bands of Mn3+. However, it
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becomes more evident upon collection excitation and emission spectra, where the typical
features of Mn4+ ion were observed, as discussed later.

9.3.3

Room temperature and temperature-dependent PL under 532 nm laser
excitation

At room temperature, the PL spectrum with full width at half maxima (FWHM) of 1504 cm-1,
shown in the upper trace of Figure 9.4a, consists of two broad bands of 5T2  5E transition at
666 nm (15015 cm-1) and 5T2  5E'' transition at 804 nm (12438 cm-1). The decay lifetime
monitoring at 667 nm and exciting at 532 nm is determined as short as 36.57 s. Accordingly,
the Jahn-Teller stabilization energy of the 5T2 level, EJT(5T2) can be estimated as19

EJT ( 5T2 ) 

(E (5 T2 )) 2
4 EIR

(9.2)

where E(5T2) is the energetic difference between the maxima of the 5T2  5E' and 5T2  5E''
emission bands, EIR corresponds to the infrared absorption maximum of sublevels of 5E ground
state, i.e., 5E'5E" (6527 cm-1). Thus, the EJT(5T2) is determined as 254 cm-1.
A pronounced difference was observed at 4.5 K that the emission bands (both at 666 nm and 800
nm) of Mn3+ become very weak, while a group of strong sharp lines with the maximum at 714
nm emerge and dominate in the PL spectra below 25 K. These sharp lines rapidly decrease in
intensity as the temperature rises up and totally quenched above 75 K, whereas these bands from
Mn3+ increases and reaches to its maximum, and then starts to decrease at high temperatures.
Similar Mn3+ PL behaviors in Mn3+-doped garnets crystals were reported by Kück et al.18,19
According to their report, the strong thermalization in 5T2 and 1T2 levels of Mn3+ is clearly
observed in temperature dependence of Mn3+ emission intensity. At low-temperature, only 1T2
level is occupied, and the near-infrared emission from 1T2  3T1 (~1100 nm) appears instead. As
the temperature is increased, the 5T2 level is thermally populated, so that at higher temperature
the quintet emission bands around 666 nm and 804 nm are expected. To confirm this assignment,
the NIR range PL spectrum excited by 532 nm laser was measured at 4.5 K. As revealed in
Figure 9.4c, the relative strong NIR emission (1088 nm) arising from Mn3+:1T2  3T1 transition
is observed, while in visible range the 5T2  5E transition becomes very week. The sharp lines
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appearing at low temperature can be assigned to Mn4+ ions, which was reported in Mn3+-doped
garnets crystals as well.19 Thus, red luminescence featured with sharp lines at shorter
wavelengths and broad band at longer wavelengths is assigned to the spin forbidden 2E  4A2
transition superimposed the spin allowed 4T2  4A2 transition of Mn4+.
In general, Mn4+ ion experiences strong crystal field in fluorides, and the 2E → 4A2 emission is
characterized by narrow zero-phonon and vibronic emission lines due to its energy independence
of crystal field and small Huang-Phys parameter, i.e. there is little to no lateral displacement
between the parabolas of the 2E and 4A2 states.31 In the present case, the shape of Mn4+ emission
spectrum with fine structure lines and broadband is most probably caused by larger Huang-Phys
parameter, as well as its substitution Ga3+ sites with weak trigonal distortions. The temperature
dependence of the integrated PL intensities of Mn3+ and Mn4+ ions are shown in Figure 9.4c. In
the 75-300 K range, the thermal quenching of Mn3+ luminescence intensities can be described by
the Arrhenius equation:
I (T )  I max / [1  c exp( E / k BT )]

(9.3)

Fitting Eq. (3) to the experimental data allows us to estimate the activation energy of E1=0.07
eV, indicating a strong thermal quenching. As discussed above, this can be interpreted as a strong
depopulation of 5T2 sate to 1T2 state as temperature lowering. On the other hand, the significant
influence of the crystal-field strength on the observed emission intensities has to be taken into
account. Because both levels have an inverse crystal-field dependence, a strong temperaturedependent quenching process between the 5T2 and 3T1 states is also possible. Two possible
nonradiative relaxation pathways involving 1T2 and 3T1 levels are showing in the Figure 9.4d.
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Figure 9.4 (a) Temperature-dependent PL spectra of CGGG:Mn in the 4.5-300 K range under 532 nm laser
excitation; (b) temperature dependence of the integrated PL intensities of Mn 4+ and Mn3+ ions and Arrhenius fitting
of the calculated activation energy for thermal quenching of Mn3+ ions in the 75-300 K range; (c) emission spectrum
(4.5 K) of CGGG:Mn in the infrared region; (d) Single-configurational coordinate model for a1g mode according to
the Ref. 19. The black arrows present the nonradiative relaxation pathways and the red arrows indicate the shift of
the 5T2 and 3T1 levels with decreasing of crystal field strength.

9.3.4

PL and PL exciation spectra of CGGG:Mn at low-temperature

144

Chapter 9: High-pressure luminescence properties of Ca3Ga2Ge3O12:Mn

T=4.5 K

A24T2 (4F)

4

A24T1 (4F)

4

(b)

Deconvolution PLE of Mn4+ at 4.5 K
em=714 nm (Mn4+)

ex=670 nm

Fit peak1-fixed at 525 nm (Mn3+:5E5T2)

ex=714 nm
ex=805 nm
Mn4+: 4A24T1 (4P)/O2--Mn4+
Mn3+:5E5T2

300

400

500

Wavelength (nm)

Cumulative fit cure
Fit peak1
Fit peak2
Fit peak3
Fit peak4

Intensity (a.u)

Normalized intensity (a.u)

(a)

600

250

300

350

Mn3+

400

450

500

550

600

650

Wavelength (nm)

Figure 9.5 (a) PL excitation at 4.5 K recorded by monitoring the emissions at 670, 714 and 805 nm, respectively.
(b) PL excitation (em=714 nm) deconvolution by fixing the position of Mn 3+ excitation band at 525 nm.

To further understand the nature of sharp emission lines at low temperature, we analyze the
positions of PL excitation spectra recorded by monitoring the emissions peaks at 670, 714 and
805 nm, respectively. As revealed in Figure 9.5a, the two bands assigning to O2-Mn3+ charge
transition (at shorter wavelength than 300 nm) and spin-allowed transition 5E  5T2 (around 525
nm) of Mn3+ were observed when monitoring the Mn3+ 5T2  5E transition at 670 nm, in
consistent with observation in absorption spectrum. However, three bands peaking around 340,
433 and 550 nm are observed by monitoring the maximum of sharp lines at 714 nm. With above
observations in PL and PLE spectra, combining with the feature of low-temperature absorption
results, these new bands can be attributed to Mn4+ ions, of course, partially overlapped with Mn3+
excitation bands. Thus, the spectral deconvolution with use of Gaussian functions can be
considered as a sum of the spectrum. A spectral deconvolution is performed in order to find the
excitation peaks of Mn4+ ions. As shown in Figure 9.5b, the PLE spectrum can be well
deconvoluted into two groups with five sub-peaks by fixing the peak attributing to Mn3+ with the
maximum at 525 nm. By subtracting the band from Mn3+ ions, the obtained spectrum (Figure
9.6a) indicates typical excitation spectrum of Mn4+ ions. Accordingly, four bands peaking at 342,
432, 478 and 587 nm are further ascribed to O2-Mn4+/4A2  4T1 (4P), 4A24T1 (4F), 4A22T2
(2G) and 4A24T2 (4F) of Mn4+ ions, respectively. These bands are quiet similar to excitation
band structure of Cr3+, adopting the same electron configuration, i.e. 3d3. However, the chemical
analysis shows that the content of Cr is three orders less than that of Mn ions. It is therefore not
possible to detect such strong luminescence with such small amount of Cr3+ in the system,
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suggesting our correctness of the attribution of the existence of Mn4+ in CGGG:Mn. Furthermore,
due to the increased central ionic charge of Mn4+ compared to Cr3+, the crystal field parameter Dq
and the covalency should be both larger in Mn4+. This is conformed that the 4A2 (4F)  4T2 (4F)
transition band appears at 587 nm instead of 640 nm as for Cr3+ in the same host material, and
4

A24T1 (4F) transition is observed at 433 nm instead of 460 nm as for Cr3+.12

Upon 433 nm excitation, the PL spectrum (in Figure 9.5a) of Mn4+ in CGGG is an admixture of
2

E  4A2 (sharp lines at shorter wavelengths) and 4T2  4A2 (broad band at longer wavelengths)

transitions. At shorter wavelength range, two visible peaks ~ 680 and 683 nm corresponding to
2

E  4A2 transition are consistent with the observation of absorption bands (680/683 nm)

originating from 2E  4A2 transition, as known as zero phonon lines (ZPLs) with an energetic
separation of 60 cm-1. The ZPL is very weak because the Mn4+ is located on C3i- sites (Ga3+)
with inversion symmetry in CGGG. When the local symmetry is reduced from Oh to lower ones
the energy levels (such as 4T1 and 4T2 for Mn4+ ion) start to split according to group theory.32
Such small energy separation for ZPLs mainly caused by the crystal-field splitting at octahedral
Ga3+ sites with C3i lower point symmetry is a reasonable value with the consideration of the spinorbit coupling. On the other hand, the observed ZPLs are might originates from different
luminescent centers, preferentially accommodated at the octahedral Ga3+ sites and probably
another center accompanied by a defect. The splitting of 2E about 16 and 19 cm-1 were reported
in Y2Mg3Ge3O12:Mn4+ and YAG:Mn4+.33,34 Due to the PL excitation overlapping, the PL
spectrum consisting of broad band from Mn3+ (5T2  5E) and fine structures of red emissions
from Mn4+ ions was obtained under illumination with 532 nm light, as presented in Figure 9.6b.
Very strong thermal quenching of Mn4+ luminescence is indicated by temperature-dependent PL
intensities under 433 nm excitation, as displayed in Figure 9.6c. With use of Eq. (9.3), the
estimation of the corresponding activation energy gives E2=0.02 eV. According to above
discussion, the schematic energy diagram of Mn3+ and Mn4+ ions in CGGG is presented in
Figure 9.5d.
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Figure 9.6 (a) PLE of CGGG:Mn at 4.5 K recorded by monitoring emission at714 nm. (b) PL spectra of CGGG:Mn
under excitations at 342, 432, and 532 nm respectively; (c) Temperature dependent PL of CGGG under 432 nm; (d)
Cofiguration coordinate model of energy level diagram of Mn3+ in CGGG.

The lowest calculated and observed energy levels, which are located in the spectral range
corresponding to the experimental absorption/excitation/emission spectra, are listed in Table 9.4.
The results show good agreement with each other.
Table 9.4 Calculated energy levels (all in cm-1) for Mn4+ ion in Ca3Ga2Ge3O12 (Ga octahedral site). The orbital
doublet states are denoted with an asterisk.
“Parent” Oh states

C3i group notation

Energy, calculated

4

4

0

A2g (4F)

2

2

Eg ( G)

Ag
2

2

Averaged

14704*

{ Eg(1) + Eg(2)}

Energy, observed

14704(680 nm ZPL)

2

2

2

2

2

15128 ,15498

15313

15385(abs.)

4

4

4

4

4

*

2

2

{ Eg(1) + Eg(2)} + Ag

4

4

4

T1g ( G)
T2g ( F)
T2g ( G)
T1g ( F)

Ag + { Eg(1) + Eg(2)}
Ag + { Eg(1) + Eg(2)}
2

2

4

2

4

Ag+{ Eg(1) + Eg(2)}

*

16762 ,17589

17176

17036

21739, 22605

*

20967

20921

22891, 23284

*

23088

23148
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4

T1g (4P)

4

Ag+{4Eg(1) + 4Eg(2)}

36024*, 38636

37330

From the assignment of energetic positions of Mn4+ transitions we are able to determine the
crystal field parameters of Mn4+ in the CGGG. In accordance with Tanabe-Sugano crystal field
theory, the crystal-field strength (Dq) can be estimated by 4A2  4T2 transition energy gap E.
Dq  E ( 4 A 2  4 T2 ) /10

(9.4)

and the Racah parameters B and C can be extracted from the experimental PL spectra with
following relations:

Dq
B

x

E



4



15( x  8)
x 2  10 x

(9.5)



A 2  4 T2  E ( 2 A 2  4 T2 )
Dq

(9.6)

E ( 2 E )  3.05C  7.9 B  1.8B 2 / Dq

(9.7)

The Dq and B calculated based on the experimental results with use of above equations are 1698
cm-1 (compared with 1563 cm-1 for Cr3+ in Ref.12) and 594 cm-1. Taking the energy of ZPL at
680 nm as energy of 2E, C parameter can be estimated as 3406 cm-1. And the value of Dq/B is
determined to be of 2.86, indicating that Mn4+ experiences a strong crystal field in CGGG
structure. The nephelauxetic parameter 1 

 B / B0    C / C0 
2

2

(B0=1160 cm-1and C0=4303

cm-1 are the Racah parameters of Mn4+ in a free state) introduced by Brik and Srivastava35 is
further determined to be 0.93. And 1 can be used to predict the energy position of 2E in a linear
relation: E(2E)=16261.921880.49 (=332 cm-1),36 where is represents for root-mean square
deviation of the data points from the linear fit. Therefore, the energy of E(2E) can be estimated
13911.10 - 14575.10 cm-1 in reasonable agreement with experimental value of 14704 cm-1.

9.3.5

High-pressure PL and Raman spectra of CGGG:Mn single crystal
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Figure 9.7 (a) Pressure-dependent PL spectra (a) at room temperature with 532 nm laser excitation, and red and
green indicate transitions from the 5T2 excited state to the 5E'' and 5E' sublevels of the 5E ground state; (b) pressure
dependence of the PL peaks energies; (c) Tanabe-Sugano diagram for Mn3+ (d4 electron configuration) in the
octahedral coordination of CGGG host; (d) 5T2 energy location at different pressures.
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Due to the relatively large radius of the 3d orbitals and unshielded by outer filled shells
electronic states of 3d ions are very sensitive to the local crystalline environment.37 It is therefore
interesting to studied the luminescence properties of CGGG:Mn under high hydrostatic pressure.
Figure 9.7a shows the high pressure PL spectra of CGGG:Mn at room temperature with 532 nm
laser excitation. According to Tanabe-Sugano diagram for Mn3+ (3d4), the energy of 5T2 excited
state would increase as pressure increases since the crystal field strength increases with pressure.
As it is predicted, the spin-allowed 5T2  5E transition of Mn3+ undergoes a blue-shift under
high-pressure up to ~100 kbar. The PL spectra have been deconvoluted into two Gaussian bands
assigning to 5T25E'/5E'' transitions, and the pressure dependence of the spectral positions of the
two components is therefore obtained. The results are presented in Figure 9.7b. The PL peaks
energies of 5T25E'/5E'' transitions demonstrate a linear relationship on pressure, in the pressure
range up to about 72 kbar. Pressure-induced blue-shifts for both bands are estimated to be about
10.5 cm-1/kbar. Thus the pressure value required to drive the energy of 5T2 to its crossover point
with 3E state can be roughly estimated to be ~ 75 kbar. Interestingly, a new peak ~718 nm
(13929 cm-1) appears above 80 kbar and dominates in PL spectra above 100 kbar. The emission
arising from Mn3+ higher 3E level to the 5E ground state can be excluded, because 3E is located
much higher and therefore the 3E  5E transition should occur at shorter wavelength range.
However, the spin-allowed Mn3+:3E  3T1 transition is likely to contribute this new peak to a
certain extent under high pressure. The 3E level is independent of crystal field strength and
energy gap between 3E and 5T2 levels at room temperature is determined by absorption spectrum
to be about 665 cm-1 under ambient pressure. With the pressure dependent efficiency of 10.4 cm1

, the energy-shift of 5T2 can be estimated to be about 1040 cm-1 at 100 kbar, which indicates that

5

T2 energy level is now higher than its crossover point with 3E at this pressure value. Due to the

increased energy level position, 5T2 can not be efficiently excited and the relaxation to 3E lower
level becomes larger. Finally, the spin-allowed 3E  3T1 transition takes place and gives rise to
red emission peaking at ~718 nm. On the other hand, this new peak can be mainly/ or partially
attributed to its 2E  4A2 transition since the strong Mn4+ luminescence is observed at low
temperature. The increase of crystal field strength results in the reduction (at lower pressures)
and eventual elimination (above 100 kbar) of the efficient population of 5T2 level of Mn3+ ion.
The efficient population of Mn3+: 3E level and Mn4+:4T2/2E levels emerge and become larger as
high pressure increases. After decompress to ambient pressure the same PL spectrum was
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obtained, suggesting no pressure-driven phase transition occurs in the pressure range up to 144
kbar.
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Figure 9.8 High pressure PL spectra at 150 K (a) and temperature-dependent PL spectra (b) of CGGG:Mn under
pressure 89 kbar.

As revealed in temperature-dependent PL spectra (Figure 9.4a), the Mn4+ emission vanishes
and only Mn3+ emission remains at temperature above 100 K. Figure 9.8a shows high pressure
PL spectra at 150 K. A very fast quenching of Mn3+ luminescence with increasing pressures was
observed and PL spectra is dominated by a sharp lines at a very low pressure 45 kbar instead of
100 kbar as for the results (Figure 9.7a) at room temperature. These sharp lines in PL spectrum
consist mainly of Mn4+ emission overlapping with weak emission from Mn3+:3E  3T1. At lowtemperature, thermal population from 3E to 5T2 is negligible and thus emission from 5T2 state was
not observed under low pressure. The strong quenching of Mn3+ luminescence can be explained
by the decrease of thermal population of 5T2 state at low temperature. On the other hand, since
both 5T2 and 1T2 levels show an inverse crystal-field dependence, which can explains such
dramatic influence of the crystal-field strength on the observed Mn3+ emission intensities under
high pressure. High pressure can easily induce a large energetic distance between 5T2 and 1T2
levels, which further leads to a very week thermal population of 5T2 level. Thus, the quenching
151

Chapter 9: High-pressure luminescence properties of Ca3Ga2Ge3O12:Mn
process occurring from 5T2 level is much faster than case for ambient pressure. This assumption
was further confirmed by the temperature-dependent PL spectra under pressure about 89 kbar, as
shown in Figure 9.8b. The Mn3+ visible emission recovers at 260 K, and dominates in PL
spectrum until at room temperature, and the sharp lines still remains strong.

9.3.6

Crystal-Field analysis

For 3d ions, the influence of the crystal field is the strongest and should be taken into first. The
results of our calculations yielding the crystal splitting and Racah parameters for both Mn 3+ and
Mn4+ ions in CGGG are listed in Table 9.5, together with experimental data. The calculated
results based on exchange charge model show a very good agreement with the available the
experimental data. Both Mn3+ and Mn4+ situated at Ga-coordinated octahedral sites experience
strong crystal field, as specified by the value of Dq/B. Particularly, the electronic transitions of
Mn3+ ions are significantly influenced by the vibration of crystal field strength.
Table 9.5 Comparison of the experimental and calculated crystal field parameters of Mn 3+ and Mn4+ ions in
CGGG.
Dq (cm-1)

B (cm-1)

C (cm-1)

Dq/B

Parameters

9.4

Exp.

Cal.

Exp.

Cal.

Exp.

Cal.

Exp.

Cal.

Mn3+

1883

1863

837

900

2.25

2.10

3406

3435

Mn4+

1698

1718

594

584

2.86

2.94

3366

3465

Conclusion

In this section, we reported a study on the influence of temperature and high-pressure of optical
transitions of Mn3+ ion in garnet type Ca3Ga2Ge3O12 single crystals. At ambient pressure the
optical spectra of Mn3+ reveal a large Jahn-Teller stabilization energy of 1630 cm-1 for 5E ground
state, and smaller value of 254 cm-1 for the 5T2 excited state. Under 532 nm excitation the
emission spectra is dominated by the visible emission band maxima at 666 nm arising from the
spin-allowed 5T2  5E transition of Mn3+ at temperature above 75 K. The strong thermalization
in 5T2 and 1T2 levels of Mn3+ is clearly observed in temperature dependence of Mn3+ emission
intensity. In addition, the strong, sharp features around 715 nm ascribing to Mn 4+ ions were
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observed at low temperature. Under high-pressure the 5T2  5E transition of Mn3+ undergoes a
blue-shift at a rate of ~10 cm-1/kbar. The Jahn-Teller effect responsible for 5E and 5T2 terms
splittings is demonstrated to be nearly independent of pressure. Since both 5T2 and 1T2 have
inverse crystal-field dependence, the quenching process occurring from 5T2 level becomes strong
under high pressure. Furthermore, the theoretical calculations by employing exchange-chargemodel of crystal field for Mn3+ and Mn4+ ions on Ga3+ sites in garnet-type Ca3Ga2Ge3O12 remain
in perfect agreements with the experimental data. This work may provide a new insight into the
strong thermal quenching mechanism of Mn3+ luminescence in garnets.
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10.1

Summary

In this dissertation, we have proposed the hydrostatic pressure technique, as a complementary to
the conventional chemical composition approach to study the structural, electronic and optical
properties of lanthanide/transition-metal ion-doped materials, going deep inside the key chemical
and physical factors necessary for achieving user-designed optical properties in new materials. In
previous five chapters, we have investigated several lanthanide/transition-metal ion-doped
materials at ambient and high-pressure conditions, with emphasis on the high-pressure (Chapter
6, 7 and 9) effect on their structural, electronic and luminescent properties.
In Chapter 5, we present the electronic structure of Ce3+ in YAlO3 and LuAlO3 bulk crystals and
single crystal layers. The direct evidence for multi-sites occupation of Ce3+ in studied materials
have been observed by the intra-configurational 4f – 4f transitions in infrared absorption spectra.
The results indicate the existence of at least three different Ce3+ related centers. The dominant
center is associated with Ce substituting yttrium or lutetium. The two additional centers are most
probably related to the so called antisite positions of rare-earth ions in orthoaluminates, i.e., ions
on Al sites. Crystal field analysis based on the exchange charge model exhibits excellent
agreement of the calculated transition energies with experimental data for the dominant Ce3+
center. The linewidths of the 4f-4f transitions in both types of crystals are different depending on
the final level of transition. This is explained as a result of electron-phonon coupling, enhanced
by the matching inter-level spacing of the 2F7/2 state with phonon energies.
In Chapter 6, spectroscopic properties and martensitic phase transition of Y4Al2O9:Ce single
crystals under high pressure is studied. The infrared absorption spectra prove the existence of
four different sites in which Ce3+ ions substitute Y ions. Strong temperature quenching of Ce3+
luminescence is caused by autoionization of the lowest 5d level of Ce3+ to the bottom of the
conduction band. Application of pressure restores Ce3+ luminescence which is absent at ambient
pressure and further induces luminescence enhancement. Angle-dispersive high-pressure
synchrotron radiation X-ray Diffraction and Raman scattering measurements identify phase
transition occurring at pressures between 8 and 11 GPa, which has martensitic character.
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In Chapter 7, we demonstrate a potential optical thermometric material, Pr3+-doped triplelayered perovskite Na2La2Ti3O10 micro-crystals, which promises a remarkable performance in
temperature sensing over a wide temperature range (125-533 K), with a maximum relative
sensitivity of 2.43% K-1 at 423 K, as shown in Figure 10.1. Both temperature and high-pressure
dependent photoluminescence measurements were performed for this compound. It turns out that
the Pr3+-Ti4+ intervalence charge transfer state is the primary cause for the very efficient
thermometric characteristics in the 296-533 K range. In the 125-300 K range, 3P1 and 3P0 levels
of Pr3+ can be exploited as thermally coupled energy levels for temperature sensing with high
sensitivity at and below room temperature. A significant enhancement of Pr3+ ions' luminescence
observed in the 4.5-300 K range is ascribed to an efficient, thermally-activated energy transfer
process from the host to Pr3+ ions. And it suggests that the nonradiative recombination between
e- and h+ is partially suppressed by the hole trap mechanism of Pr3+. The thermoluminescence
properties are investigated and possible mechanisms for the interpretation of the experimental
results are discussed as well. The electron traps are most probably related to the oxygen
vacancies or structural defects and the hole traps are induced by Pr3+ ions. This work may
provide a perspective approach to design a high-performance, self-calibrated optical
thermometer operating over a wide temperature range.

Figure 10.1 A high sensitive optical thermometry, the Ruddlesden-Popper type layered perovskite
Na2La1.995Pr0.005Ti3O10: Pr3+ micro-crystals reading over wide temperature range (125-533 K)

In Chapter 8, a comparative study of luminescence properties and their nature in relation to
different substitutions at the rare-earth site of Pr3+-doped layered perovskite Na2Ln2Ti3O10
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(Ln=La, Gd) micro-crystals has been reported. At room temperature, the sample for Ln=La
exhibits intense greenish-blue (3P0  3H4) and red (1D2  3H4) emissions under bandgap
excitation, whereas for Ln=Gd the red emission can be only observed and all 3P0-related
emissions were completely quenched. It turns out that 3P0 1D2 nonradiative relaxation in
Na2Ln2Ti3O10 (Ln=La, Gd) critically depends on the energy location of Pr3+-Ti4+ intervalence
charge transfer state and thus on the location of Pr3+ ground state 3H4 with respect to the top of
the valence band. Temperature-dependent photoluminescence spectra in the 4.5-300 K range
reveals a significant increase of Pr3+ luminescence, which is ascribed to an efficient thermallyactivated energy transfer process from host to Pr3+ ions. Lower energy of self-trapped exciton
state relative to the bottom of conduction band for Ln=Gd is responsible for thermoluminescence
observed at higher temperatures than that for Ln=La sample. In the case of Ruddlesden-Popper
type layered perovskite oxide compounds our results show a possibility of controlling the 3P0 
1

D2 nonradiative relaxation of Pr3+ ions and the energy distance of the relatively shallow traps in

relation to the bottom of conduction band, giving a way for specific band-gap engineering in
these materials.
In Chapter 9, Manganese is a well-known activator in garnet single crystals utilized mainly as a
working element of solid-state lasers offering a broad tuning range. We report the effect of
temperature and high-pressure on the optical properties of Mn3+ ions in the garnet-type
Ca3Ga2Ge3O12 single crystal grown by Czochralski technique. A dramatic decrease of the
Mn3+:5T25E luminescence was observed as the temperature is decreasing. The behavior is
caused by the thermalization between 5T2 and 1T2 levels, as well as the nonradiative decay
proceses as the temperature is lower. In addition, the strong emission from the impurities, i.e.
Mn4+ ions, was observed as the temperature is lowed to 100 K. At room temperature, pressureinduced blue-shift of the spin-allowed 5T2  5E transition of Mn3+ was estimated to be ~10 cm1

/kbar. The Jahn-Teller effect, which was found to be larger for 5E ground state than 5T2 excited

state of Mn3+, is nearly independent of the pressure. The 3E  3T1 radiative transition of Mn3+
was observed when the pressure is increased above 80 kbar. Both Mn4+ and Mn3+ luminescence
exhibit strong thermal quenching due to the strong electron-phonon coupling. Furthermore, the
theoretical analysis by employing exchange-charge-model of crystal field for Mn3+ and Mn4+
ions on Ga3+ sites in Ca3Ga2Ge3O12 garnet-type structure remain in perfect agreements with each
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other and show unambiguously that the dramatic changes in the luminescence are associated
with the change of crystal field strength under high pressure.

10.2

Conclusions

In this thesis, we have reported the effect of high-pressure on the structural, electronic and
luminescence properties of selected lanthanide/transition-metal ion-doped materials as good case
study examples. We have shown the ability of high pressure method as a very effective approach
to precisely predict and control the luminescence properties of lanthanide/transition-metal ion in
solids. As a new dimension for material research, high-pressure techniques are complementary to
the conventional chemical composition approach and provide an effective strategy to gain novel
functional materials. High pressure and variable chemical composition studies share the goal of
striving to identify the physical and chemical factors necessary for controlling the structural,
electronic and optical properties.

10.3

Future work

Some additional tests and experiments have been planned for future work:
In chapter 6, an additional phase transition of Y4Al2O9 occurs at about 16 GPa, as detected by
synchrotron X-ray diffraction measurements. The phase of YAM above that pressure can be
indexed within the hexagonal structure, however, broader width of diffraction peaks under high
pressure makes this assignment uncertain. On the other hand, if the high pressure phase indeed
has the YAH structure, which has different stoichiometry than YAM, this suggests possible
decomposition of the material at this pressure. Therefore, additional studies are necessary to
identify this new phase.
In chapter 9, the new peak appearing at 718 nm under high-pressure above 9 GPa is most likely
assigned to the Mn3+:3E  3T1 spin-allowed transition. However, it can be mainly or partially
attributed to Mn4+:2E  4A2 transition since the strong Mn4+ luminescence is observed at low
temperature. Thus, the future work on decay kinetics measurements is expected to further
identify the nature of this new peak in PL spectra under high-pressure.
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