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ABSTRACT

The excitation and emission spectra of the octahedrally coordinated Eu?t ion in
CssM?tP507, where M = Ca and Sr, is reported and discussed. The remarkable fea-
tures of the Eu?** luminescence in these double phosphate materials include (a) the very
large Stokes shift of emission ( 1 eV), (b) the high luminescence quenching temperature and
(c) the very low energy of the emitted photons, which is unusual for the luminescence of the
Eu?* ion in phosphate based materials. The broad emission bands of Eu?* in CsyCaP,0~
and CsySrP20O7 peak at 607 nm and 563 nm, respectively. The Stokes shift, crystal field
splitting, the centroid shift and the red shift of the Eu?* 4f%5d' electronic configuration
have been estimated from the relevant optical data. The radiative lifetime of the Eu?"
emission in CsyM?tP,07 is ~ 1.2 ps. The nature of the Eu?* emission in Cs,M2?TP,0;
is discussed and arguments are presented to associate the luminescence with the normal
4f55d 4 f7[887/2] emission transition. A discussion of the characteristic properties of the
“anomalous” emission of the Eu?* ion in solids is also presented and compared with the
properties of the Eu?* luminescence in CsoM2?TP,05.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Phosphors play an important role in the world around us. They are present in a wide range of
devices including LED’s, medical imaging devices, cell phone displays, CRT televisions, flat
panel displays and communications systems. Phosphors usually are transition metal or rare-
earth metal containing compounds and research into the understanding of these materials is
a complex area that has many aspects. Europium, a rare-earth metal, is a common dopant in
phosphor materials. It is the purpose of this dissertation to expand the understanding of the
optical properties of the divalent europium (Eu?") ion when it occupies a six-coordinated
octahedral site in solids. Specifically, the investigations on the luminescence of the Eu®" ion
in the diphosphates, Cs,CaP,0; and CsySrP,0O7 is presented.

Europium was discovered in the late 1800’s and finally isolated in 1901. It has most
notably been used in the form of Eu,O3 as the phosphor that provides the brilliant red color
in CRT televisions and fluorescent lamps. It has two stable oxidation states: Eu?* and Eu?*.
Europium(III) is typically pumped via a charge transfer transition in the near ultra-violet
region of the electromagnetic spectrum and the emission is characterized by sharp lines in the
red to near infrared. Eu?* is characterized by broad dipole-allowed absorption and emission
bands. The current literature reports absorption in the UV to near UV and emission in the
wavelength range of 390-490 nm [1]. However, a few Eu®>T compounds have demonstrated
emission into the red.

The dependence of the Eu?* emissions upon the host material can be interpreted by

examining the europium ion. In the divalent state, europium has seven f electrons which

1



form a stable half-filled 4f valence shell. These seven electrons are tightly bound to the
positively charged nucleus and do not interact strongly with the environment of the host
system. Upon excitation, a 4f7 electron is excited into the 5d state. The wavefunctions
of this state extend much farther from the nucleus and thus interacts strongly with the

neighboring host ions.

1.2 CURRENT RESEARCH

The optical characteristics of divalent europium as an impurity ion in inorganic compounds
has been investigated extensively [2-5]. The octahedrally coordinated Eu®" ion is of partic-
ular interest and a wide range of compounds containing this coordination are found in the
literature. Specifically, the excitation and emission data of Eu?* in the octahedral environ-
ments of alkali halides, alkaline earth sulfides, selenides, flouride perovskites such as M+ CaF3
(M = Cs, Rb, K), LiCaAlFg, alkaline earth oxides M?TO (M = Ca, Sr)[6], and alkaline earth
pyrophosphates [7]. A list of over 300 Eu?*" ion containing compounds and there corre-
sponding spectroscopic properties has been compiled and analyzed by Dorenbos [1].

The energy level scheme of the Eu?' ion in an octahedral site is given in Figure 1.1.
The ®S;7/5 ground state of the Eu®* ion is spherically symmetric and upon excitation the
octahedral field splits the 4 f55d! state into two states. The lower state is triply degenerate
containing the d,,, d.,, and d,, orbitals and is denoted t,,. The higher energy state, labeled

eg, is doubly degenerate consists of the d,2_,» and d,» orbitals. The separation between

y
the centroids of the e, and ty, levels is defined as the crystal field splitting (10Dgq). In
the octahedral field, the absorption or excitation spectra of Eu?" ions are characterized
by two well separated broad bands. The low and high energy bands are attributed to the
4fTBS7/a] — 4f55d [ta,] and 4f7[®S70] — 4f%5d'[e,] optical transitions respectively. It is
well documented that the ¢y, band may exhibit a so called “staircase” spectrum [8, 9]. This

staircase spectrum is due to the transitions from the ®S;7/, ground state to the F; (J=0-6)

multiplets of the excited 4f°["F;]5d" electronic configuration.
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Figure 1.1: Splitting of divalent europium in an octahedral ligand field



When the site symmetry of the Eu?* ion is lower than that of an octahedron, the total
crystal field splitting and the centroid shift of the 4 f5d! electronic configuration are difficult
to determine. This is due to the complicated nature of the Eu** 4f°5d! energy level scheme
[9]. Therefore the evaluation of these parameters are limited to the discussion of compounds
containing either an octahedral cubal, or cubo-octahedral site symmetry [10, 11].

This present work focuses on the optical properties of the Eu?* doped pyrophosphate
compounds Cs;CaP>0; and CsySrP>O7. In chapter 2, a brief theoretical development of
the octahedrally coordinated divalent europium ion and general spectroscopic techniques
that were used to characterize the materials will be reviewed. This will include the crystal
structure of the materials studied, europium doping, the ligand field theory of octahedrally
coordinated systems, and the use of absorption and emission spectra in the determination of
material properties. The third chapter will describe all of the experimental details including
the synthesis of the materials, presentation of apparatus schematics, and experimental con-
ditions. Chapter 4 is the presentation of results. Chapter 5 is a discussion of the many
details surrounding the behavior of the divalent europium emission in our pyrophosphates

and materials studied by others. Lastly, the sixth chapter contains a general summary.
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CHAPTER 2

REVIEW OF DIVALENT EUROPIUM AND SPECTROSCOPIC TECHNIQUES

2.1 Di1vALENT EUROPIUM DOPING

The atomic configuration of the lanthanide rare-earth metals are characterized by inner
electrons that occupy the 4 f shell. These f shell electrons are shielded by valence electrons in
the 65 level and sometimes a 5d electron where the typical configuration is [Xe]4 f*5d® " 96s2.

Europium has an electronic structure of [Xe]4f76s* and with the ground state 'Sp. In
the divalent state it is coordinated as [Xe]4f7 having a ground state of 8S7/2 and the first
excited state is the [Xe]4f®5d'. The f electrons of europium are well localized and have
strong enough interactions to produce local magnetic moments.

Recently, it has been proposed by Dorenbos [13-15] that by determining the first 5d
level energy of one specific Lanthanide ion within a given crystalline environment, one can
determine all other 5d level energies for all other lanthanides in the same compound. Of
specific interest are the relationships between Ce3" and Eu?*. Dorenbos contends that the
Stokes shift of emission, the centroid shift of the 5d configuration and the total crystal field
splitting (10Dgq) are all linearly related to one another [16].

In an idealized lanthanide crystal system (Band diagram in Figure 2.1) there are three
assumptions to be made: (1) the interaction between the excited 5d electron and the
remaining core of the lanthanide ion is identical for each lanthanide; (2) the interaction
between the 5d electron and the crystalline environment is identical for each lanthanide;
and (3) the lattice relaxation around the lanthanide ion is always the same despite the
lanthanide contraction of 20 pm from the beginning to the end of the lanthanide series. The

energy difference between the first 5d level of the lanthanide and the conduction band of
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Figure 2.1: This is an idealized systematic of the energy-level positions of divalent lanthanides
in a wide band gap ionic crystal. Where n represents the number of electrons in the f level,
ECT is the charge transfer energy gap.



the crystal host (denoted as F4c) will be constant for all lanthanides [17]. One would have
the natural inclination that the true nature of these lanthanides should vary from atom to
atom. The results of hundreds of experiments were compiled and evaluated to show that
indeed this variation is seen. There are some general trends that emerge from the data.

The general relationship
Efd(n, 2+, A) = EAf,«ee(TL, 2+) - D(2+, A) (21)

describes the energy for the first f — d transition for all other lanthanides if the
E¢4(n, 2+, A) is known for any other lanthanide in compound A. It is simply the free
ion energy (Eafree(n,2+)) minus the redshift (D(2+, A)). So if either the redshift or fd
energy were to be measured, then a schematic for all other lanthanides is predictable. There
are however a number of problems that can arise due to this idealization, including charge
transfer transitions for the trivalent lanthanides, anomalous emission from the divalent

lanthanides, and the overlap of the f electrons with the surrounding ligands.

2.2  QUANTUM MECHANICS OF EU?t IN AN OCTAHEDRAL LIGAND FIELD

The established crystal structures of the CsoM?t P50, samples contain calcium and stron-
tium sites that are six coordinated with oxygen that exhibits an octahedral symmetry. The
methods of ligand field theory can describe the interaction of the Eu?* ions with the nearest
neighbor oxygen ions. Various texts and sources have been used in the development of the

following discussion [18-24].

2.2.1 THE ELECTRONIC CONFIGURATION OF A 5d' ELECTRON IN AN OCTAHEDRAL

LicanD FIELD

The question now pertaining to this work is: how does divalent europium respond to an
octahedral ligand field? To begin the task of unraveling the ligand field Hamiltonian for Eu?*

we first note that a 4f7 system has 3432 independent |a, S, L, J, M), states [25]. Thankfully,



this is not what is observed experimentally as usually only the transitions from the ®S;
ground state singlet to the 5D excited state multiplet are of interest. These levels account
for what is commonly referred to as the staircase spectrum and are seen as “steps” in the d
excitation bands. Because the excited state of the Eu?* ion contains a single d electron the
system can be approximated by a hydrogen—like ion in an octahedral ligand field.

The ligand field Hamiltonian for a 5d electron is developed in the following manner.
First we determine the central potential that the electron experiences as it sits (ideally) at a
distance a from any one of its six nearest neighbor ions. Each ion has a charge of —Ze and
the electrostatic potential is

Ve, y,2) =Vo+V, +V, (2.2)
where

V= —

47eq

! + ! ] (2.3)

(r24 a2 —2az)2 (12 + a® + 2ax)2

with V}, and V, having similar expressions with the independent variable exchanged and r
is defined in the usual manner with r? = 22 + y? + 2z2. The octahedral crystal field can be
expressed as Ho* = —eV. If r < a we can expand the Hamiltonian and in keeping the terms

up to the sixth degree can obtain

Viw,y,2) = |:47T€0 a  4medad l(x AR 5
21Ze
+ 471'602@7 |:<x6—|—y6+26) (24)
15 54 2,4 2,4 2, 4 2,4 2,4 15 ¢
+ ﬁ(xy+mz+yx+yz+zx+zy)—ﬁr

The crystal field Hamiltonian can then be expressed in terms of the spherical harmonics

so that we can obtain [20]

ze? [6 7t 52
On _ hd (4) (4) (4)
‘%’ﬂc (I‘) - 47'('60 a + 2a5 {CO (07¢)+ <14) <C4 (6)7 ¢)+Of4(97¢>> }]
+ rterms 4+ ... (2.5)

where r(r, 6, ¢) is the position of the 5d electron and

1/2
0.0 = (505 )  Yi6.0) 26)
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We will ignore configuration mixing, although this does occur some in our system, and
determine the effect of 79 on the 5d electron. When [ = 2 as is the case for any d electron,
we can ignore the terms in J7. that have power greater than four in 7. We can also neglect
the first term from Equation 2.5 because it is a constant term and will be added equally to
each state and we are only interested in the energy differences. The matrix elements can then
be calculated using the |5dm;) states. Using Table 2.1 we can obtain the diagonal matrix

element for the |5d0) state.

1 7Zée? 6
(BAO| A 50) = - )say = 6D (27)
where
1 35Z7¢? 2,
_ _ = 2.
4meq 4abd 4 105<T )5 (28)

The Dq parameter is regarded as a single parameter that characterizes the strength of the
octahedral crystal field. The matrix elements for all of the other non-vanishing terms can
also be calculated and obtain the general crystal field matrix (5dmy|s2°#|5dm}). The matrix

is

5d2 Dg 0 0 0 5Dq
5d1 0 —4Dg 0 0 0
5d0 0 0 6Dg 0 0 (2.9)

5d—1 | 0 0 0 —4Dg 0

5d—2 | 5Dg 0 0 0 Dgq

and by diagonalizing it we obtain eigenstates ¢, (denoted as t5, in this text) which are triply
degenerate with the eigenvalues —4Dq and the states ¢., (denoted as e, in this text)which
are doubly degenerate with eigenvalues of 6Dq. The 5, states extend in between the gaps of
the ions whereas the e, are localized on the ligand ions. The wavefunctions are listed below

and the 10Dgq splitting can be seen in Figure 2.2.
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d2 = e = [5d0)

Aoz = ey = 7 (15d2) + [5d — 2))

d, == \Lf (|5d1) — [5d — 1)) (2.10)
de = iy = % (J5d1) — [5d — 1))

dyy = buc = ——= ([5d2) — |5d — 2))

S~

In Figure 2.3, the graphical representation of the five atomic orbitals for a 5d electron
is shown [30]. Each 5d,y, 5d,., 5d,., and 5d,2_,» orbital has 12 lobes. There are two planar
nodes normal to the axis of the orbital (so the 5d,, orbital has yz and xz nodal planes, for
instance). The 5d.2 orbital is a little different and has two conical nodes. In addition, apart
from the planar nodes, all five orbitals have two spherical nodes that partition off the small
inner lobes. We notice that the d orbital is split into one higher energy doublet state and
one lower energy triplet state. The crystal field can interact with this d electron strongly. If

the symmetry of the octahedron is distorted, these two states will lose their degeneracy and

become five distinguishable states.

2.3 ABSORPTION, EMISSION, AND NON-RADIATIVE DECAY

The following topics will rely heavily on the text by Henderson and Imbusch [24].

2.3.1 ABSORPTION

Absorption is a measure of the interaction of electromagnetic radiation with matter. Put
another way, it is the amount of energy that is lost when radiation passes through a material.
This loss can be due to electronic or vibrational (phonons) (non-radiative) transitions. An
experimental measurement of absorption is usually presented as a plot of absorbed intensity

versus the incident photon energy (E = hv), frequency (v), or wavelength (\). While most
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Figure 2.2: Schematic diagram of the Eu?* energy levels within the 4f55d configuration in
an octahedral crystal field following the model proposed by Duan et. al. [27, 28]. Sy and Ly
are the total spin and orbital quantum numbers of the f electrons and s, is the spin of the

d electron [29].
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Figure 2.3: Schematic representation of the 5d electron orbitals. When located at an octahe-
drally coordinated center, the three lower orbitals in the picture are associated with the t5,
terms and are in a lower energy configuration than the two upper e, terms. Image obtained
from The Orbitron™ online [30].
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of the absorption spectra in first year chemistry and physics textbooks show spectra for low-
pressure gas discharges, which are characterized by very sharp lines, the absorption spectra
for condensed matter systems can be broad and very complex. The reasons have been stated
in the sections on splitting and Hamiltonians.

A usual method for measuring absorption is to take a sample and send a known quanta
(energy) of light through the sample having a thickness d. The transmission 7" coefficient is a
measure of transmitted intensity, I(v), (the intensity of light that the detector measures on
the outgoing side of the sample) over the incident intensity, I,(v). The explicit equation for
the transmission coefficient is 7' = I(v)/I,(v). Most modern spectrophotometers use beam
splitters or chopped signals to measure both the incident and transmitted light simultane-
ously. This is done to both speed up measurements and to reduce the error associated with
variation of source lamp intensity over time. One can use the transmission coefficient to
find the optical density, OD = log,,(1/T"). This relation can be used to find the absorption

coefficient, a(v) by the relation

a(v)l
OD =1 1/T) = 2.11
or more commonly known in the form of the Beer-Lambert law
I(v) = I(v)e @)t (2.12)

where where I,(v) is the intensity of the irradiation at frequency v, I(v) is the intensity of
the transmitted radiation at frequency v, [ is the thickness of the sample, and a(v) is the
corresponding absorption coefficient. A plot of the absorption coefficient versus the incident
wavelength forms an absorption spectrum. Absorption spectra are most beneficial when

attempting to measure the transitions that do not lead to photoemission.

2.3.2 PHOTOEXCITATION

Photoexcitation is a powerful technique involving the observation of a fixed frequency or fre-

quencies of emission while actively scanning the incident, or exciting, frequency. In inorganic



15

solids, especially those doped with elements such as rare-earth or transition metals, there
are usually many absorption bands that overlap and can completely wash out the details of
a certain absorption center of interest. As an example, when magnesium oxide is doped with
vanadium the defect ions are found to be both V2T and V3. In magnesium oxide V2 ions
emit luminescence in the near infrared (900 nm). The absorption bands of VT ions are super-
imposed with and much weaker than the V3 absorption bands and they cannot be detected
with absorption measurements. However, with excitation spectroscopy, such measurements
are possible because a strong emission at a particular excitation wavelength indicates that
the material is absorbing strongly at that wavelength. Furthermore, phase sensitive detec-
tion is possible using lock-in amplifiers which allows one to distinguish between multiple
absorbing optical centers provided that they have different radiative lifetimes. The equation

for the photoexcitation intensity, S(v), as it relates to the Beer-Lambert law is
S(v) = L(v)(1 — e W (2.13)

if o is small, then we may Taylor expand the second term in Equation 2.13. This allows us

to directly correlate the absorption coefficient to the photoemission intensity and obtain

Sv) = L,(v)a(v)l (2.14)

The intensity measurements must be corrected for the efficiency of the apparatus, and
this is usually done with a calibrated measuring instrument in a separate scan with all other

parameters the same with exception that the sample is replaced with the measuring device.

2.3.3 EMISSION

Emission or photoemission is based on the radiative transition of an excited atomic electron
to a lower energy state. In order to obtain a measurement of such a transition, the electron(s)
must first be excited to some unoccupied level. This can be done in any number of ways.

Today, lasers are a common tool employed in emission spectroscopy. While these solid state
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and dye pumped lasers provide an intense source, there is also still considerable use for
broad spectral range lamps that can be tuned to a given absorbing wavelength. In addition,
light emitting diodes, LED’s, have become relatively inexpensive even for some very short
wavelengths ’ that were once very rare. Not all wavelengths can be accessed by any one
system. However, by choosing the appropriate light source the range from 193-2500 nm is
well covered.

Once the solid is in the excited state it may have several relaxation channels. The radiative
channel results in the emission of a photon (typically with a rate on the order of 10%-
103s71). Non-radiative relaxations can result in even larger decay rates, leading in some
cases to a complete quenching of the luminescence. In special cases, two photons may be
absorbed in sequence followed by the emission of a photon with an energy higher than
those of the absorbed photons - this is known as up-conversion. If two photons are absorbed
simultaneously, the term two-photon absorption is used. In the converse, one photon may be
absorbed and the level depopulate by a sequential emission of two photons which is known
as quantum cutting. In this dissertation only the single absorbed/emitted photon case is

observed. Two important terms that will be used later to describe this process are:

1. Stokes shift (AS): This is defined as the shift in energy between the emission and

absorption band peaks [24].

2. Zero Phonon line (ZPL): This is described as the energy at which there are zero vibra-
tional levels involved in the absorption/emission transition. The observed intensity of
this line is directly related to the degree to which the optical center couples to the
lattice. If there is no vibrational coupling and the sample temperature is low (so that
relatively few ground state vibrational levels are accessible), all of the emission inten-
sity will be contained in the zero phonon line and it will be a sharp peak. As coupling to
the lattice increases, vibrational sidebands will appear on the low (high) energy side of

the emission (absorption) and the intensity of the ZPL will decrease. As temperature
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increases, sidebands appear on both sides of the ZPL. If the vibrational coupling is

sufficiently large, then the ZPL does not appear [24].

Note: if the ground state and excited state parabola ( as seen on a configurational coor-
dinate diagram) have the same curvature, then AS is simply twice the absolute energy sepa-

ration of either the emission or excitation peak from the ZPL (i.e. AS =2 X |E,,, — Ezpr|).

2.4 THE STAIRCASE SPECTRA OBSERVED IN SOME Eu?t COMPOUNDS

In the detection of photoexcitation of divalent europium a characteristic staircase structure
is commonly observed [31-36]. The staircase can be explained by the splitting of the ground
state of the 4f% core and the 5d electron assuming a weak or null Coulomb interaction, i.e.,
by transitions from the ®S;/5 to the seven 'F ; multiplets (J = 0-6) of the excited 4 f°("F ;)5d"
(tag) configuration [37]. The splitting of the J-multiplets is the result of the Coulomb interac-
tion between the six 4f electrons and their spin-orbit coupling. The similarity between peak
energy differences of this staircase structure and those of the "Fo-"Fg for Eu®™ multiplets
supports the validity of this model. Figure 2.4 is representative of a typical spectrum that
demonstrates the staircase structure. The nature of 4f < 4f transitions does not change
much when changing the host lattice [38] which allows the approximate locations of the "F;

levels to be designated in the spectra.
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m m/ = k=2 k=4
42 42 1 —2 1
12 F2 0 0 V70
+2 41 0 V6 —V/5
+2 ¥l 0 0 —/35
+2 0 0 —2 »x1/T 15 p x1/21
+1 41 1 1 —4
1 F1 0 6 — /40
+1 0 0 1 V30
0 0 1 2 6

Table 2.1: These are the relevant (i.e. non-zero) values of c*(Im, I'm’)

for [ = I’ = 2. The values of ¢* are non-zero only for k = 0,2, 4

= (—1)m*m'ck(l’m’, Im)



CHAPTER 3

EXPERIMENTAL DETAILS

3.1 SAMPLE PREPARATION

Polycrystalline samples of Csa(Cag.goFug 01)P207 and Css(Srg.g9Fug.01)P2O7 were synthesized
by a classic solid-state reaction technique. The starting materials used were analytical grade
Cs2CO3 (10 mole % excess) CaCOg, SrCO3 and (NH4)oHPO, (10 mole% excess) and EuyOs.
The samples were heated at 300° C for one hour in air and then heated twice at 800° C for
5 hrs in a slightly reducing atmosphere with intermediate grindings. In both materials, the
XRD pattern confirmed the formation of phase pure material. Since the final products were
found to be hygroscopic all optical measurements were carried out with the samples sealed

in quartz tubes.

3.2 EMISSION

Similar techniques were used to measure the emission spectra of the CsoM?*TPoO7(M = Ca,
Sr):Eu?* samples. The emission spectra were measured over several excitation energies using

multiple collection methods, and varying temperature regimes.

3.2.1 EXCITATION SOURCES

e 390 nm (375nm UV LED (Nitchia) with 390nm band pass filter full width half max-

imum 10 nm).

e 355 nm tripled Nd:YAG line (Spectra Physics).

22
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3.2.2 COLLECTION METHODS

e UV/VIS liquid nitrogen cooled CCD (charge coupled device) camera (Princeton Instru-
ments, LN/CCD512TKB). The camera is attached to a Spectra Pro® 275 single
monochromator utilizing a 150 groove/mm grating blazed at 300 nm. The monochro-
mator was driven by a Spectra Drive Stepping Motor scan controller. In order to cover
the full range of emission, the monochromator was set to center wavelengths of 200,
400, and 600 nm. The pixels were calibrated using automated software controlling the
driver. A 635 nm diode laser, a doubled Nd:YAG (532 nm), and the spectral lines
(488, 514 nm) from an Ar ion laser were used to cross check the calibration. Data
consisted typically of a 9 second integration time over a spectral range of 250 nm with
a resolution of 0.5 nm/pixel. The spectra were collected with private software using a
LabView 6.1 program and later combined in a graphical analysis software package after
correcting for photon flux and pixel sensitivity. The input to the slits were coupled to
a UV grade fiber optic cable and various appropriate lenses and filters were used to

obtain one to one images of the sample luminescence onto the fiber entrance.

e VIS/NIR thermoelectrically cooled CCD (Kestrel Spec) to —20° C attached to a
Spectra Pro® 275 single monochromator with 50 groove/mm grating blazed at 600
nm. The monochromator was driven by a Spectra Drive Stepping Motor scan con-
troller. It was set to 550 nm and the pixels were calibrated using a 635 nm diode laser,
a doubled Nd:YAG (532 nm), and the spectral lines (488, 514 nm) from an Ar ion
laser. Data were colected during 10 second integration times over a spectral range of
300 nm with a resolution of ~ 0.5 nm/pixel. The spectra were collected with manu-
facturer software and later combined with the excitation data in a graphical analysis
software package after correcting for photon flux and pixel sensitivity. The input to
the slits were coupled to a UV grade fiber optic cable and various appropriate lenses
and filters were used to obtain one to one images of the sample luminescence onto the

fiber entrance.
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3.2.3 SAMPLE PREPARATION AND TEMPERATURE HANDLING

e Low temperature measurements (10 and 80 K) were obtained by placing the samples
in one of two commercially available flow through cryostats, an Oxford Instruments
Optistat LT continuous flow cryostat and an Oxford Instruments flow-through cryostat
that has been custom modified to perform both emission measurements and excitation
measurements at LH (liquid Helium) temperatures. The major modification consists
of a mounting sleeve that will couple to the Cary-14 Spectrophotometer. All reported

data at 10 K were done in this “Cary” cryostat.

e Room temperature emission was collected in open air with custom built sample holders

for the quartz tube sample holders. No special equipment was necessary.

e High temperature measurements were carried out in a high temperature furnace with
the samples in a custom built sample holder and in a nitrogen buffer atmosphere. The
temperature was controlled with an Omega temperature controller custom modified to

meet the requirements of the furnace.

3.3 EXCITATION

Excitation spectra were recorded in a modified Cary 14 spectrophotometer, using the chopped
radiation of deuterium and tungsten lamps as excitation sources. The sample was placed
into an Oxford Instruments flow-through cryostat, located in the sample chamber of the
spectrophotometer. Luminescence was observed at right angles with a Hamamatsu R212
photomultiplier tube (PMT), the detection wavelength was determined by narrow band
interference filters at multiple regions of interest that will be indicated on the presented
figures. To increase the signal to noise ratio and to suppress the dark current of the PMT,
the signal was processed with a Stanford Research Systems model SR 830 DSP lock-in
amplifier. The excitation spectra were corrected for excitation photon flux using a calibrated

Hamamatsu photodiode as reference detector. By using the lock-in-amplifier we are further
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able to deduce the relative phase of emission from different active centers in the host crystal.
This technique was mentioned in section 2.3.2. For example, with the lock-in auto-phased to
the reflected lamp light where the x-component signal is “zeroed” (to within the noise limit)
it is possible to see the lagging out of phase emission of Eu®*. This shows up in the spectra

as a negative signal for the x-component. See Figure 3.1.

3.4 LIFETIME: TIME RESOLVED SPECTROSCOPY MEASUREMENTS

For relaxation time measurements, the samples were again placed into the Oxford Instru-
ments flow-through cryostat and illuminated with the pulsed radiation of an UV light emit-
ting diode (LED) at an emission maximum of 375 nm, which matches the energetically lowest
absorption peak of the phosphor. The LED was driven at a repetition rate of 1 MHz with the
output of an Avtech AVP-C pulse generator, boosted by a high frequency Avantech power
amplifier. The pulse width of the LED was measured to be 2 ns. Luminescence was detected
at a right angle with a Hamamatsu R212 PMT, attached to the cryostat via a light tight
tube; an interference filter (center wavelength 560 nm, 10 nm bandwidth for Sr, or 580 nm,
10 nm bandwidth for Ca) was inserted in the detection path and determined the detection
wavelength. In order to avoid room light from entering the system, the excitation window
of the cryostat was covered with a Schott UG-11 filter that transmits the LED radiation,
but blocks at wavelengths of > 400 nm. The PMT signal was counted using an Ortec 567
time-to-amplitude converter with output to a computer and commercial counting software
to obtain the decay profiles of the divalent europium emission. The temporal resolution of
the setup, including the pulsed LED, was 2 ns.

A second set of measurements included high temperature measurements of lifetime (up
to 800 K). This required a high temperature furnace with custom quartz tube built for such
measurements. A 375 nm LED was used as the excitation source and a dichroic filter with
selective bandpass properties at 0 and 45 degree incidence angle was used to both focus the

excitation source onto the sample and the emitted light onto the slits of a monochromator
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Figure 3.1: This is an example of both the in-phase and out of phase components of the Photo-
luminescent Excitation Spectra of Cs,CaPyO7:Eu®t. The out of phase signal is associated

with Eudt impurities.
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with a Hamamatsu R212 PMT attached to the exit slit. The detection wavelengths were
determined by the monochromator and set to 560 nm for Sr, and 580 nm for Ca. The PMT
signal was recorded with a photon counting system, using an Ortec 567 time-to-amplitude
converter with output to a computer and custom counting software to obtain the decay

profiles of the divalent europium emission. The temporal resolution of the setup, including

the pulsed LED, was 2 ns.



CHAPTER 4

EXPERIMENTAL RESULTS AND PARAMETER DETERMINATIONS

4.1 THE CssM?*TPy07(M = Ca, Sr) CRYSTAL STRUCTURE

4.1.1 X-RAY DIFFRACTION

The diffraction measurements were performed on a powder X-ray spectrograph at GE global
research. The diffraction pattern of Cs,CaP,O7:Eu®t is presented in Figure 4.1. The diffrac-
tion pattern for CsySrP,O7:Eu?t was also collected, but is not presented. There is good
agreement with the previously reported structures when the two patterns are compared with

that of the undoped CsySrP2O7 and Cs,CaP207 [39)].

4.1.2 CRYSTAL STRUCTURE

The crystal structure has been determined for both samples from the XRD data that of
Cs9SrP207 is shown in Figure 4.2. Included in the figure is a stereographic view of the com-
pound. The basic monoclinic unit cell has dimensions: a = 10.528A, b = 6.081A, ¢ = 14.766A,
a = 90°, 8 = 118.3° and, v = 90°. This overall structure contains isolated octahedra of
[SrOg] and bi-tetrahedra [P;O7] groups. These two groups share their oxygen vertices and
form a rigid, infinitely repeating structure of [SrP,O7]?~. This anionic sublattice is charac-
terized by infinite hexagonal tunnels where the Cesium atoms reside. The Cesium atoms are
located off center in these tunnels and are close to the walls. They sit in an environment that
is twelve coordinated with Oxygen atoms using a cutoff distance of 3.6 A. The Sr-O bond
lengths in the octahedra are 238 pm(2x), 247 pm(2x), and 263 pm(2x) in the x, y, and z

directions respectively and 2x indicates that there are two atoms located at that distance.

28
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Figure 4.1: X-ray diffraction data obtained from GE Global Research for Cs,CaPyO7:Eu?*.
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The O-Sr-O bond angles deviate only slightly from 90° to within a few degrees. Eu?* sub-
stitutively replaces the strontium atoms as an impurity and the octahedrally coordinated
Eu?* ion forms the optically active center.

Similarly, the structure for pure Csy,CaP,0O7 crystals has been determined by Zatovsky
et al [40]. The crystal cell parameters are a = 10.261A, b = 5.9316A, ¢ = 14.4808A, a = 90°,
£ = 118.54°, and v = 90°. The overall structure is the same including the isolated octahedra
of [CaOg] and bi-tetrahedra [PoO7] groups. Cesium atoms occupy the hexagonal tunnels in
the same manner also. There is increased symmetry in the Ca-O bond lengths at 236 pm(2x),
236 pm(2x), and 263 pm(2x) in the x, y, and z directions respectively. The O-Ca-O bond
angles also deviate only slightly from 90° to within a few degrees. Fourier Transform Infra-red
measurements (FTIR) have been performed on these structures by Zatovsky [40] in order to
determine the phonon frequencies for the lattice vibrations and there are numerous bands
within the range of 200 to 1200 cm~! which is consistent with other double diphosphates.
These bands have been attributed to the many phosphate groups, P-O-P bands, and O-P
bands within the crystal and should provide a large band width at the peak emission and
absorption frequencies [41-44]. These structures provide near perfect octahedral symmetry

for the strontium and calcium sites.

4.2 EXCITATION

The combined emission and excitation spectra for Csy,CaP,O7:Eu?t, and CsySrP,0O7:Eu?t
are represented in Figures 4.3 and 4.4. The excitation bands can be assigned in the usual
manner for a defect in an octahedral symmetry. The high energy bands are those emanating
from the 4f7[¥S7 2] — 4f95d" [e,] and is located between 40,000-50,000 cm ™ for both samples.
The low energy bands are those emanating from the 4f7[*S7 /5] — 4f%5d![t5,] and is located
roughly for both samples between 21,000-35,000 cm™!. The high energy (e,) bands show
signs of very slight splitting of the d,» and d,2_,» levels. The low energy bands are very

interesting and exhibit a characteristic staircase structure. Each step in the ?y, bands is
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263

(b)

Figure 4.2: (a)Stereographic image of the crystal structure for Cs,Sr*TPyO7. To view it in
3-D simply cross your eyes and allow the middle image to come into focus. (b) At left is a
blowup of the inner strontium atom with the attached pyrophosphates and at right is the
inner octahedron with the bond lengths labeled. Used with permission [39].
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indicative of a specific transfer from one of the "F;(J = 0 — 6) multiplets. The bands in
Figures 4.3 and 4.4 have been assigned based on the free ion energies of Eu3t given in [45].
These free ion energies will be close to those found in Cs;CaP507; and CsySrP>,O; because
the 4f electrons are only weakly influenced by the crystal field. The highest “Fg band is
approximately assigned to the highest step in the staircase and based on the relative shifts
between the remaining “F;(J # 6) levels all remaining levels are assigned. There is general
agreement between the barycenters of each multiplet and the reported energy barycenters in
the literature.

The crystal field splitting, 10Dgq, is determined by calculating the difference between the
ty and e, states. The centers of gravity (CG's) or centroids . for these peaks were calculated
by the method of moments as described in [46]. First, the zeroth order moment, M, is defined

as the area under the emission or excitation band.

M, = / I(v)dv (A1)

where I(v) is the intensity of the band as a function of wavenumber v. The integral is
performed over the domain of each band of interest. Next, the center of gravity is obtained

by computing the first moment defined by

1
CG =M = L /](V)de. (4.2)

The second moment is defined as

M, = ]\20 /[(1/)(1/ — CG)*dv (4.3)

from which the standard deviation, o, from the centroid may be obtained upon taking the
square root of M.

The 10Dq, centroids for ty, and e, (CG™9, CG®), and the standard deviation ("%, 0% )are
compiled in Table 4.2

A larger 10Dq in CsyCaPyO7:Eu?T relative to CsySrP,O7:Eu?t is expected due to the

smaller average (Eu?™0%) bond distance in the calcium material. This is observed in the
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Figure 4.3: Emission (dashed line A\, = 375 nm)and excitation (dashed line A.,,, = 600 nm)
spectra for Cs,CaP,O7:Eu?t at 80 K. The locations of the "F; levels are approximated.

Phosphor CG%s | CG® | 10Dq | ot | o
CsyCaP,O7:Eu?t | 27725 | 46183 | 18458 | 2619 | 3106
CsySrP,O7:Eu?t | 28605 | 45381 | 17113 | 2512 | 2884

Table 4.1: The center of gravity of the 4f55d"(t5,)[CG*¢] and 4f55d"(e,)[C'G®] electronic
configurations, crystal field splitting (10Dq) and the standard deviation of the t5,[0"?¢] and
eg[o®7] excitation bands at 7' = 80 K; all values in cm™*
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spectra for CsySrP,O7:Eu?t at 80 K. The locations of the “F; levels are approximated.
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experimental data. The larger 10Dgq for Cs,CaP,0y is accounted for by the defect Eu?* ion
occupying a smaller Ca?* ion site. This substitution causes the octahedral site to deform in
order to accommodate the larger Eu?* ion [47, 48]. Upon excitation, the (Eu?**-0%") bond

distance decreases for to, and increases for e.

4.3 EMISSION

The emission data have been analyzed for peak location and full width half maximum inten-
sity, FWHM= I'". Because the emission bands are approximately Gaussian, the second

moment can be related to the FWHM by the relation

T = \/8In2M,. (4.4)

The emission spectrum of Eu?* activated CsyCaP,O7:Eu?t and CsyCaP2O7:Eu?t is a broad
symmetrical band centered at 607 nm (16 474 cm™!) and 563 nm (17 762 cm™!) with full
width at half peak intensity (I'“") of 2191 cm™! and 2147 cm™!, respectively (Figures 4.3
and 4.4; Table 4.3). The phonon energy, Aiw, and the Huang-Rhys parameter, S, may be
calculated from the moments of the emission peaks. The phonon energies are 236 cm ™! for
CsyCaP207 and 248 cm ™! for CsySrP2O7. The S values represent the strength of the coupling
of the excited state to the vibrating lattice. A value of S = 0 would represent no vibrational
coupling and values of S > 10 would be large coupling. The S values calculated here are
18, and 17 for the calcium and strontium samples respectively which indicate a very strong
coupling to the octahedral ligands.

The key features of the Eu?" luminescence in both the calcium and strontium samples
are the energetic locations of the two emission peaks. Both are at unusually long wavelengths
which are not generally supported by divalent europium ions in phosphate materials. Specif-
ically, CsyCaP5O7:Eu?" is well into the orange at 600 nm and CsySrP,O7:Eu?t is yellow
at 560 nm. Based on all known available data and a thorough literature search [49], these

emissions are at the lowest ever observed in a Eu** doped phosphate based material.
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4.4 THE STOKES SHIFT (AS)

The Stokes shift is defined as the absolute energy difference between the emission and exci-
tation maxima

AS = |E*™ — Eee|. (4.5)

The values E°* and AS are listed in Table 4.3. The Stokes shifts for both samples are ~ 1 eV.
Ideally, the ZPL would be determined experimentally, by reaching a low enough temperature
that a very sharp and narrow peak on both the excitation and emission data would be present
and converge at the ZPL energy (E#"%). We did not see such a line. This result is anticipated
due to the strong coupling constants for both compounds. Another, less accurate, method
for determining AS that has been reported [50] is by first determining the position of the
Zero Phonon Line. If the energy bands are symmetric, then AS is simply twice the energy
difference of EZPL and E°™ (the emission peak energy). If the bands are asymmetric, as is
the case with these samples, then this method is invalid. Instead, the ZPL was determined
by using three different methods. The first method is that of taking E4"* to be located at a
position between 10-15% of the maximum intensity of the excitation spectrum. Second, is to
approximate E#P to be located at the point of intersection of the excitation and emission
curves. The third method that was employed was to determine the onset of emission as an
upper energy bound and the onset of excitation as a lower energy bound and averaging the

EZPL

two values. The obtained from all methods reasonably agree to within 100 to 200

cm ™!

and the values using method three are reported in Table 4.3. Ultimately, because of
the asymmetry and the uncertainty in the location of the lowest excitation band, the Stokes

shift was determined by the equation
AS =2 x |BE#PE — pem|. (4.6)

In the literature, the most frequent, or average value, for the Stokes shift of Eu?* in solids
is reported to be 1350 cm™! (0.16 eV)[49]. The values of the Stokes shift that we obtained

are on the order of one electron volt in the CsyM?*P,07:Eu?t materials which are extremely
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large compared to the reported values. The reasons for this extremely large Stokes shift will

be examined shortly.

4.5 LIFETIME: TEMPERATURE DEPENDENCE, AND QUENCHING

Time resolved spectroscopy measures the rate of change in the population of these electrons.
The rate of relaxation of the excited electrons to the ground state is a function of the total
number of excited electrons and their transition probability. If there is only one emission
center then the relaxation rate decreases exponentially over time as the number of electrons
in the excited state decreases.

Lifetime curves were collected every 25 K and then the characteristic lifetimes were
determined by use of a graphical data analysis program. All of the data that were collected
for both samples were shown to be of single exponential character. Lifetime data for both
CsyCaP,07:Eu?t and CsySrPyO7:Eu?t at three different temperatures are shown in Figures
4.5 and 4.6. The decay times were determined at each temperature by fitting of a single

exponential decay curve of the form

(t—to)

N=c+ N(t,)e = (4.7)

where N is the number of photon counts observed at time ¢, ¢ is a constant background
factor, t, is the initial start of decay, N(t,) is the number of counts at t, (amplitude), and 7
is the lifetime of emission.

The lifetime of the Eu?* emission and in general for any luminescent center is temperature
dependent. As the temperature rises one can expect that at some critical temperature the
lifetime of the emission will begin to decrease and upon further heating reach a temperature
at which it no longer radiates. The temperature dependence of the emission lifetimes of
CsyCaP507 and CsySrPsO7 are shown in figures 4.7 and 4.8. The lifetime at any temperature,

7(T), is given by the equation

- 4+ — (4.8)
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Figure 4.5: Characteristic lifetime data for Cs,CaP,O7:Eu?t at three different temperatures.
The red curves are the single exponential curve fits to the data.
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Figure 4.6: Characteristic lifetime data for CsySrPoO7:Eu?t at three different temperatures.

The red curves are the single exponential curve fits to the data.
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where 7, is the zero temperature radiative lifetime, and 7y is the non-radiative lifetime. The
data were fitted to the above equation by assuming that 7y varies following an Arrhenius
law:

— = Ae T (4.9)

where k is the Boltzmann constant, AE is the activation energy of thermal quenching, and
A is a constant. The red curves in figures 4.7 and 4.8 are the best fit curves from equation
4.8. The temperature at which the lifetime has reached half of its initial value is defined as
the quenching temperature Ty 5. From the best fit curves, the values are 7, = 1.2 us and 1.3
ps, g = 1.2x 107 sand 7.14 x 1071 s, AE = 7394 cm ™! and 7900 cm ™!, and Ty 5 ~ 600
K and 600 K for the Cs,CaP507; and CsySrP,O; materials respectively. These values are
compiled in Table 4.5.

The radiative lifetime of approximately 1.2 ps in both materials is consistent with the
average reported lifetime for normal Eu?* emission. The values of both Ty5 and AE are
very high in Cs,CaP,07:Eu?t and CsySrP,O7:Eu?t. The normal quenching temperatures
are usually between 100 and 300 K [49].

Dorenbos has attributed the thermal quenching to one main mechanism in Eu?* con-
taining material. It is the transfer of an electron from the lowest state of the relaxed Eu*
4f95d" electronic configuration to the host lattice conduction band states [51]. The normal
idea of a configurational coordinate diagram must be modified in order to account for the
idea of thermal quenching due to level crossing in Eu?* containing solids. Therefore, the acti-
vation energy is more appropriately thought of as the energy required to raise the electron
from the relaxed excited state into the host lattice conduction band. Due to this, there may
not be a direct relation between the Stokes shift and the quenching temperature.

The high quenching temperature of the Eu?>* emission in Cs;CaP>O7:Eu?t and Cs,SrP,O7:Eu?t
indicates that the lowest energy state of the relaxed Eu** 4f°5d" electronic configuration is

well isolated from the host lattice conduction band. A high quenching temperature has also
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Phosphor E | B [ Tem | D2+, A) | e | BT AS | hw | S
Cs,CaP,07:Eu™ | 25029 | 16583 | 2361 9000 4517 | 20833 | 8446 | 236 | 18
CsyStPyO7:Eu™ | 25655 | 17475 | 2394 8381 4194 | 21645 | 8180 | 248 | 17

Table 4.2: Peak energy of the 4f7 4f° [TFg]5d! excitation transition E*, peak energy of
emission band E¢™, full width at half peak intensity of the emission band '™, the red shift
D(2+, A), centroid shift €. ,energy of the zero phonon line EZFL the stokes shift AS = Ee*-
E*™ the calculated phonon energy hw, and the Huang-Rhys parameter S; all values in cm ™!
(except S which is unitless) and at T= 80 K.
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Figure 4.7: Arrhenius plot for Cs,CaP5O7:Eu?* which is a measure of emission lifetime versus
temperature. The red curve is the Arrhenius model curve fit of Equation 4.8 to the data.
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Figure 4.8: Arrhenius plot for Cs,SrP>O7:Eu?t which is a measure of emission lifetime versus

temperature. The red curve is the Arrhenius model curve fit of Equation 4.8 to the data.

Phosphor To(us) | Twr(us) | AE(em™) | Tys (K)
CSQC&PQO7ZEU2+ 1.3 2.63x10~14 7394 600
CsySrP5O7:Eu?t 1.2 | 7.14x107% 7900 600

Table 4.3: The Values of the Parameters used in fitting the temperature dependence of the

lifetime data, the activation energy for thermal quenching (AF), and the thermal quenching

temperature 7} 5.
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been observed in other phosphates such as Sr3(POy4)s and Bag(POy)s where Ty5 > 550 K

[52] and also in the oxynitride SrSiyOsNy where Tj 5 is close to 600 K [53].

4.6 THE CENTROID SHIFT AND THE RED SHIFT

The centroid shift (e.) is defined as the average of the Eu?* 4 f%5d' electronic configuration
relative to that of the free ion value. For Eu?* in octahedral coordination, €. can be estimated

as [H4]

(4.10)

10D
€, = BITee — (E6z+c+ q>

r

where E/7¢ is the barycenter energy of the high spin 4 f°["F]5d* level in Eu** ion (4.93 eV)
and for octahedral symmetry, r = 5/2 [54]. The factor ¢ = 0.37 for Eu®*". It is a correction
factor that accounts for the difference between E°* and the barycenter energy of the first
Eu?t (4f7[*S7/a] — 4f%5d'[tay]) excitation band in CssM*TPO7(M = Ca, Sr):Eu®t which
is ~ 0.77 eV wide (see Table 4.2). It can therefore be calculated that for CsyCaPyO7:Eu*t
€. = 4517 cm™! (0.56 eV) and for CsySrP2O7:Eu®T €. = 4194 cm™! (0.52 eV).

The centroid shift in these materials is comparatively small. This indicates that the
covalent bonding between the Eu?* and the O?~ in CsyM?TP,07(M = Ca, Sr):Eu" is weak.
This is not unusual because the Eu?"-0?~ bonding is expected to be more ionic due to the
strong covalency within the phosphate groups.

The shift in energy away from the free ion energy of a defect ion is known as the red
shift, D(2+, A) for divalent lanthanides in a given host material A. This value is indicative
of both the strength of the crystal field splitting and the centroid shift. It can be determined
from the following

D(2+4,A) = Bfree — pee (4.11)
Where E/7¢ is the energy difference between the ground state and the 4 f6["Fo]5d! excited
state in the free ion level (34036 cm™?!, 4.22 €V in Eu®*"). One can see from Table 4.3 that

the red shift for Cs,CaPyO7:Eu?T is larger than that of Cs,SrP,O7:Eu?t because of both the

larger centroid shift and the larger crystal field splitting for the calcium sample.
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CHAPTER 5

DiscussionN

The excitation and emission characteristics of Eu?* in Cs,CaPy0; and Cs,SrP,0; are very
interesting. First, the emission bands are centered at 607 nm and 563 nm for the calcium
and strontium samples respectively. These values are the farthest red-shifted emission peaks
that have been reported in the literature concerning Eu?T doped phosphate compounds.
Second, the Stokes shift is very large (=~ 1 eV) for both compounds. Third, the quenching
temperature Tj 5 is high. Despite the large Stokes shift, the emission originates from a normal

4£55d" — 4f7 emission.

5.1 Eu?t EXCITATION

For a free Eu?t ion the 4f%5d' absorption transition is observed at 33856 cm~!. The free
ion energies for Eu?* and the other divalent lanthanides are schematically represented in
figure 5.1. It is common to observe a staircase like structure in the excitation spectra. When
the crystal field splitting is large, as found in many octahedrally coordinated compounds
[57], the lowest step of the staircase is associated with the lowest 4 f¢5d" level. Examples of
well resolved spectra have been shown in KMgF; [58], EuFy [59], BaFy [60], and Sr3(POy).
[61]. In such samples the energy level of the first f — d transition can be determined to
within 500 cm ™. Further, for octahedral crystal fields the Eu?*excited 4 f°5d levels are split
into two bands. The lower energy band, ¢y, is three fold degenerate and corresponds to the
electronic wavefunctions occupying the positions off axis with respect to the ligands. The
higher energy band ey is two fold degenerate and those states arise from excitations along

the ligand axes.
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Figure 5.1: Free ion energies for the divalent lanthanides [73].
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Some of the observed splitting in the excitation spectra of Cs;CaP207 and CsySrPoO7 may
be due to a dynamic Jahn—Teller effect. According to the theory of Jahn and Teller, the sym-
metric nuclear configuration of an electronic state that is orbitally degenerate is unstable.
For the case of octahedral symmetry, the three fold degenerate t5, is unstable and through
coupling to the lattice will be reconfigured in such a way as to remove the degeneracy. The
phosphate groups to which the O%~ ligands are attached have large vibrational modes (1200
cm™ ') and provide a probable pathway for the distortion of the 4f65d" (t5,) states. The
extent of the distortion due to this effect is unclear because the theory makes no mention as

to the magnitude of distortion that is necessary to remove degeneracy [62—64].

5.2 Eu?t EmissioN TYPES

There are three basic types of emission associated with Eu?* in inorganic solids [65]. Normal
d — f broad band emission, f — f narrrow line emission, and “anomalous” emission. All
three types involve excitation from the ground state to the 4f%5d' levels of Eu?T and the

final state after emission is the 4f7 [¥S;/5] ground state of Eu*".

5.2.1 NORMAL d — f EMISSION

Normal emission is characterized by the spin and dipole allowed df transitions. The electrons
drop from the 4f55d' level back down to the 4f7 ground state. The band width of the
transition is broad and usually lies between 1000 - 3000 cm~!. The Stokes shift of such
an emission is most frequently reported as < 4000 cm™! [65]. Emission from this level is
characterized by a high quenching temperature. The emission peak location does not shift
upon changing temperature, and the radiative lifetime for such a transition is typically on

the order of 700 us.
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5.2.2 NARROW LINE f — f EMISSION

This normal emission from the df levels in the divalent europium may sometimes be quenched
by phonon relaxation from the excited 5d levels to that of the 4f7 configuration. Typically,
this may occur when the 4f7 [°P7/,] level lies just below the lowest 4/°5d" level. Upon
excitation into the 5d state, a phonon relaxation allows the electron to cross into the 4f7
[°P7 /2] which is followed by narrow line °P7/2 —®S;/o emission. This emission type is seen
experimentally in both BaFCl:Eu?* and SrFCL:Eu®** [66]. Lifetimes for this type of emission

are on the order of 100’s of us and is typically quenched at room temperature.

5.2.3 “ANoMALOUS” ExciToNIC EMISSION

Anomalous emission is attributed to an impurity trapped exciton. Upon excitation of
Eu?* into the 4f%5d' levels, the electron becomes ionized into the conduction band of the
host material [67, 68]. The electron then becomes localized on the cations around the hole
that was left on the Eu?* impurity. Upon radiative transfer of this exciton back to the
ground state of Eu?* the “anomalous” emission occurs. Blasse, Lizzo et. al., and Poort et.
al. have all reported cases of anomalous emission [69-71]. Dorenbos has detailed list of many
other compounds that appear to demonstrate anomalous behavior [65]. Some characteristics

associated with anomalous emission are:
1. The Stokes shift is very large (5000-10000 cm™!).
2. The emission full width half maximum (T,,,) is very broad (> 4000 cm™1).
3. The lifetime of emission is generally longer than 100’s of us.
4. The emission intensity is usually quenched by 400 K.

5. The emission may show an anomalous temperature behavior. For example, the emission

peak for BaHfOj3 shifts from 595 nm (4.2 K) to 479 nm (room temperature)[72].
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This emission type is thought to involve conduction band states of the host compound
and depend on the size of the lanthanide ion, the size of the site occupied, the size of the
anions in the compound, and the binding strength of the oxygen ligands [73]. It has been
reported that in certain compounds the 5d level of the impurity lanthanide can lie very
close to the conduction band [67, 68, 70, 74-81] and this includes the Eu?* ion. It is now
generally accepted that the location of the 5d state relative to the conduction band states is
directly related to the presence of anomalous emission. If the 5d level is close enough so that
phonon absorption can autoionize the lanthanide or if the 5d level may actually lie within the
conduction band, then anomalous emission is likely to occur. Another feature of anomalous
emission is significant thermal quenching of the emission at temperatures below 400 K when
the 5d level is close to the conduction band.

Figure 5.2 is a possible configuration coordinate diagram for an impurity lanthanide with
several methods for relaxation from the d level excited state back to the ground state. To
draw the diagram, realistic values from BaF5:Eu?T and SrFy:Yb?* data were used. Point A
on parabola a represents the energy of the 4f™ ground state, where n is the number of f
electrons. Next the electron is excited to the 5d level and point B on parabola b is reached.
Due to lattice relaxation the system settles into point C' on parabola b and from here several
transition paths to the ground state may occur. In the case of StF5:Yb?", the system relaxes
to the impurity-trapped exciton state indicated by point F on parabola d. The ray EF
represents the anomalous emission. It can be characterized by a 0.6 eV wide (FWHM) and
1.55 eV high Stokes-shifted emission band. At room temperature, the BaFy:Eu?" system
relaxes to point GG on parabola e; this is followed by anomalous emission (C?)? ) at 590 nm.
At low temperature, however, normal df emission at 403 nm (C’—>D) with a small Stokes
shift of 0.17 eV has been reported for BaFy:Eu?*. Parabola c represents an excited state of
the 4f™ configuration. Via the crossing point with parabola d, the anomalous emission is
quenched and the excited 4" state becomes populated. The existence of the "Fg and ?Fj /2

levels in Sm?* and Tm?" is very likely the reason that anomalous emission has never been
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observed for these lanthanides. It has only been observed for Eu?t and Yb?*, precisely those
lanthanides where excited 4fn levels, that may quench anomalous emission, are absent.
Eu?T is the most stable divalent lanthanide due to its half-filled (4f7) valence shell.
Dorenbos has compiled a list of the spectroscopic properties of Eu?* in over 300 different
compounds (fluorides, chlorides, bromides, iodides, oxides, sulfides, selenides, and nitrides).
At 293 K the average values are AS ~ 1350 cm™! and T',,,, &~ 1600 cm~![65]. Although these
are the expected values, there remains a very broad range in which one can expect to find

the normal emission values.

5.3  ARGUMENTS AGAINST EXCITONIC EMISSION

5.3.1 STOKES SHIFT

The stokes shifts in Csy;CaP20O7 and CsySrP,O;  are abnormally large in both materials.
This observation is in accord with the assignment of anomalous emission to the emission
peaks of the calcium and strontium samples. However, in general, a large Stokes shift may
be indicative of substantial geometric distortions around the Eu?* in the excited state. These
distortions could also be due in part to noticeable movement of the Eu?* ion from its central
position and this could further be agitated by rotational distortions by the phosphate groups
upon optical excitation. These types of distortions have been reported in Ce3* doped halides
and in LaPO,. Moreover, with the (Eu?*-0%") bond distances shortening in the excited
state upon 4% — 5d(ts,) excitation, then this will lead to large crystal field splitting. All of
this will lead to a shift to lower energy for the 4 f°5d' emission and result in a larger Stokes
shift.

In fact, the large Stokes shift is not so much of an unusual characteristic for df emission
transitions for octahedrally coordinated rare earth ions. For example, the Stokes shift of
6373 cm™! (0.79 eV) and 8474 cm™! (1.05 eV) have been reported for the Ce3* df emission

transition in the elpasolites, RboNaScFg and CsyNaYFg respectively [83]. These values are
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very large compared to the average literature reported value of 2200 cm™" (0.27 eV) [84] for

Ce3* emission in solids.

5.3.2 EMISSION BAND WIDTH

The full width half maximum for the emission band, I',,, is very broad in divalent europium
compounds exhibiting anomalous emission. I',, in the Cs;CaP207; and CsySrP2O; samples
are relatively narrow (2361 cm ™! and 2394 cm™! respectively) compared with that of anoma-
lous emission. Further, the width of emission here is described by the large coupling of the

4f05d" excited state to the lattice.

5.3.3 LIFETIME

The characteristic lifetime of the normal Eu®t 4f95d" — 4f7[*S;/5] emission transition is
around 1.2 us. Data from Dorenbos regarding anomalous emission in compounds are compiled
in Table 5.3.3 [65]. It is seen that, with the exception of SryLiSiO4F, the lifetimes representing
an anomalous emission are all longer than 1.1 us.

Specifically, the case of Eu** activated BaaMg(BO3)s (7405 = 12.6 us) is instructive since
it exhibits an unusually long lifetime [86]. This longer lifetime is indicative of the anomalous
emission due to the impurity trapped excitonic state of the Eu?* ion. The values of the

CsoM2TP,O":Eu?t is ~ 1.2us, and this is associated with the normal emission transition.

5.3.4 THERMAL QUENCHING OF THE EU?T EMISSION

A low emission quenching temperature is one of the associated factors related with anoma-
lous emission, however, it is most definitely not the sole indicator for an impurity trapped
exciton level. Normal Eu?* emission may quench at relatively low temperatures if the excited
4f5["F]5d" level is located close to the conduction band. This case has been encountered in
Eu?* activated SrSiOz and CaSiO3 with Tj 5 near 100 K [86]. The Stokes shift of the emission

is small (1500-1900 cm ™) with 740x =0.7 us. Since the lifetime is suggestive of the normal
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emission, the impurity trapped exciton is not the lowest energy state in SrSiO3 and CaSiOs.
The quenching temperature of the normal Eu?* emission depends on the band gap of the
host lattice.

The thermal quenching temperatures listed in Table 5.3.3 are all relatively low. Tj 5 ranges
from 80 K for BaF, to 460 K for BaSi,O5. The quenching temperatures in Cs,M2?*P,O7:Eu?*t
are much higher (755 = 600 K). Both the Tj 5 and the lifetime values indicate that the states
of the Eu?* 4f%5d* electronic states are well isolated from the host lattice conduction band.

Comparing the values Ty 5 and ES" in Table 5.3.3 to the present materials under inves-
tigation is particularly interesting. It is seen that, with the exception of BaFsy, all of the
materials exhibit an increase in 75 with the increasing energy of the emitted photon ES".

This is contrary to the low emission energy and high Tp 5 of CsoM2TP,O":Eu?T.

5.3.5 EMISSION PEAK STABLE WITH TEMPERATURE

For anomalous emission, there is a shift of the emission peak (on the order of 100’s of
nanometers) toward shorter wavelengths as the temperature increases e.g. BaFy:Eu** [66, 68)].
The emission spectra of Eu?* in Cs,CaP50; and CsySrP,O; do shift by 15 nm to shorter
wavelength when the temperature is increased from 7" = 77 K to 573 K. However, this is a
slight change relative to that of anomalous emission and is expected due to the decreasing

crystal field strength at increasing temperatures.

5.4 FUTURE WORK

A natural progression of this work is to substitute for the alkali metal (Rb for Cs) and observe
the changes in optical properties. Upon changing to RbyCaP,07 and RbySrP,O7, the lattice
constant decreases and thereby increases the crystal field strength. The room temperature
emission spectrum of RbySrP,O7:EuT has recently been measured. The emission peak max-
imum is located near 576 nm (17360 cm~'). This is a shift to lower energy with respect to

CsySrPoO7:Eu?t (17475 cm™!) as is expected with an increased crystal field strength. This
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result suggests that the observation of Eu** emission in A;MP,O; compounds (A = Cs,
Rb; M = Ca, Sr) is from the normal 4%5d' — 4f7 transition. However, a complete optical

characterization of these compounds is necessary to validate this claim.
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Host E< | Er | AS rem Tos 7(u8) Ref
(K) | 4.2 K/RT

BaS 18315 | 11389 | 6925 3980 ~200 | Afterglow [85]
BayLiB504¢ | 26697 | 15808 | 10807 | 2419 (4 K) | 320 2.9/1.1 [65, 84, 86]
Ba,Mg(BO3), | 24196 | 16453 | 7743 3791 310 | 12.6/5.4 | [65, 84, 86]

BaySiO; T 16949 | - 2581 ~420 | 2.7 (100 K) [87]
BaF, 26132 | 17179 | 9195 | 4113 (77 K) | 80 1.8/~ | [65, 84, 6]

St3(BO5)2 | 20620 | 17301 | 3306 | 4033 (4 K) | >150 | 2.5/ 73, 88

SroLiSiO4F | 25000 | 18712 | 6210 3952 450 1.2/1.1 [65, 73, 86]

BaSi,05 T [10196 | - - 160 | 3.3/31 [36]

Table 5.1: The optical properties of the Eu?* ion in materials suspected of supporting anoma-
lous emission; ES is the peak energy of emission band; I'?" is the full width at half maximum
of the emission band; 7 is the lifetime at 4.2 K and room temperature. All values are in cm™!
unless otherwise noted.



CHAPTER 6

SUMMARY

The very large Stokes shift for these materials is in conflict with the general experience of
the normal Eu?* luminescence. Generally, a large Stokes shift is associated with anomalous
emission related to self trapped excitons. However, based on the evidence of normal radiative
lifetimes (~ 1.2 ps) and extremely high quenching temperatures of luminescence and the
normal range of the full width half maximum values, it is concluded that the Eu?* emission
in CssM?*TP,07 originates from the lowest ¢y, state of the 4f%5d" electronic configuration
and is a normal d — f emission.

The reasons for the observed luminescent characteristics arise from the substantial reduc-
tion of energy and increased splitting of the 8S7/, ground and "Dy first excited states for the
CsoyM?*P,07(M = Ca, Sr):Eu®" crystals. I, (the emission full width half maximum), 7.,
(the radiative lifetime), and 7}, (the thermal quenching temperature) are all well within
normal limits and are consistent with normal df emission in Eu?* containing compounds.
This means that the 5d levels in Eu?>* do not cross over into the conduction band, and the
the emission characteristics demonstrate the farthest D(24, A) (redshift) observed to date

in phosphates.
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