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ABSTRACT

In this work local structure of S-state rare earth ions (Gd** and Eu?*)
is investigated with electron paramagnetic resonance (EPR) spectroscopy
technique in ScF; and BaY,F, single crystals as well as in oxyfluoride glass
ceramics containing MeF, (Me = Ca, Ba, Sr) crystallites.

EPR spectra parameters at different temperatures for gadolinium in
ScF; - crystal with negative thermal expansion coefficient - indicate a positive
expansion of the centre local structure with temperature. The Gd** centre
of BaY,F; crystal can be described with a set of low symmetry EPR spectra
parameters.

As S-state ions embed the crystalline phase of oxyfluoride glass ceramics,
the glassy U-type spectrum is superimposed by an intensive EPR spectra
fine structure at g = 1.99. Good agreement between the experimental and
simulated spectra can be achieved by taking the defect centre parameters of
the corresponding single crystals. EPR spectra of glass ceramics with europium
contain information about the valence state of ions as well as Eu** local
structure.
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1. INTRODUCTION

1.1. Motivation

One of the main motivations for the study of solid state physics is the fact
that understanding of microscopic structure and properties is the foundation
of modern technology. In many applications, for example, solid state lasers,
scintillators, luminescent coatings etc. the host material has to be doped with
impurities to ensure the desired optical properties. Fluoride crystals are
exceptionally suitable hosts for rare earth activators in optical applications
because the low probability of nonradiative transitions can lead to a highly
efficient luminescence. The studied BaY,F;, crystal is a well-known solid state
laser host material. Currently erbium doped BaY,F; is also being studied
as a coating for solar cell efficiency improvement. Doped oxyfluoride glass
ceramics, on the other hand, are a promising alternative to the currently used
phosphors in white light emitting diodes. In addition to good optical properties,
ScF, is special with a pronounced negative thermal expansion coefficient,
therefore, structural studies of this crystal are of fundamental interest.

For a complete characterization of doped materials, the conventional
X-ray diffraction and electron microscopy methods need to be supplemented
with methods that yield information about activator local structure.
The local electronic structure of point defects can be studied with absorption
spectroscopy methods by measuring the attenuation of electromagnetic
radiation as it passes through the sample. For the study of paramagnetic centres
(ions, which have an uncompensated spin in the outer electron shell) magnetic
resonance spectroscopy techniques are extremely useful because they give
detailed information about the defect structure and interactions with the local
environment.

Paramagnetic probes that are sensitive to the degree of order in the solid
and crystalline field symmetry as well as surrounding elements and the nature
of chemical bonds between them must be chosen for the study of local
structure. Effective spin § = 7/2 ions Gd** and Eu** are exceptionally suitable
probes because the nature of electron paramagnetic resonance fine structure is
determined by the host material.

In present work the incorporation of gadolinium in ScF; and BaY,F; single
crystals is studied as well as the Gd** and Eu?* ion structure is systematically
characterized in oxyfluoride glass ceramics, which contain fluorite structure
(CaF,, BaF,, SrF,) crystallites.



1.2. Aim and objectives of the work

The aim of this work is the characterization of activator local structure
in perspective fluoride crystals and oxyfluoride glass ceramics with electron
paramagnetic resonance (EPR) spectroscopy and S = 7/2 ion (Gd*, Eu*')
paramagnetic probes.

Objectives for the realization of the aim are:

= systematic EPR spectra measurements in the studied samples;

= parameterization, simulation and interpretation of the EPR spectra;

= characterization of sample structure with X-ray diffraction, X-ray

fluorescence and transmission electron microscopy measurements;

= study of optical properties with photoluminescence, absorption and

transmission measurement techniques.

1.3. Scientific novelty of the work

The results of these studies are novel and have been published in
international journals. For the first time, the results have allowed to:

* identify a Gd** centre in BaY,F;

* determine EPR spectra parameters at different temperatures for Gd**
centre in ScF; - crystal with negative thermal expansion coefficient;

» characterize the incorporation of gadolinium in the fluorite structure
(CaF,, SrF,, BaF,) crystalline phase of oxyfluoride glass ceramics;

= detect previously unreported Eu** centres in glass ceramics.

1.4. Author’s contribution

Experimental measurements have been performed in the Institute of
Solid State Physics, University of Latvia (LU ISSP). The author has done
all the experimental EPR spectra measurements and simulations as well as
differential thermal analysis (DTA), X-ray fluorescence (XRF), transmittance
and absorption measurements. The author is responsible for the processing and
interpretation of all data presented here and for four publications is the main
and corresponding author.

X-ray diffraction (XRD) measurements have been made by Reinis Ignatans
and transmission electron microscopy (TEM) images have been prepared by Dr.
Krisjanis Smits. The glass samples were made by Meldra Kemere.



2. LITERATURE REVIEW

2.1. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) is a field of spectroscopy, which
studies systems with unpaired electrons. Splitting of electron spin states can be
observed if such system is introduced to external magnetic field. It is possible to
induce a transition from one spin state to another by applying electromagnetic
radiation with suitable energy and observe a (radiation absorbtion) resonance.
A similar principle is used in the widely applied nuclear magnetic resonance
technique in medicine, where the spin states of nuclei are split instead of
electrons. The number, positions and intensities of EPR spectra lines are
dependent not only on the system, but also the host material, therefore, EPR is
exceptionally suitable for the study of paramagnetic centre local structure.

2.1.1. Zeeman effect

The quantum nature of the electron determines that besides the orbital
angular momentum it possesses an internal angular momentum associated with
its spin. If electron’s orbital movement can be imagined as a current flowing
in a closed circuit then for spin phenomenon a classical analogue has not
been discovered yet. In classical and quantum physics angular momentum J is
proportional to magnetic moment:

u=yJ (1)

where y - the gyromagnetic ratio. [1] When magnetic moment is placed in
external magnetic field B, it acquires additional potential energy:

U=-uB (2)
As a consequence of spin state quantization, the energy levels of magnetic
dipole in external magnetic field can also only possess discrete values.

The energy difference between states with quantum numbers M; = + 1/2 in
magnetic field is:

AU =U -U = B (3)
M=y, "Ml 8eHp



The proportionality coefficient y; is called the Bohr Magneton and
g - the Zeeman spectroscopic splitting factor (g, = 2.0023). Figure 2.1 shows
Zeeman effect of a free electron — spin state with M; = + 1/2 linear energy
dependence on the magnetic field value. By choosing electromagnetic radiation
with appropriate energy and frequency v, it is possible to excite My = - 1/2 —
Mg = + 1/2 transition and observe electron paramagnetic resonance:

hv =g, uzB (4)

EPR spectrum is usually recorded as the first derivative of microwave
radiation absorption, which is achieved by magnetic field modulation in small
amplitude. During a conventional EPR experiment a constant frequency
continuous wave microware radiation is applied while magnetic field is
increased linearly. From equation (4) it can be estimated, that for typical X-band
microwaves with v = 9 GHz, the resonance field will be at B = 0.3 T = 3000 G,
which translates to energy difference between spin states a few hundredth of
ameV. [1]

A -
(@) Mg=+1/2
E hv = gu,B
Mg=-1/2

(b)

>
B

Fig. 2.1. (a) Spin state splitting of a free electron in external magnetic field and
(b) the corresponding EPR spectrum.



2.1.2. Spin-Hamiltonian formalism

As seen in figure 2.1, for paramagnetic centres, which interact only with
external magnetic field, the EPR spectra consist of 1 resonance line. Information
to be gained from such spectrum is rather limited - one could calculate
the spectroscopic splitting factor for the defect, but it would difficult to judge
the defect structure and interactions with surroundings. Fortunately EPR
spectra in solids often form complex signals which contain information about
the interactions between the paramagnetic centre and crystalline electric field
as well as the local magnetic fields created by the surrounding magnetic dipoles.

It is too complicated to analyse EPR spectra of impurity ions by seeking
a precise Schrodinger equation solution. Therefore, experimental resonance
positions are calculated using spin-Hamiltonian (SH) formalism, which contains
only electron and nuclear spin interactions and appropriate SH parameters.
The different interactions of the paramagnetic centre can be written separately:

H=Hp,+Hypg+Hpypg +... (5)

where H gz — electron Zeeman interaction; H s — EPR spectra fine structure
interaction; A nrs — EPR spectra hyperfine structure.

If the studied sample contains two or more unpaired electrons which are
bound too close to treat their magnetic moments separately, the centre must
be described with an effective spin S greater than 1/2. Spin-orbital interactions
of magnetic moments and electron dipole interactions appear as additional
EPR spectra fine structure in these systems. Fundamental distinction of
fine structure from other SH interactions is that electronic states are split in
the absence of external magnetic field, therefore, it is called zero field splitting
(ZFS). In this work ZFS will be expressed through extended Steven’s operators:

Hys=), >, MO} (6)

k —k<q<k

where f - numeric constants; b7 - ZFS parameters, which are determined by
the effective spin of the system and the paramagnetic centre symmetry. [2]

Interaction between the valence electrons and the nuclear magnetic
moment results as additional hyperfine structure (HFS) of the EPR spectra. If
the nucleus of an atom consists of an odd number of protons and/or neutrons
it has a non-zero nuclear spin I value. In such case the unpaired electron spin
is subjected not only to the external magnetic field, but also to local magnetic
fields created by the nuclear spin magnetic moments, which leads to a splitting
of lines into 2I+1 components with equal intensities. The transitions are
allowed between states where AM, = 1 and AM, = 0, and the separation between
components is described by the hyperfine tensor 4 [2]:

A~ A

9



2.1.3. EPR experiment

The realization of an EPR experiment is illustrated in fig. 2.2. The main
components of an EPR spectrometer are a magnet system, resonator, microwave
bridge, control and recording electronics.

Circulator
/
Klystron — — Detector
ﬂ Voltmeter
Electromagnet
Resonator =
Coils . Computer
Holl detector
100 kHz generator
Voltmeter

Fig. 2.2. Realization scheme of an EPR experiment.

The static magnetic field to ensure the splitting of the spin states is
generated by an electromagnet system, which usually consists of two Helmholtz
coils. In EPR experiments the magnetic field is increased linearly and when
resonance condition (4) is met, transition between spin states is recorded.
Important parameter of the magnet system is the achievable magnetic field
range, which for X-band EPR spectrometers is usually 0 - 1 T (0 - 10000 G).
The stability of magnetic field is ensured by power source, which regulates
fluctuations in the field value using a Hall effect sensor. As the sensor cannot be
positioned precisely in the sample location, additional calibration is necessary.
Dyphenilpicrylhydrazyl (DPPH) with g = 2.0036 is one of the most commonly
used reference samples for calibration purposes. To improve the signal-to-noise
ratio the static magnetic field is modulated with 100 kHz frequency. A side
effect of modulation is the registration of microwave absorption in the form of
first derivative. [3]

Between the poles of electromagnet a resonator is situated — a cylindrical
or rectangular metal box, that accumulates microwave energy in the form of
standing waves. The ratio of the accumulated energy and dissipated energy in
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one cycle multiplied by 2n is called the Q factor. The magnetic field component
of microwave radiation drives the transitions between the spin states, therefore,
it should be maximal in the sample position. Consequently the electrical field
component in the sample position is minimal and dielectric losses due to
electric dipole transitions are reduced. [3,4]

For the generation of X-band electromagnetic radiation klystrons are
usually used - special types of vacuum tubes where microwaves are amplified by
moving electron beams. At the moment of resonance, microwaves are reflected
from the resonator and a signal appears on the detector (the signal, which goes
through the sample is compared to the original signal from the source). In
continuous wave (CW) EPR spectroscopy the sample is continuously irradiated
with microwaves. As a consequence of resonator construction and practical
aspects, the microwave frequency is not altered during EPR measurements. [3]

2.1.4. EPR spectra simulations

Numeric simulations essential for magnetic resonance spectra analysis
nowadays can be done on practically any personal computer. Several computer
programs (EasySpin [5], Visual-EPR [6], Xsophe [7] etc.) have been created
that allow EPR spectra calculations and comparison with experimental
results. An important peculiarity of EPR spectroscopy is the availability of
SH parameters in scientific literature and databases, which allows efficient
comparison of experimental results (resonance positions and intensities) with
paramagnetic centres observed before.

For successful EPR spectra simulations it is necessary to choose a suitable
model. Usually paramagnetic systems are described by a SH, which depends
only on electron and nuclear spins while the effects of crystalline field and spin-
orbital interactions are “hidden” is SH parameters.

In the beginning of EPR spectra simulations, first, the number and type of
electron and nuclei spins must be chosen. In many cases, the choice of system’s
effective spin is obvious - for example, for organic radicals S = 1/2, whereas
in transition metal and rare earth ions all unpaired outer shell electrons can
be described with one effective spin value - in the case of Gd**, for example,
S =7/2. The choice of system’s spin is more complex in cases when paramagnetic
centres interact with each other creating composite systems and clusters.
The choice of interacting nuclei in many cases is also simple - for example, in
EPR simulations of copper complexes, HFS interaction with a Cu nuclear spin
should be considered. Sometimes interactions with other neighbouring nuclei
are resolved as the superhyperfine structure (SHFS) of the EPR spectra. [8]

After the choice of the spin system, it is necessary to choose which SH
terms to include in the model. Every effective spin S in the system must have
an electron-Zeeman interaction term. If S > 1/2 an additional ZFS term must be
included, which mainly describes the effect of the crystalline field on the studied

11



system. Every nuclear spin I and S pair must have a corresponding HFS term.
Of course, nuclei themselves also feel Zeeman effect, however, it is usually not
detected in EPR spectra and, therefore, included in the SH.

The calculation of energy levels for a given SH and magnetic field value
can be done with either diagonalization or perturbation techniques. In
the diagonalization method SH is expressed as an N x N matrix, where N is
the number of spin state in the system. The method gives accurate results within
the range of calculation error, however, the required computational resources
scale as N°, so it becomes impractical for large spin systems. An alternative
for systems with a small ZFS or HFS compared to the Zeeman term is to use
the perturbation theory. First, the energy levels are analytically calculated
for the electron-Zeeman interaction and other interactions are added as
a perturbation. The next step of EPR calculations is to determine the resonance
fields, that is, the magnetic field values for which the energy of microwave
photon hv matches the energy difference between the states. [8]

For EPR spectra simulations in solids the distribution of paramagnetic
centre orientations is important. The orientation of the paramagnetic centre
in respect to laboratory reference frame is given through Euler angles - three
consequent rotations by which one coordinate system can be changed in
the other. Two limiting cases are distinguished - single crystals, where only
discrete centre orientations are possible and polycrystals, where all orientations
are with equal probability. The resonance condition (4) thus is:

hV:g(9’¢)ﬂBB (8)

where the spectroscopic splitting factor at every orientation has an effective

value, which can be calculated through diagonal g tensor elements:

2(0.9)= \/sin2 0-cos® ¢- g > +sin? O -sin’ ¢~gyy2 +cos’-g_ > 9)

6 and ¢ are the polar angles between the magnetic field and g tensor Z
axis. For a correct single crystal spectra calculation it is necessary to describe
the orientation of SH tensor in the paramagnetic centre, the orientation of
the paramagnetic centre within the crystal and the orientation of crystal axis in
respect to laboratory reference frame. [8]

In samples where centres are chaotically oriented a (6,¢) grid must be
chosen where at every point a single crystal EPR spectrum will be calculated.
Afterwards all spectra from the grid are combined to obtain the resulting powder
spectrum. The smoothness of the calculations depends on the chosen grid.

The disorder in solids which is found in glasses and other amorphous media
can be simulated by taking a distribution of SH values instead of discreet values.
In a simple case it could a Gauss distribution function and as a result lines in
the calculations would be broadened. [8]
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The dream of every EPR practitioner is, of course, a simulation software,
which could automatically parameterize a given EPR spectrum, however, in
reality such spectrum fitting is possible only in cases where the initial model
(the spin system, SH interactions and parameter values) already produce a result
which is close to the experimental data.

2.2. S-state ions

Ions with half-filled outer electron shell are called S-state ions (resulting
orbital moment L = 0, therefore, the ground state is the S state). Usually
the following configurations are distinguished:

= [Ar]’d; ground state - °S,;, (Mn?*, Fe*")

= [Xe]‘f; ground state - S, (Eu**, Gd**) [9]

The outer shell’s orbitals are filled according to empirical Hund’s rules and
the Pauli principle. 4f” (Eu®*, Gd**) electron configuration creates °S,,, ground
state — s0, S = 7/2, L = 0 and J = 7/2. In this thesis the structure of Gd** and
Eu’* ions is studied in solids, therefore figure 2.3 shows the splitting of °S;,
ground state in magnetic field presence. [2]

For a free ion the ground state is not split. As S-state incorporates into
a solid, the crystalline field removes degenerancy from energy levels with
different absolute spin projection values. This splitting occurs in the absence of
external magnetic field and is called zero field splitting (ZFS). When magnetic
field is applied, each spin projection acquires additional energy through
Zeeman effect according to the equation (2). In the low field region the energy
dependence on magnetic field value in nonlinear. A microwave radiation
quantum with energy hv can excite transitions where AM; = 1. The expected
EPR spectrum, therefore, consists of 7 resonances. [9]

Sometimes HFS can be resolved in the EPR spectra of Gd** and Eu*'. For
gadolinium only °Gd and "’Gd isotopes with combined natural abundance
of 31% are magnetic. It means that less that 1/3 Gd** centres are subjected to
the HFS interaction. The nuclear spin I = 3/2 splits each Zeeman line into 4
components, however, the magnetic moments of isotopes are so small, that only
in rare cases the linewidth of EPR lines allows to resolve this structure.

The nuclei of europium ions possess a more significant nuclear magnetic
moment. *'Eu and *Eu isotopes with I = 5/2 have a total of 100 % natural
abundance, therefore, for all Eu** paramagnetic centres HFS interaction is
present. The ratio of magnetic moments determines that there will be two types
of Eu?* centres for which the magnitude of HFS splitting will differ approxi-
mately 3 times. In such case, a 2 signal superposition must be used for EPR
spectra simulations. In single crystals the HFS structure of europium centres is
typically well resolved, however, in polycrystalline samples the averaging of all
orientations may lead to a significant broadening of the observed spectrum.

13
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3. METHODOLOGY

3.1. The studied samples

The undoped ScF; single crystalline sample was synthesized in Russia
(V. N. Voronov, L. Kirensky Institute of Physics, Krasnoyarsk). The sample
orientation was done in EPR spectrometer from Gd** spectra angular dependen-
ces. From the experiments it was determined that one of the crystallographic axis
is deviated from the sample holder axis by 13 °.

The undoped BaY,F; single crystal was grown in Brazil (S. Baldochi,
Nuclear and Energy Research Institute, University of Sao Paulo) by the zone
melting method. The sample was oriented along its main crystallographic b axis
by X-ray diffraction technique.

The impurities in the studied single crystals were analysed with X-ray
fluorescence and optical spectroscopy methods.

In this work gadolinium and europium doped aluminosilicate oxyfluoride
glasses and glass ceramics are also studied. For the preparation of glass samples
a total of 8 g of high purity commercial ingredients were carefully weighed and
mixed in ratios indicated in table 3.1. The ingredients were melted for 45 min
at 1450 °C in ALO; crucibles using Carbolite HTF 18/8 furnace. Afterwards
the melt was cooled rapidly by pouring it onto a stainless steel plate a pressing
with another steel plate. In all cases transparent and colourless glasses were
obtained. The samples were analysed with differential thermal analysis
measurements, to determine the crystallization temperatures of different
crystalline phases.

Table 3.1. The initial powder compositions for glass preparations.

Abbreviation Ingredients (mol %)
C_Gd 465i0,-20A1,0,-8CaCO,-26CaF,-0,1Gd,0,
B_Gd 40Si0,-25A1,0,-15Na,CO,-20BaF,-0,1GdF,
S_Gd 40Si0,-25A1,0;-15Na,CO;-20SrF,-0,1GdF,
S1_Eu 408i0,-25AL,0,-15Na,CO,-19SrF,-1EuF,
S2_Eu 508i0,-20ALO,-10NaF-19SrF,-1EuF,
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The glass ceramics were obtained with the heat treatment method by
heating the initial glass sample at a fixed temperature for 1 h. The names of
samples in this work include the abbreviation of the composition as well as
the thermal treatment temperature. For example, C_Gd_PG is the C_Gd
composition precursor glass sample, but C_Gd_600 is the corresponding glass
ceramic obtained by heating the C_Gd_PG sample at 600 °C for 1 h.

The crystalline phases in glass ceramics were determined by X-ray
diffraction measurements. For sample visualization and crystallite size
distribution estimation transmission electron microscopy measurements were
made. The optical properties of glasses and glass ceramics were characterized
by absorption, transmission and photoluminescence techniques. The EPR
measurements were made at 77 K by inserting the sample in a dewar filled with
liquid nitrogen and pressing it with a sample holder in order to avoid sample
movement during the measurements.

3.2. Methods

EPR measurements were made with a modified RE 13-06 EPR spectro-
meter. The magnetic system ensured magnetic field range of 350-5800 G.
The X-band microwave radiation was generated by klystron at f = 9.1 GHz.
The accuracy of frequency was controlled with 0.001 GHz accuracy.
The magnetic field value was calibrated with DPPH reference with g = 2.004 +
0.001. The measurements were carried out at room (= 295 K) and liquid
nitrogen boiling (77 K) temperatures by inserting the sample in a dewar and
submerging it in liquid nitrogen if necessary.

EPR spectra simulations were done in EasySpin [5] and Visual EPR [6]
programs. Easyspin is a freeware based on Matlab environment which is
exceptionally suited for magnetic resonance spectra simulations. Here it was
employed to calculate the EPR spectra of chaotically oriented crystalline phases
in glass ceramics. EPR spectra angular dependences in single crystals were
parameterized using Visual EPR. For a correct defect model and SH choice
the program varies the SH parameter values using the least square fitting
methods to achieve the best agreement with experimental data.

Impurity elements in single crystalline samples were analysed using X-ray
fluorescence (XRF) spectra measurements with EDAX/Ametek Eagle III
microanalyzer. The fluorescence was excited with X-rays from a rhodium lamp
focused through multicapillary lens with effective diameter 50 pm.

For the orienting of BaY,F; single crystal and identification of crystalline
phases in glass ceramics PANalytical X'Pert Pro diffractometer with copper
anode (Cu Ka) operated at 45 kV and 40 mA was used. Crystalline phases were
identified from Crystallography Open Database [10-12]. The visualization
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of crystalline phases was done in VESTA software. [13,14] The crystallite size
estimation was done by Rietvield spectral peak analysis.

The transmission electron microscopy (TEM) images for glass ceramics
were obtained by Tecnai G2 F20 microscope operated at 20 kV voltage. Samples
were prepared as described in [15,16].

Differential thermal analysis (DTA) measurements were made with
Shimadzu DTG-60 thermogravimetric analyser. For DTA purposes the samples
were grinded in homogenous powder and weighed in equal mass with reference
powder AlL,O,. The measurements were made with a 10 °C/min heating rate.

The absorption spectra of glass ceramics were recorded with Analytik Jena
SPECORD-210 UV-VIS spectrophotometer.

In photoluminescence measurements Andor Technology spectrometer SR-
303i-B with Andor CCD DU-401-BV was used. Hamamatsu xenon lamp C2577
and tunable impulse laser Ekspla NT342/3UV were used as excitation sources.

17



4. RESULTS

4.1.Scandium fluoride

Scandium trifluoride (ScF;) is a cubic ABX, structure perovskite with
A position vacant. Unlike many other metal fluorides MF,;, which have
a rhomboedric structure at room temperature, this crystal has a cubic Pm-3m
structure. [17-19] Figure 4.1 shows the cubic structure of ScF; — each Sc** ion is
coordinated with six equidistant fluorine anions. At increased pressure a phase
transition to R-3c phase occurs. Unlike other materials of this class, ScF; has
a negative thermal expansion (NTE) coeflicient, meaning that upon heating
the material the lattice constant shrinks, not increases. [20] The NTE effect of
the simple cubic structure is profound ever at room temperature, therefore, ScF,
is a good model material, which has attracted a lot of scientific interest. [21-27]

Sc*

1

Fig. 4.1. The cubic structure of ScF,.

In the case of S-state ion impurities (Mn?*, Gd**) it has been observed that
they substitute Sc** ions isomorphously conserving local cubic site symmetry.
[28] In the case of Mn?* (S = 5/2) EPR spectra consist of six sets of lines with
g = 2.00138. For Gd*" (S = 7/2) impurities in this host a characteristic ZFS
structure is seen in the EPR spectra around g = 1.992 similar to other cubic
fluoroperovskites [29-33]. In a later study [32] it was found that the SH
parameter values for ScF;:Gd** determined in [28] are inconsistent.
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The XRF and photoluminescence analysis of the studied ScF; sample did
not detect any impurities. In EPR measurements at 77 K a set of seven lines
characteristic for Gd** was detected for which angular dependences were
recorded at room temperature and 77 K. The resonance position maps are
shown in figure 4.2. The EPR spectra were measured with a 5 ° increment
in a range of 90 °. The 0 ° position spectrum was chosen as the position
with maximum splitting in the magnetic field range. After a 90 ° rotation
the observed spectrum is not as wide. From this fact in simulations a deviation
of 13 ° for the rotation axis from crystallographic axis was calculated. Spectra
exhibit a symmetry around 45 ° position indicating a cubic site symmetry for
the impurity.

X |
(a) 295 K

J T
(b) 77K

90

80

EN a ) ~
S <] S o

Crystal orientation in external magnetic field, °
w
o

20

O Experiment e Simulation
. ] . 1 L 1 . L 1 L 1 . 1 .
3150 3200 3250 3300 3350 3150 3200 3250 3300 3350

i f

Fig. 4.2. EPR spectra resonance maps and calculation lines in ScF; at (a) 295 K; (b)
77 K.
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In EPR spectra simulations an effective spin S = 7/2 system in cubic field
symmetry was chosen. SH for cubic ZFS is:

A =gy + Hops = gupSB + 25 (05 +50 )+ 26 (00 -210¢)  (10)
60 1260

The variable parameters in simulations are the spectroscopic splitting factor
g and the cubic fourth and sixth order ZFS parameters b,and b,. The calculated
parameter values are g = 1.992 + 0.001 and:

= b,=(-2.73+0.02)-10* cm™ and b; = (0.67 £ 0.01)-10* cm™* (295 K);

= b,=(-3.96 £ 0,02)-10* cm™ and b, = (0.78 £ 0,01)-10* cm™* (77 K).

The average deviation between experimental resonances and simulations
lines are 1.2 G at 295 K and 2.5 G at 77 K. The signs of ZFS parameters are taken
from studies of similar materials.

ZFS parameter |b,| in ScF, at 295 K and 77 K shows a similar behaviour as
fluorides, which expand positively with temperature. A clear demonstration
of this is shown in figure 4.2 - the |b,| values are linearly dependent on
temperature and despite the NTE coefficient of ScF;, the temperature behaviour
is similar. Therefore, crystal thermal expansion effects alone cannot explain
the observed temperature dependence of ZFS parameters.

For a more quantitative estimation a thermodynamic model from [33] was

used:
B e -
or )y \or ), \K)\ op );
where 8 and K ir are the volume thermal expansion and compressibilty
coeflicients respectively. The assumption made in [33] that the ratio of /K
around the paramagnetic centre is similar as in the bulk crystal is not valid for
ScF,, because the NTE value of § would produce a different slope coefficient for
the temperature dependence (visible as the calculation line in fig. 4.3).
In order to achieve the experimental b,(T) dependence for ScF, with model
(11), a positive  value is necessary. Due to perpendicular oscillations Au, of

atoms perpendicularly to bonds the average distance between ligands R, is
always larger than the lattice constant R determined from XRD:

RV:R+@ (12)

Extended x-ray absorption fine structure (EXAFS) measurements have
shown that in crystals with NTE coeflicient the average distance between atoms
R, always expands positively with temperature. [34] Studies have shown that
the distances in the first coordination sphere in ScF, also expand positively with
temperature. [24]
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Fig. 4.3. Temperature dependence of Gd** parameter |b,| in ScF, and other cubic

fluorides. [33] *Calculation with the model (11) assuming the bulk  and K values in
ScF;.

To summarize, the ZFS parameters determined here correlate with
the average distances between atoms determined from EXAFS measurements.
An important and fundamental conclusion that follows is that the interpretation
of EPR spectra in crystals should be based on the real interatomic distances not
just the crystallographic data determined from XRD measurements.

4.2. Barium yttrium fluoride

Barium yttrium fluoride (BaY,Fy) is a monoclinic C2/m space group
symmetry structure crystal (see fig. 4.4). The lattice constants are a = 6.972 A;
b = 10.505 A; ¢ = 4.260 A; « = =90 ° and y = 99.45 °. b is the crystal’s main
symmetry axis, which forms a 90 ° angle with plane ac. Every Y** ion is
coordinated with 8 F ions. [35] Due to a number of properties — transparency in
a wide electromagnetic spectrum range, low phonon energy and good mechanical
properties — BaY,F; is a promising host for rare earth activators. [36-42]

The XRF analysis of the undoped BaY,F; single crystal sample did not
detect any additional impurities. The photoluminescence measurements
revealed the presence of Dy**, Pr’* and Er’* ions in the sample. During EPR
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measurements at room temperature several lines in a wide spectrum range were
detected. The single crystal was oriented along its main symmetry axis b with
XRD method and angular dependences were recorded at room temperature
and 77 K. The resonance position map at 77 K together with simulation lines is
shown in figure 4.5.

Fig. 4.4. BaY,F; structure.

The observed angular dependence of the resonance lines in the wide
spectrum range indicate a high S system in a low symmetry crystalline field.
These results are similar to a monoclinic ThS,:Gd*" centre [43], therefore,
in spectra simulations a S = 7/2 system was taken. In low symmetry crystals
the axis of paramagnetic centre’s coordinate system often do not coincide with
crystallographic axis. Here the variable SH ZFS parameters were not fixed with
symmetry constraints and the SH used in simulations was:

H=gupSB+3. 3 fiblOf (13)
k g

In some orientations of fig. 4.5 the simulated transitions lines do not exceed
threshold probability values and are, therefore, not shown here. In the EPR
experiment the corresponding lines were not detected due the low signal
intensity of these transitions.

The obtained results indicate that a low symmetry Gd** centre has
been observed in BaY,F; crystal. It has been estimated that g = 1.99 and ZFS
parameters |b,°| > 850-10* cm; |b,?| > 400-10* cm’Y; |b,!| > 300-10* cm™ and
|| > 200-10* cm™, however, for a precise determination of SH parameters
additional measurements should be performed in additional orientations and
full magnetic field range.
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Fig. 4.5. The angular dependence of resonance positions in BaY,F; at 77 K.

4.3. Gadolinium doped glass ceramics

Glass ceramics is a composite material with promising optical properties. It
consists of a glass matrix, which contains nanosized particles of one or several
crystalline phases. Figure 4.6 illustrates a glass and glass ceramic sample. Glasses
are usually obtained by the conventional melt quenching technique. After
the thermal treatment of the precursor glass, formation of crystalline phases
occurs. By adjusting the glass composition and thermal heating procedure it is
possible to control crystalline phases and their size in glass ceramics. [44,45]
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O O\ Crystallites
Fig. 4.6. Illustration of a (a) glass; (b) glass ceramic and (c) fluorite structure crystal. [44]

To detect the change of local structure around activators with EPR
spectroscopy, the glass matrix can be doped with paramagnetic impurities.
Although crystalline materials and glasses have been studied thoroughly by EPR,
information in literature about the incorporation of activators in the crystalline
phase of glass ceramics is somewhat scarce. A majority of glass-ceramic potential
applications a related to rare earth ion luminescence, therefore, studies of
trivalent ions in these systems are of great interest. EPR studies of rare earth ions
are problematic — not all ions are paramagnetic (in principle cannot be studied
with EPR) and spin-relaxation times are so short that liquid helium temperatures
are necessary to resolve the spectra. Gadolinium is the only trivalent rare earth
ion, for which EPR spectra can be detected at room temperature.

The incorporation of Gd** into the fluorite structure crystalline phases
(CaF,, BaF,, SrF,) is studied on C_Gd (46Si0,-20A1,0,-8CaCO;-26CaF,-
0,1Gd,0,), B_Gd (40Si0,-25AL,0;-15Na,CO,-20BaF,-0,1GdF;) and S_Gd
(40Si0,-25A1,05-15Na,CO;-208rF,-0,1GdF;) compositions. The initial glasses
where colourless and visually transparent. The samples were thermally treated
at selected temperatures and systematically characterized with XRD and EPR
methods. For some samples TEM images were taken. A summary of the results
is given in figure 4.7 - on the left side the XRD measurements and on the right -
the EPR spectra of the corresponding samples. The measurements are grouped
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by compositions — from top to bottom - C_Gd, B_Gd and S_Gd. Each sample
has 3 experimental measurements — the upper is the initial glass sample (_PG)
and the remaining - glass ceramics obtained at indicated temperatures (the last
number in the sample abbreviation). For XRD measurements the final curve
is the calculated diftfractogram for the polycrystalline fluorite phase by taking
the data from [10-12] database. The average crystallite size for the primary
crystalline phase is summarized in table 4.1.
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Fig. 4.7. XRD and EPR spectra of (a) C_Gd, (b) B_Gd and (c) S_Gd oxyfluoride
compositions with Gd** activators. For selected samples TEM images are included.



In all studied compositions a range of temperatures exists where only
the fluorite phase crystallizes and other crystalline phases are absent. In this
case, the glassy Gd** EPR signal [46-53] is overlaid with intense fine structure
centred around g,; = 1.99. As this new signal correlates with the formation of
CaF,, BaF, or SrF, crystalline phases in glass ceramics it would be beneficial to
understand the nature of various possible Gd** centres in the respective single
crystals. If Gd** replaces a divalent cation in a MeF, structure crystal, a charge
compensation is necessary. If the compensator is located beyond the first
coordination spheres of Gd*', the site symmetry remains cubic. [54] It is
possible, however, that a charge compensator in the vicinity (usually a F ion)
lowers the local symmetry around the centre. [55-58] A reasonable first step
for the interpretation of the fine structure in glass ceramics would, therefore,
be simulations of the experimental EPR spectra with SH parameter values
determined in the respective single crystals.

Table 4.1. Estimation of the fluorite structure crystallite size (in nm) in glass
ceramics from the XRD data.

Sample C_Gd B_Gd S_Gd
600 69+3 10+1
650 7x1 52+5 28 +1
700 14+1 84+ 15
800 51+3 106 £+ 30

In spectra simulations the following SH were used [9]:
= for cubic symmetry:

e by (a0
A= g,uBSB+5(O4 +50; ) (14)
= for tetragonal symmetry:
A1 = g11,SB + 20309 + (005 + 50} (15)
3 60
= for trigonal symmetry:
A = guySB + 2903+~ (6904 + 503 (16)
3 60
The uncertainty of SH parameters in glass ceramics is much higher than
found in literature [54-58] as could be expected from averaging all possible

orientations in chaotically oriented systems. Nevertheless, the SH parameter
values obtained here within the error limits correspond well with studies of
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single crystals, and the spectral simulations with these values (in fig. 4.8)
reproduce the experimental spectra with high precision. The conclusion to be
drawn is that in oxyfluoride glass ceramics with fluorite crystallites the EPR
spectra fine structure arises from isolated Gd** centres which have been
previously identified in single crystals.

It is interesting to note, that in some glass ceramics only cubic Gd** are
present, but, for example, in samples containing BaF, - only Gd** in trigonal
site symmetry is detected, although cubic centres have been observed in CaF,
and SrF, as well as BaF, single crystals. The ionic radii of Gd** and Ca*" are
similarly sized and the glass ceramics with CaF, have only cubic Gd** centres.
The mismatch of Gd** and Ba?* radii, on the other hand, is significant and
only lower symmetry centres are observed. It is intuitive to assume that if
an impurity substitutes another ion in the lattice the size mismatch can lead
to a considerable distortion and as a result — a lowering of local symmetry. For
similarly sized ions the impact on the crystalline field could be expected small
enough to leave the initial site symmetry intact. Such simplistic model correlates
well with the observed Gd** EPR spectra in glass ceramics.
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Fig. 4.8. EPR spectra simulations of glass ceramics containing (a) CaF,, (b) BaF, and
(c) SrF, crystalline phases.
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4.4. Europium doped glass ceramics

Glass ceramics are actively studied as a host material for white light
emitting diodes (WLEDs). [59-65] In the current commercial realization
the white light is achieved by a combination of a blue (InGaN 450-470 nm
diode) excitation source and a green or red phosphor. The widely used
Ce:YAG (Y,AL;0,,:Ce*) phosphor is thermally unstable which leads to a loss
of efficiency at higher operational temperatures. [65] The high thermal,
chemical and mechanic stability of glass ceramics makes them a promising
alternative. [66] Europium is one of the commonly used rare earth activators
in the development of optically active materials. There are two stable valence
states, where the optical properties are governed by either 4f-4f (Eu**) or 5d-4f
(Eu?") transitions. In order to develop a suitable glass ceramic knowledge about
the influence of composition on the valence state of europium and its local
structure is necessary.

The properties of europium ions are studied in (40Si0,-25A1,0,-15Na,CO;-
19SrF,-1EuF;) and S2_Eu (50Si0,-20AL,0;-10NaF-19SrF,-1EuF;) oxyfluoride
compositions. The S2 contains more fluorides, therefore, increased sample self-
crystallization is expected. The XRD and EPR measurements are summarized
in figure 4.9. Both compositions exhibit self-crystallization and in the S2
composition the initial average size of SrF, crystallites exceeds 10 nm. After
heat treatment at 650 °C both samples contain similarly sized SrF, crystallites
(the size estimations from the XRD data are summarized in table 4.2). Typical
TEM images confirm a rather good homogeneity of crystallite size distribution
and also indicate that crystallization upon heating is more pronounced in
composition S1. After thermal treatment above 700 °C secondary crystalline
phases are detected - in the S1_Eu_800 sample the additional XRD peaks have
a good match with nepheline (NaAlSiO,) diffractogram. In the S2 composition
formation of strontium feldspar crystallites at 800 °C suppresses the primary
SrF, phase.

Table 4.2. SrF, crystallite size estimation in nm in glass ceramics.

Sample S1_Eu S2_Eu
PG 101
600 71 151
650 21+1 23+2
700 60+ 4
800 117 £ 18
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EPR spectra of all samples show a resonance line at g, = 4.3, which
is usually attributed to the presence of Fe’* impurities in the glass. [67]
The S1_Eu_PG does not contain any additional signals indicating that
europium is in the 3+ (non-paramagnetic) valence state. In the thermally
treated S1_Eu samples an additional signal at g,; =~ 2 emerges with a distinct
structure at 800 °C. This could be a consequence of Eu** — Eu** reduction after
heat treatment at high temperatures. In the previous section, the EPR spectra
of gadolinium doped glass ceramics were related to Gd** centres previously
reported in the corresponding CaF,, BaF, or SrF, single crystals, so it would be
reasonable to attribute the additional structure of the S1_Eu_650 sample here
with Eu®* centres in SrF, phase. For this purpose a polycrystalline SrF,:Eu2+
was synthesized. The EPR spectra of SrF,:Eu** and S1_Eu_650 are compared
in figure 4.10. The simulation curve shows the cubic SrF,:Eu®* signal. [68]
The remaining resonances are simulated in figure 4.11 by parameter values in
table 4.3 and the following SH:

a :gﬂgsé%bgag + 48T (17)

(a)S1_Eu

—i 50 nm

Ger~4.3

S1_Eu_PG

S1_Eu_PG

J\ A S1_Eu_650
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Normalized EPR spectra intensity

1000 2000 B, G 3000 4000
(b) S2_Eu
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S2_Eu_800
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Fig. 4.9. The XRD un EPR spectra of (a) S1_Eu and (b) S2_Eu oxyfluoride
composition with europium activators. For the samples heated at 650 °C TEM
images are shown.
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Fig. 4.10. Comparison of S1_Eu_650 glass ceramic and polycrystalline SrF,:Eu** EPR
signals. Simulation with cubic SH and parameters from [68].

Table 4.3. The determined SH (17) parameter values in the simulations of signals
shown in fig. 4.11.

Sample S1_Eu_ 650 S1_Eu_ 800
g 1,978 £ 0,002 1,992 + 0,002
bl 10* cm™ 15+£5 10£5
Apsipe 104 cm! S34+1 23341
Ay 10 cm! -15+1 -15+1
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Fig. 4.11. Simulations of (a) S1_Eu_650 and (b) S1_Eu_800 EPR spectra with SH (17)
and parameters from table 4.3.
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In the S2_Eu composition intitial sample EPR spectrum wide envelope
curves are observed with singularities at g,; = 6.0, 2.8 and 2.0 - that is, the so
called S = 7/2 S-state ion spectrum in the disordered environment (U-type
spectrum), which means that the S2 composition is not only self-crystallized,
but also self-reduced. Although the S2_Eu_PG already contains crystallites with
average size around 10 nm, the EPR signal comes from Eu** ions in the glassy
phase. It is possible that in the initial glass matrix Eu** is coordinated mainly
by oxygen and bonds with fluorine anions during thermal treatment are not
formed. The decreased overall crystallinity compared to S1_Eu_650 as visible in
the TEM images in figure 4.9 could also contribute to the lack of SrF,:Eu** signal
in the S2_Eu_650 sample.

Photoluminescence measurements after laser excitation with 350 nm
are shown in figure 4.12. This wavelength excites Eu?* luminescence and as
a result the spectra consist of wide bands. A significant impact of the chosen
composition and the heating temperature can be seen. The S1_Eu_PG sample
contains barely any Eu?*, however, the intense blue band in the S2_Eu PG
sample confirms the composition’s abundance with divalent europium. This
correlates with the EPR measurements shown in figure 4.9, which detected Eu**
ions in the disordered phase in the S2 composition samples. Some reduction
after thermal treatment at 650 °C is visible in the SI, however luminescence is
still an order of magnitude weaker than in S2. Efficient Eu** — Eu** reduction
occurs occurs only after heating the samples at 800 °C, which is accompanied by
the formation of complex silicate structures in the samples. Based on the XRD
and EPR data, as well as literature analysis the origin of luminescence bands
could be explained as:

= S1_FEu_800 550 nm - NaAlSiO:Eu?* centres [69,70];

= S1_Eu_ 800 390 nm - Eu?* ions in sodalite-like structure;

= 52 _Fu PG un S2_Eu_650 420 nm- Eu?* ions in the glassy phase of glass

ceramics;

= S2_FEu_800 406 nm - Eu®* ions in strontium feldspar phase [71,72].

As visible from the EPR as well as photoluminescence spectra the efficiency
of europium reduction in oxyfluoride glass ceramics increases significantly
with high sample treatment temperatures. Such behaviour has previously been
reported and explained in geological samples. [73]
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Fig. 4.12. Photoluminescence of (a) S1_Eu and (b) S2_Eu samples after 350 nm
excitation.

The differences in the optical properties of S1 and S2 samples are, of
course, determined by the chemical composition. The S2_Eu contains more
fluorine ions, which stimulates the phase separation and self-crystallization of
the sample. Previous studies have reported improved Eu** — Eu*" conversion
upon increasing the fluorine content in the composition. [74] In glasses
the reduction of europium is mainly determined by the electronegativity of
the local structure. For quantitative calculations the optical basicity model
is often employed in which electron density on oxygen must be estimated.
Below a critical optical basicity value, europium in the 2+ valence state in
the glass network is favoured over 3+. [74,75] The increased fluorine content
of the S2 composition increases the self-crystallizatin effect upon casting
and decreases the optical basicity of the sample stimulating the Eu®* — Eu®*
reduction. Although the S2_Eu_PG already contains SrF, crystallites, the EPR
signal and the corresponding blue luminescence originates from Eu** ions in
the amorphous phase.

In glass ceramics the Eu’* — Eu?* phenomenon is also sometimes explained
through the charge compensation model, where the reduction of europium
when substituting a divalent cation in the lattice is required to preserve
the charge neutrality. [76] As seen here, the heating temperature must be
comparatively high for the reduction to be efficient.
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CONCLUSIONS

The EPR spectra fine structure of S-state ions (Gd** and Eu?*) has yielded
valuable information about activator local structure in various materials.
EPR spectra angular dependences of Gd** in fluoride single crystals as well as
additional signals of S-state ions in the crystalline phases of glass ceramics have
been studied thoroughly.

In ScF, - crystal with negative thermal expansion coefficient — EPR spectra
parameters have been determined at two temperatures. The temperature
dependence of the parameter values correlates with other cubic fluorides, which
expand positively with temperature. It means, that the EPR spectra depend on
the activator local structure, which differs from the bulk thermal expansion of
the crystal.

A low symmetry Gd** centre has been observed in monoclinic BaY,F;
crystal. All experimentally detected resonances can be described by one set of
spin-Hamiltonian parameters, which indicates that for trivalent impurities in
small concentrations there is only one position in the crystal structure.

Gadolinium is a suitable paramagnetic probe to monitor the incorporation
of activators in the crystalline phase of glass ceramics - the glassy U-type
EPR spectrum is overlaid with intense fine structure characteristic to Gd** in
the corresponding polycrystal. When a trivalent ions substitutes a divalent
cation in glass ceramics with MeF, crystallites (Me = Ca, Ba, Sr), a charge
compensator induced local symmetry reduction is expected. In cases when
gadolinium replaces similarly sized Ca** and Sr** ions cubic Gd** centres are
present in oxyfluoride glass ceramics. When the ionic radii differ significantly as
for Gd** and Ba?*, lower symmetry Gd** centres are observed.

In europium doped oxyfluoride compositions EPR spectroscopy allows
to monitor the valence state of ions — Eu** does not produce any EPR signal,
but the Eu?* S-state configuration spectra are similar to Gd*". The EPR data
in combination with photoluminescence measurements allows a direct
attribution of optical properties to activator local structure. The observed
blue luminescence here originates from Eu*" centres in the amorphous phase.
Thermal treatment at high temperatures promotes the Eu** — Eu*" reduction
efficiency and characteristic EPR spectra as well as additional luminescence
bands can be observed.
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THESES

The temperature dependence of Gd** EPR fine structure parameter |b,| in
ScF, crystal with negative thermal expansion is similar to cubic fluorides,
which expand positively with temperature indicating the correlation of
the EPR parameters to local atomic distances instead of crystallographic
lattice constant.

Gd* ions incorporate in the MeF, (Me = Ca, Ba, Sr) crystalline phase of
oxyfluoride glass ceramics creating centres which can be described by EPR
spectra parameters observed in the respective single crystals.

When gadolinium substitutes similarly sized cations in glass ceramics with
CaF, and SrF, crystallites mainly cubic Gd** centres are observed but due
to a significant size mismatch of Ba?* and Gd*" ions trigonal symmetry
BaF,:Gd* centres can be observed.

Most europium ions incorporate the SrF, crystalline phase of oxyfluoride
glass ceramics in the 3+ valence state as the reduction to Eu®* during
thermal treatment is inefficient. By increasing the fluorine content in
the composition it is possible to obtain self-reduced glass ceramics in which
the blue luminescence mainly originates from Eu*" in the amorphous phase.
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