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1. Introduction

Since the beginning of the investigations on complex rare-earth luminescence

spectra in the 1860s [1], rare-earth doped crystals and glasses have been em-

ployed as active media in various kinds of conventional luminescence and fre-

quency converting devices. They are typically used as laser gain media [2, 3] and

for ionizing radiation detection [4, 5]. Quite recently rare-earth doped materi-

als also attracted interest for photovoltaic applications, namely as upconverting

bottom layers for bifacial silicon solar cells, which can improve solar cell effi-

ciencies by converting infrared (IR) subbandgap photons of the solar spectrum

into visible (VIS) photons useable for electrical power generation [6, 7]. Fig-

ure 1.1(a) shows the upconverted luminescence in an Er3+-doped fluorozirconate

(FZ) glass under IR excitation [8].

Glassy rare-earth hosts offer significant advantages over crystals. Their pro-

duction is less challenging and their achievable size is not limited. For instance,

large-area glass plates which can be attached to solar cells would be conceivable.

Furthermore, they can be drawn into fibers making many luminescence and laser

applications such as rare-earth doped fiber amplifiers possible. As a represen-

tative example, an Yb3+-doped fiber amplifier is shown in Figure 1.1(b) [9].

However, the best radiative emission quantum efficiencies of rare-earth ions are

usually obtained with crystalline host materials, but single crystals are very

expensive and polycrystalline media cause scattering losses. Recently, glass

ceramics became subject of research interest, being used as alternative host

materials that combine the advantages of glasses with the beneficial lumines-

cence properties of crystals [10]. In Refs. [11, 12] it was shown that Eu2+-doped

transparent fluorochlorozirconate (FCZ) glass ceramics used as X-ray scintilla-

tors or storage phosphors provide superior resolution as compared to competing

polycrystalline materials owing to lower light scattering. Figure 1.1(c) presents

an X-ray scintillation image recorded with such an Eu2+-doped FCZ glass ce-

ramic [11].

The present work also deals with FCZ glasses and glass ceramics. FCZ glass

ceramics have been developed in the 2000s by the groups of Schweizer, Johnson,

and Williams [11, 13, 14]; they have already been proven to be suitable host

materials for Eu2+. These FZ-based hosts belong to the class of heavy metal

fluoride glasses, which was discovered in 1974 by Poulain et al. [15]. FZ-based

glasses provide high transparency from the near ultraviolet (UV) up to 7 µm [16]

and low maximum phonon energies of about 600 cm−1 [17] (for convenience

given in wavenumbers). The FCZ glass formulation is close to the well-known

ZBLAN composition [18], but some fluorides are substituted by chlorides, which

1



1. Introduction

Figure 1.1.: Different applications of rare-earth doped glasses and glass ceramics.

(a) Upconverted photoluminescence in an Er3+-doped FZ glass excited with an IR

laser diode [8], (b) Yb3+-doped glass fiber amplifier [9], and (c) scintillation image of

a mouse joint recorded with an Eu2+-doped FZ-based glass ceramic [11].

initiate the formation of BaCl2 nanocrystals within the glass and hence a ce-

ramization upon appropriate thermal processing. The FCZ glass ceramics ex-

hibit mechanical properties similar to ZBLAN glasses [19]. Eu2+-doped FCZ

glass ceramics have been intensively researched [20, 11, 12, 21, 22, 23], because

of their high potential for medical imaging applications. It was shown that

the growth of the BaCl2 nanocrystals results in a strong Eu2+ luminescence

when excited accordingly, which is related to an incorporation of Eu2+ into the

BaCl2 nanocrystals [20]. Depending on the annealing conditions the crystallites

formed have sizes between about 10 and 100 nm and crystallize either in the

orthorhombic (space group Pnma [24]) or hexagonal (space group P 6̄2m [25])

structure of BaCl2.

It was also possible to induce the growth of hexagonal BaCl2 nanocrystals in

Nd3+-doped FCZ glasses [26]. In Ref. [26] it was shown that this nanocrystal

formation leads to enhanced upconverted Nd3+ photoluminescence (PL). How-

ever, the mechanism behind this PL enhancement for trivalent rare-earth ions

was not further analyzed. A major luminescence quenching mechanism of triva-

lent rare-earth ions, especially in glass hosts, is multiphonon relaxation (MPR).

It is important to use low phonon energy materials as rare-earth hosts in order to

reduce nonradiative losses by MPR. Although FZ glasses are among the glasses

with the lowest phonon energies (maximum phonon energy h̄ωmax ≈ 600 cm−1),

the MPR rates in FZ glasses are for most rare-earth levels at least two orders

of magnitude higher than the radiative decay rates of typical 4f -4f transitions

in rare-earth ions [27, 28]. Whereas MPR was intensively studied and is well

understood in crystals and glasses [29, 30, 31, 32, 27], comparable investigations

about MPR in glass ceramics do not exist.

The aim of this thesis is to investigate FCZ glass ceramics as alternative

rare-earth host materials in order to be able to optimize them in terms of two

different applicational aspects. The first task is to examine the influence of the

BaCl2 nanocrystals, also in dependence on their phase and size, on the PL prop-

erties of trivalent rare-earth ions. Secondly, the oxidation state of embedded
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rare-earth ions, which is important for X-ray luminescence (XL)-based medical

imaging applications of these glass ceramics, is investigated. For the former

purpose, a series of Nd3+-doped glasses and glass ceramics is prepared and

characterized in the framework of this work (Chapter 4). Effects of lumines-

cence enhancement and related rare-earth relaxation dynamics are examined by

time-resolved PL spectroscopy of optical transitions between different rare-earth

levels (Chapter 5). The MPR properties, which are basically determined by the

rare-earth host material, play an important role here. Nd3+ is investigated as a

model rare-earth ion, since it is particularly suitable for the estimation of MPR

rates of various rare-earth electronic levels. The dependence of the MPR rate

on the energy gap to the next lower level is investigated as well. An exponential

dependence on the energy gap was found for various glasses and crystals [32].

This work answers whether a comparable “energy gap law” exists for the FCZ

glass ceramics studied.

In this context, the phonon spectra of the different samples are also investi-

gated (Chapter 6), because the phonon energy of the rare-earth host material

has a significant influence on the MPR rates of the rare-earth levels and hence

may determine their luminescence efficiencies. Not only the phonon spectra of

the base glasses are of interest in this respect, but also those of the nanocrystals

protected by the embedding glass matrix. Raman data of BaCl2 crystals are

rare in literature due to their sensitivity to atmospheric moisture. Thus, there

is also fundamental interest in the phonon spectra of these crystals, in partic-

ular because the phonon spectra of the occurring metastable hexagonal phase

of BaCl2, which cannot be grown as a bulk crystal [33], were not investigated

until now. Additionally, the influence of the crystallite size on the phonon spec-

tra is explored. Besides Raman measurements, an ab initio study is performed

in order to examine whether it is possible to predict the phonon spectra of

the different structural phases of BaCl2 from density functional theory (DFT)

calculations.

Concerning the oxidation state of rare-earth ions it should be noted that Eu

occurs in a trivalent as well as in a divalent valence state in solids contrary

to most rare-earths. For the use of Eu-doped FCZ glass ceramics as X-ray

storage phosphors or scintillators, it is important to avoid the oxidation of

Eu2+ into Eu3+; Eu2+ shows a strong luminescence upon X-ray excitation.

To develop further these materials, Mössbauer spectroscopy is evaluated as a

method to determine the Eu2+-to-Eu3+ ratio. Furthermore, routes to maximize

the divalent Eu content are investigated (Chapter 7).

The physical background and the different experimental and theoretical meth-

ods used for this work are introduced in Chapter 2 and 3, respectively. The

results presented and analyzed in Chapters 4-7 are discussed in a wider context

in Chapter 8. Chapter 9 summarizes the main results of this thesis and gives

an outlook for future work.
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2. Fundamentals

The luminescence properties of rare-earth doped solids depend on various fac-

tors. Besides the radiative transition probabilities, interactions of the rare-earth

ions among themselves and interactions between the rare-earth ions and the em-

bedding matrix play an important role. For the quantum efficiency optimization

of the considered glassy hosts, MPR is a crucial process but controllable pro-

cess. Since the vibrational properties of the host material determine the rates of

MPR losses, they have a significant influence on the luminescence efficiency of

the embedded rare-earth ions. This chapter is organized as follows: After a gen-

eral description of optical transitions in rare-earth ions, the different processes

and loss mechanisms that influence the luminescence efficiency are discussed.

Subsequently, the basic theory of MPR and the corresponding physical depen-

dencies are presented. At the end of this chapter, the basic physics of vibrations

in solids are briefly reviewed.

2.1. Rare-earth luminescence

2.1.1. Optical transitions in rare-earth ions

The rare-earths of interest for luminescence applications are the elements of the

sixth row of the periodic table with the atomic number varying from 58 (cerium)

to 70 (ytterbium). They are characterized by an incompletely filled 4f shell

that is shielded by completely filled 5s2 and 5p6 shells. When incorporated into

solid hosts, they occur as trivalent, or occasionally as divalent rare-earth ions.

Trivalent rare-earths provide interesting luminescence spectra: They exhibit a

large number of narrow emission bands covering a wide spectral range from the

near UV into the near IR (NIR). Also some divalent rare-earth ions (notably

Sm2+ and Eu2+) exhibit luminescence emissions bands. Figure 2.1 gives an

overview on energy levels of trivalent rare-earth ions in crystalline LaF3 ar-

ranged according to the number n of 4f electrons ranging from n = 1 (cerium)

to n = 13 (ytterbium).

Luminescence from excited trivalent rare-earth ions is caused by radiative

transitions between these levels of the 4fn shell. The spectral positions of

the levels arise from a combination of the electrostatic interaction between the

carriers, the spin-orbit interaction and the interaction with the crystal field of

the environment. The free ion interactions (i.e. all interactions except from the

crystal field interaction) yields a set of degenerated terms with the spectroscopic
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2. Fundamentals

Figure 2.1.: Energy levels schemes of trivalent rare-earth ions in crystalline LaF3 based

on calculated free-ion and crystal field splittings [34]. Closely spaced levels are depicted

as bands.

notation 2S+1LJ with typical separations of a few 103 cm−1. L refers to the

total orbital angular momentum, S denotes the total spin, and J = S+L is the

total angular momentum due to all 4f electrons of the ion. The crystal field

splits each of the free ion levels into 2J+1 Stark components. As a consequence

of the relatively strong shielding of the 4f shell from the external crystal field

by 5s2 and 5p6 electrons, the Stark splitting is small (usually a few 102 cm−1)

and the energy levels as well as the radiative transitions of the rare-earths are

6



2.1. Rare-earth luminescence

relatively insensitive to the kind of host material in which they are incorporated.

Electric dipole transitions between 4f states are parity forbidden. However,

in most hosts, intra-4f electric dipole transitions of rare-earth ions are observed;

they become partially allowed since the crystal field admixes states of opposite

parity into the 4f levels [35]. Thus, the crystal field determines the strength of

the radiative transitions. Nevertheless, the transition probabilities are low and

hence luminescence lifetimes are relatively long (usually 10−6 to 10−3 s) and

the corresponding linewidths are narrow.

The radiative transition probabilities of intra-4f transitions can be obtained

by using Judd-Ofelt theory [36, 37]. This theory states that the oscillator

strength of a 4f -4f transition can be calculated by a set of three phenomeno-

logical host parameters (the Judd-Ofelt parameters) when the quantum states

(basically determined by the 4fn configuration and the quantum numbers L, S

and J) of the initial and the final level are known. Physically, the Judd-Ofelt

parameters completely describe the influence of the crystal field of a particular

host on the transition probabilities of intra-4f transitions. These host parame-

ters can be determined by experimental means (e.g. from absorption spectra) or

they can be directly calculated when the rare-earth ions occupy a low symmetry

site. Once these three parameters are known for a certain rare-earth ion in a

given host, the radiative absorption and emission probabilities can be estimated

for any pair of levels. The Judd-Ofelt parameters of most host materials are

tabulated in the literature.

2.1.2. Luminescence efficiency and competing mechanisms

Besides low radiative transition probabilities, various quenching mechanisms

can lead to low rare-earth luminescence efficiencies in solid hosts. For illustra-

tion, the relaxation from an excited rare-earth level j that might be populated

directly by resonant radiative absorption or via indirect excitation pathways is

considered. Basically, two main processes compete with radiative transitions.

The first process is the nonradiative decay, where a part of the excitation en-

ergy is converted into host vibrations by the emission of phonons; the process

is known as MPR and is described in Section 2.2. Secondly, nonradiative en-

ergy transfer via ion-ion interactions can reduce the excitation energy. The

luminescence lifetime of an excited level j is given by

τ−1
j =

∑
i

(Aji +Wji) , (2.1)

where Aji and Wji are the radiative and the nonradiative transition rates from

level j to levels i, respectively. The summation is over all final levels i. Nonra-

diative processes with the probabilities Wji include MPR and energy transfer

between different ions. In the experiments reported in this work, the rare-earth

doping levels are low such that ion-ion interactions are negligible.

7



2. Fundamentals

Figure 2.2.: Representative decay scheme for trivalent rare-earth ions in a matrix.

The dashed arrow denotes the excitation; the wavy and solid arrows denote nonradia-

tive (dominated by MPR) and radiative decays, respectively, whereas one wavy arrow

corresponds to one emitted phonon.

The radiative quantum efficiency of level j is defined as

ηj =

∑
iAji∑

i (Aji +Wji)
= τj ·

∑
i

Aji . (2.2)

The radiative rates (typically between 103 and 105 s−1) are only barely host-

dependent (see Section 2.1.1) whereas the rates for nonradiative transitions by

MPR are strongly host-dependent (see Section 2.2.1). Luminescence quenching

occurs when an excited rare-earth level is rapidly depopulated by nonradiative

decays (W ≫ A). This is especially the case when only a few phonons are

required to bridge the energy gap from the considered level to the next-lower

level (processes with less than four phonon are usually in the sub-nanosecond

regime). This quenching is illustrated in the representative decay scheme in

Figure 2.2 where only one luminescent level is indicated.

The knowledge of two of the quantities τj ,
∑

Aji,
∑

Wji, and ηj allows for

a calculation of the other two quantities via Equations 2.1 and 2.2. As de-

scribed in Section 2.1.1 the radiative transition probabilities can be obtained

from Judd-Ofelt theory. The luminescence lifetimes can be measured by time-

resolved spectroscopy using pulsed selective excitation. A word of caution is

necessary here. Various additional processes may influence the measured time

dependence of the luminescence intensity; they have to be considered for each

used excitation/detection scenario. These processes are multiphonon absorption

(MPA), and several ion-ion interaction-based processes such as energy transfer

upconversion (ETU) and cross relaxation (CR) [38]. The time dependence of

a level’s population also depends on the excitation process; an instantaneous

population with a quasi delta pulse is not always given. Besides ground state

absorption (GSA), excited state absorption (ESA) may be relevant. Direct and
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2.2. Multiphonon relaxation

indirect excitation routes are in principle possible. MPA is the inverse process of

the MPR; its probability is usually 102 times (typical Boltzmann factor for the

considered systems) lower than the corresponding MPR process. The ion-ion

interaction processes only need to be considered for high rare-earth concentra-

tions (> 1 mol%) [39]. ESA requires that the pump pulse wavelength used for

the initial excitation (GSA) is resonant with a possible second excitation step

(ESA) from an excited level. Sufficiently low repetition rates allow for a basi-

cally complete relaxation of the excited population before the next excitation

pulse enters.

Finally, another important quantity is considered. To enable a comparison

of the luminescence efficiency of different luminescent materials, the absolute

quantum efficiency QE(λex, λem) is used. It is defined as the number Ne of

photons emitted by the sample in the wavelength range λem divided by the

number Nν of photons of the excitation light that is absorbed by the sample in

the wavelength range λex, i.e.

QE (λex, λem) =
Ne (λem)

Nν (λex)
. (2.3)

QE(λex, λem) depends significantly on the radiative quantum efficiencies ηj of

the involved rare-earth levels j. For the absolute luminescence quantum effi-

ciency, various other processes play a role such as radiative transfers to other

ions leading to reabsorption losses. Another principal difference between these

two quantities is that the radiative quantum efficiency is related to a certain

level j whereas the absolute quantum efficiency is related to the wavelength

ranges λem and λex.

2.2. Multiphonon relaxation

2.2.1. Theory of multiphonon processes

Multiphonon processes of rare-earths in crystals as well as in glasses are well

established. Excited electronic levels of rare-earth ions decay nonradiatively by

exciting phonons (or local vibrations) of the surrounding host material. When

the energy difference of the considered excited level to the next level below is

larger than the host’s phonon energy, several phonons are emitted to bridge the

energy gap. It is recognized that highest energy phonons of the host material

determine the nonradiative decay. This is evident, because the highest energy

phonons conserve energy in the lowest order and is thus the most probable

process. This is not only true for phonons in crystals, but also for vibrational

modes in glasses. It was demonstrated that the highest energy vibrations of

glasses, i.e. the stretching vibrations of the network former polyhedra, are in-

volved in the MPR rather than the lower energy vibrations of adjacent modes.

These lower energy modes may be partially involved when the energy gap is not

9



2. Fundamentals

bridged entirely by the highest energy phonons [38]. Empirically, it was found

that the MPR rate decreases exponentially with the energy gap and with the

number of bridging phonons, when this number is larger than two. The impor-

tance of the highest energy phonons and the exponential dependence of MPR

rates on the energy gap are established by numerous experimental investigations

of rare-earth doped glasses and crystals [30, 31, 27, 32, 38].

MPR of rare-earth ions in glasses results from the same physical processes

as in crystals. Lattice or network vibrations modulate the Stark field which

induces nonradiative transitions between rare-earth electronic levels. This is

the fundament of the theoretical treatment formulated by Kiel [40] for crystals;

it is based on time-dependent perturbation theory in higher orders. As a con-

tinuation of Kiel’s work, Riseberg and Moos [29] applied a phenomenological

approach which explains well the experimental data for crystals [30] and is also

applicable for glasses [31]. In the following paragraphs this approach is outlined

shortly.

Using a point charge model for the network ions, the interaction of the rare-

earth ion with the crystal field modulated by the lattice vibration can be ex-

pressed via the following Hamiltonian [29]:

H = V0 +
∑
i

ViQi +
∑
i,j

VijQiQj + ... . (2.4)

V0 is the static crystal field and the other terms represent the interaction with

the vibrating lattice. Qi and Qj are the network normal mode coordinates,

and Vi and Vi,j are partial derivations of the crystal field with respect to the

corresponding normal modes. Riseberg and Moos’ [29] treatment yields that

the p-th order MPR rate has the following form:

W
(p)
MPR = WMPR, 0

∏
i

(ni + 1)pi . (2.5)

WMPR,0 is the spontaneous MPR rate at T = 0 K. pi is the number of emitted

phonons with energy h̄ωi, i.e. the total number of phonons emitted in the tran-

sition (order of the process) is p =
∑

i pi. ni is the Bose-Einstein occupation

number of the phonon mode, being

ni = (exp (h̄ωi/kBT ) + 1)−1 . (2.6)

Assuming that phonons of single frequency h̄ω (i = 1, p = pi) are involved

in the decay, Equations 2.5 and 2.6 give the following approximation for the

temperature dependence of the MPR rate:

WMPR (T ) = WMPR, 0 ·
(

exp (h̄ω/kBT )

exp (h̄ω/kBT )− 1

)p

. (2.7)

The dependence of the MPR rate on the energy gap can be described consid-

ering the ratio of the p-order and the (p−1)-order MPR rates. As a consequence
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2.2. Multiphonon relaxation

of the convergence of the terms of the perturbation expansion the ratio is small,

i.e. [32]

W
(p)
MPR

W
(p−1)
MPR

= ε ≪ 1 ; (2.8)

ε is known as the electron-phonon coupling constant. Consequently, the p-order

MPR rate can be approximated as

W
(p)
MPR ≈ const. · εp = const.· exp (ln ε · p) . (2.9)

This means that the MPR rate decreases exponentially with the total number p

of phonons (note that ln ε is negative). Assuming that the decay is determined

by the highest energy phonons, the order p of the process is approximately

determined by the ratio of the energy gap ∆E and the cut-off phonon energy

h̄ωmax of the material, i.e.

p ≈ ∆E

h̄ωmax
. (2.10)

Defining α = − ln ε/h̄ωmax gives [32]

WMPR ≈ const. · exp
(

ln ε

h̄ωmax
·∆E

)
= const. · exp (−α ·∆E) , (2.11)

which shows that the MPR rate decreases exponentially with the energy gap

between the emitting level and the next lower level. Apart from the energy gap

of the corresponding rare-earth level, the MPR rate does not depend on the

specific rare-earth ion chosen.

2.2.2. Low phonon materials

Since nonradiative losses by MPR decrease exponentially with the number of

phonons required to bridge the energy gap ∆E of any rare-earth level to its

next lower level, the luminescence of a certain rare-earth level (with a given

∆E) depends significantly on the maximum phonon energy of the host. Thus,

it is important to choose low phonon materials as rare-earth hosts. Metal-

halide crystals with elements of high atomic mass are often used as rare-earth

hosts since they can provide very low phonon energies. However, for certain

applications, glasses are more interesting due to their mechanical properties;

particularly, the glass fabrication is comparatively easy, the achievable size is

not limited, and glasses can be drawn into fibers.

Table 2.1 lists the maximum phonon energies of two typical low phonon

energy halide crystals and various common glasses together with their MPR

rates for a given energy gap of ∆E = 1, 000 cm−1. The comparison shows the

tendency of the MPR rate to decrease with the maximum phonon energy of

11



2. Fundamentals

Table 2.1.: Maximum phonon energies h̄ωmax (given in cm−1) and MPR rates WMPR

(given in s−1) at ∆E = 1, 000 cm−1 of various glasses and halide crystals.

matrix h̄ωmax WMPR Ref.

borate glass 1,400 1011 [41]

phosphate glass 1,200 1010 [41]

silicate glass 1,100 1010 [27]

germanate glass 900 108 [41]

tellurite glass 700 108 [41]

fluorozirconate glass 600 107 [17], [39]

LaF3 crystal 350 106 [29]

PbCl2 crystal 200 105 [42], [43]

the matrix material. The listed halide crystals LaF3 and PbCl2 with maximum

phonon energies of 180 and 350 cm−1 provide the lowest MPR rates, being

about 105 and 106 s−1, respectively. The maximum phonon energies of the

listed glasses range from 600 to 1,400 cm−1; the corresponding MPR rates

range from 107 to 1011 s−1. The fact that the phonon energies of the matrix

materials differ by less than one order of magnitude while the corresponding

MPR rates differ by six orders of magnitude shows the significance of the host’s

phonon energy.

The focus of this work is on FZ-based glasses, which are among the low-

est phonon energy glasses providing excellent optical and feasible mechanical

properties. Besides low MPR losses, low phonon materials provide high trans-

parency until the mid IR, because the spectral position of the IR absorption

edge is determined by MPA processes and hence by the material’s maximum

phonon energy.

The highest energy vibrations in glasses are stretching vibrations between

anions and cations in the network former polyhedron. The vibrational energy

depends significantly on the bond strength and the mass of the ions making the

oscillator. In the harmonic approximation, the vibrational frequency ω of two

ions with a bond strength κ is given by

ω =

√
κ

µ
, (2.12)

where µ is the reduced mass of the two ions. Although, the calculation of

the vibrational frequencies in a glass network is much more complicated, Equa-

tion 2.12 shows a qualitative trend: Heavy elements with weak bonding provide

the lowest phonon energy materials. When comparing the masses of the network

former ions and the bonding strengths, Table 2.1 reveals the trend. According

to this, chloride, bromide or selenide glasses for example can provide even lower

phonon energies than fluoride glasses. However, weak bonding also implies low
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2.2. Multiphonon relaxation

thermal stability and high sensitivity to atmospheric moisture. For this reason,

halide glasses other than fluoride glasses and also chalcogenide glasses provide

poor durability and mechanical properties. In this work, an alternative low

phonon energy rare-earth host material is examined. It is a FZ-based glass

matrix containing BaCl2 nanocrystals, i.e. a glass-ceramic system.

2.2.3. Vibrational properties

Atomic motions in amorphous and crystalline solids are organized into vibra-

tional modes. In crystals, these modes are quantized and are known as phonons.

This section briefly reviews their general physical properties.

Considering displacements of the lattice atoms around their equilibrium po-

sitions in a crystal, plane waves are found as a solution of the equations of

motion. According to wave-particle duality, these lattice vibrations also exhibit

properties of particles. Considering the interactions with other particles such as

photons shows the particle character of the phonons. In the framework of scat-

tering theory for example, the laws of conservation of energy and of momentum

(crystal momentum) are valid.

The phonon dispersion relation in a three dimensional crystal with N atoms

per unit cell, i.e. the dependence of the phonon frequency ω on the wave vec-

tor q, has 3N phonon branches: 3(N − 1) optical branches and 3 acoustical

branches. One distinguishes between longitudinal acoustical (LA), transversal

acoustical (TA), longitudinal optical (LO), and transversal optical (TO) phonon

branches. Acoustical phonons have zero phonon frequency at q = 0 (Γ point,

center of the Brillouin zone); and for small q values their frequency ω exhibits

a linear dependence on the wave vector q. In acoustical branches, the lattice

atoms of an unit cell are vibrating in phase. Optical phonons on the contrary,

exhibit non-zero frequency at the Γ point. The lattice atoms of an unit cell are

moving out-of-phase, i.e. neighboring atoms are moving in opposite directions.

Since VIS light exhibits only very small wavenumbers, it can only interact

with phonons near the Γ point according to the law of conservation of momen-

tum. Thus, for optical spectroscopy, only phonon frequencies at the Γ point are

relevant. Since acoustical phonons have zero phonon frequency at the Γ point,

they are not further considered here. The phonon spectra (at the Γ point) of

crystals or the vibrational spectra of amorphous solids can be experimentally

determined by Raman and IR spectroscopy.

In Raman spectroscopy, light is inelastically scattered upon interaction with

a vibrational mode. In IR spectroscopy, light is absorbed upon interaction

with a vibrational mode. These different physical effects require different mode

properties. Raman activity of a phonon requires a change in polarizability dur-

ing the vibration. IR activity of a phonon requires a change in electric dipole

moment during vibration. In both cases, this means that the derivative of the

corresponding quantity with respect to the normal mode coordinate is non-zero.

13



2. Fundamentals

Because of the crystal symmetry and the resulting symmetry properties of the

vibrations, which cause vanishing or non-vanishing derivatives, the observabil-

ity of the corresponding phonon modes depends on the scattering geometry

(direction and polarization of excitation and detection) of the experiment. Ac-

cording to group theory, lattice vibrations are classified into symmetry adapted

mode types. All mode types that exist in each crystal class and all the mode

types that are observable in a certain scattering geometry can be taken from

Ref. [44].

Besides phonons in crystals, vibrational modes in glasses are investigated in

this work. In disordered systems such as amorphous solids, a classification of the

vibrational modes as described above is not possible. The vibrational properties

of glasses differ from those of crystals. Their detailed understanding is still

incomplete. The model of lattice vibrations requires a crystalline order. The

disorder in amorphous solids causes a selection rules breakdown in such a way

that vibrational modes with other than zero wave vector can also contribute to

Raman scattering or IR absorption. Thus, the vibrational spectra of glasses, are

not discrete as in crystals, but reveal broad bands. Additionally, the maximum

phonon energy of common glasses is higher than in most crystals that are usually

used as rare-earth hosts [27]. The highest energy vibrations in glasses are

“molecular” stretching vibrations of the network former polyhedron. Besides

this, their vibrational spectra contain several additional vibrational modes with

lower phonon energies. For convenience, such vibrations in amorphous solids

are also called “phonons” even if they are not quantized and delocalized as real

phonons which occur only in crystals. This simplification is very common in

the literature and is also used in this work.
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3. Methods

This chapter describes the experimental and theoretical methods used in this

work. Since the focus of this work is on the development and investigation

of rare-earth doped glasses, whose luminescence properties are improved by

the formation of low phonon energy nanocrystals, different methods for an

analysis of the crystallization and of the structural, phononic and luminescence

properties are employed.

3.1. Raman spectroscopy and phonon spectra

calculations

3.1.1. Raman spectroscopy

The vibrational spectra of the glasses and glass ceramics (with embedded nano-

crystals) were investigated experimentally by Raman spectroscopy. This para-

graph will briefly discuss the principle of Raman spectroscopy. In a Raman

process, monochromatic light (usually from a laser in the VIS range) is inelasti-

cally scattered upon interaction with phonons (or other vibrational/rotational

modes or other elementary excitations; for convenience the Raman effect is de-

scribed in terms of phonons). The energy shift of the incoming and scattered

photons corresponds to the energy of a phonon which is absorbed or emitted

in the interaction process. The interaction with the incoming light is related to

the polarizability of the valence electrons. The incoming electromagnetic wave

induces a polarization. The periodic variation of the polarization causes the

emission of an electromagnetic wave, which is the scattered light. In classical

theory of the Raman effect [45], the scattered light is emitted from oscillating

dipoles, which are given by the induced polarization. Besides elastic scattering

(Rayleigh scattering) with the energy h̄ω0 of the incident light, the scattered

radiation can contain other spectral components: If the polarization is modu-

lated by atomic vibrations with the phonon frequency ω, light with the energy

h̄(ω0 − ω) (Stokes Raman scattering) and h̄(ω0 + ω) (anti-Stokes Raman scat-

tering) is emitted symmetrically to the Rayleigh scattering line at h̄ω0. As

illustrated in Figure 3.1, Raman scattering can be described via an excitation

into virtual states. In a Stokes Raman scattering process, the incoming light

loses part of its energy by exciting vibrations in the system. In an anti-Stokes

Raman scattering process, the energy of the incoming light increases by de-

exciting lattice vibrations. The Raman shift relative to the laser line with the
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3. Methods

Figure 3.1.: (a) Stokes and (b) anti-Stokes Raman scattering. Eground and Evib are

the ground state and a vibrational state of the scattering system, respectively. Evir

denotes a virtual state used to describe Raman scattering.

wavelength λ0 is normally given in reciprocal centimeters (relative wavenum-

ber ν̃ in cm−1). This relative wavenumber ν̃ corresponds to the energy h̄ω of

the respective phonon modes and is related to Stokes and anti-Stokes Raman

scattering as follows:

ν̃(cm−1) =

(
1

λ0(nm)
− 1

λs(nm)

)
· 10

7(nm)

(cm)
= (h̄ω0(eV)− h̄ωs(eV))

· 1

h(eV · s) · c(cm/s)
= h̄ω(eV ) · 1

h(eV · s) · c(cm/s)
(Stokes) (3.1)

and

ν̃(cm−1) =

(
1

λ0(nm)
+

1

λas(nm)

)
· 10

7(nm)

(cm)
= (h̄ω0(eV) + h̄ωas(eV))

· 1

h(eV · s) · c(cm/s)
= h̄ω(eV ) · 1

h(eV · s) · c(cm/s)
(anti− Stokes) (3.2)

where λs (λas) and h̄ωs (h̄ωas) are the wavelength and the energy of the Stokes

(anti-Stokes) Raman scattered light, respectively. For convenience, the phonon

energy h̄ω is usually given in cm−1 (cm−1 can be calculated into eV via a

constant factor given by the Planck constant h and the velocity of light c,

see Equations 3.1 and 3.2). Stokes Raman scattering has higher probability

than anti-Stokes Raman scattering, because the latter one requires phonons

in excited states. According to Boltzmann’s law, more phonons are in the

ground state than in excited states at ambient temperature. As described in

Section 2.2.3, phonons can be measured by Raman spectroscopy if they are

Raman-active and if the used scattering symmetry allows for a detection of the

symmetry adapted mode type of the corresponding vibration.

For all Raman spectra presented in this work, Stokes Raman scattering is

shown. In this paragraph, the Raman setup and the measurement parameters
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3.1. Raman spectroscopy and phonon spectra calculations

Figure 3.2.: Schematic of the micro-Raman setup. The sample excitation and the

signal detection are performed through a microscope objective.

used are described. The measurements were done with a confocal triple 557

TriVista Raman spectrometer (S&I Spectroscopy & Imaging GmbH) in reflec-

tion geometry. A schematic of the micro-Raman setup is shown in Figure 3.2.

Raman scattering is excited with the 488.0 nm line of an argon ion laser (543-

AP-A01 from Melles Griot) with a power level of approximately 50 mW (except

for the last Raman measurement in Chapter 6 where the 514.5 nm line of the

same laser is used for comparison). The laser output is tuned via the resonator

length and an additional intracavity filter. The corresponding laser line is fur-

ther selected with an external interference filter. The laser is focused on the

sample with a 50x/0.75 microscope objective to a spot size of about 2 µm.

The scattered light is transmitted through the beam splitter. Scattering near

the laser line is rejected with the first two monochromators (both: 900 g/mm

grating, focal length of 500 mm; monochromator 1: entrance slit 50 µm, out-

put slit 10,000 µm; monochromator 2: entrance slit 10,000 µm, output slit

50 µm) configured in subtractive dispersion mode. In this configuration these

two pre-monochromators work as a bandpass filter. A third monochromator

(1,500 g/mm grating, focal length of 750 mm, entrance slit 50 µm, output

slit 10,000 µm) is used to disperse the passing light. The Raman spectra are

recorded with a nitrogen cooled 1024 x 256 Si-CCD camera. For this work,

only unpolarized Raman measurements are performed. The polarization optics

(combination of achromatic depolarizers and linear polarizers) are used to de-

polarize the laser and the scattered light and to remove polarization bias from

the optical components.
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3. Methods

3.1.2. First principles calculations

For a comprehensive investigation of the phononic properties of the nanocrys-

tals, all phonon modes of crystalline BaCl2 in hexagonal and orthorhombic

symmetry were calculated from first principles. Recent theoretical and compu-

tational methods have proven to be capable of a precise description of static

properties and dynamical effects in a lattice without using any experimental or

empirical input parameters. These methods treat systems of nuclei and elec-

trons on the basis of DFT; they have been implemented in different software

packages, such as ABINIT [46, 47] that is used for the calculations presented

here. The simulations were performed by Bohley et al. [48]; Ref. [48] gives

more details about the applied computational approach. This section outlines

how the phonon spectra are calculated, once the static parameters (atomic

positions and cut-off energies) of a crystal are known. The static parameters

were calculated from DFT by structural relaxation. For the implementation

in the ABINIT package, the pseudopotentials used for Ba and Cl, and general

information about the DFT method, the reader is referred to Ref. [48] and the

related literature.

Treating small deformations as perturbations of the potential of the system

allows for a calculation of the crystal’s phonon modes. The dependency of

potential energy U on small displacements of the atoms around their equilib-

rium positions can be described via a harmonic approximation. Forces appear

upon displacement of the atomic positions. The force constant matrix gives

the corresponding linear relations: It allows for a calculation of the force on

each atom along a certain direction which is caused by the displacements of

the other nuclei (or of itself). The corresponding equations of motion yield the

frequencies of the vibrational modes of the system. The wave vector dependent

frequencies of the phonon modes are the eigenvalues of the dynamical matrix,

which are the Fourier transforms of the force constants. In order to obtain the

phonon frequencies of the relevant Raman- and IR-active modes, the dynamical

matrix is computed at zero wave vector (Γ point) within a variational approach,

treating the deformations by way of perturbation inside DFT. The formalism

is known as density functional perturbation theory (DFPT). The local density

approximation (LDA) is used for the exchange correlation functional. The ap-

plied approximations and the computation of the dynamical matrix within the

ABINIT software are described in detail in Ref. [47]. Symmetry considerations

allow for a decomposition of the dynamical matrix according to an irreducible

representation of the point group of the crystal. Raman and IR phonon modes

are identified from this representation.

In order to calculate Raman spectra from the obtained Raman-active modes,

the Raman scattering efficiency is considered; it depends on the projection of

the Raman susceptibility tensors on the polarization vectors of the incoming

and the scattered light. To enable a comparison to the experimental unpolarized
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3.2. Time-resolved and spectrally-resolved photoluminescence

Raman spectra, which are measured on randomly orientated nanocrystals, the

Raman intensities are calculated in analogy to those of powder spectra. For

this purpose, the Raman intensities are estimated by performing averages over

all possible crystal orientations and over all possible laser polarizations, for

the equations used; see Refs. [47] and [49]. The Raman line profiles cannot be

obtained from the calculation method. For simplicity, the Raman intensity lines

are assumed to be Lorentzian and the line width is adapted to the experimental

data.

3.2. Time-resolved and spectrally-resolved

photoluminescence

3.2.1. Photoluminescence experiments

The light emission following a sample excitation by photons is called photo-

luminescence. In the present case, PL emissions from excited rare-earth ions

in glasses and glass ceramics are investigated. Two types of PL measurements

are performed: Spectrally-resolved and the time-resolved PL intensities are

recorded. The setup used for the detection of both is presented in Figure 3.3.

The excitation beam is focused onto the sample by a lens to a spot size of

about 0.2 mm. The excitation source is described in Section 3.2.2. For the

temperature-controlled measurements the sample is placed into a closed-cycle

helium cryostat (Advanced Research Systems CS204*F-GMX-20-OM) or onto

a heating stage (Scientific Instruments Linkam HFS 600). The PL emitted

from the sample is collected and subsequently imaged to the entrance of the

monochromator by two off-axis parabolic mirrors (both: diameter 100 mm;

first mirror: effective focal length 200 mm; second mirror: effective focal length

400 mm). Appropriate longpass filters are mounted in front of the monochro-

mator. A 500 mm (focal length) Czerny-Turner monochromator (Princeton

Instruments Acton SP2500) equipped with 600 g/mm VIS and NIR gratings

is used. According to the ratio of the focal lengths of the two parabolic mir-

rors, the monochromator slits are set to approximately 0.4 mm in order to

image the illuminated sample area optimally. The resulting spectral resolu-

tion is approximately 1 nm. The signal acquisition is done with a GaAs-based

photomultiplier tube (PMT) (Hamamatsu R943-02) in the VIS and with a

InP/InGaAs-based PMT module (Hamamatsu H10330A-75) in the NIR; both

are thermoelectrically cooled. The acquisition technique is described in Sec-

tion 3.2.3. To exclude any unwanted contribution other than the rare-earth

luminescence, a corresponding rare-earth free glass or glass ceramic is always

measured as a reference sample.
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3. Methods

Figure 3.3.: Schematic of the PL detection setup.

3.2.2. Generation of selective laser pulses

A collinear optical parametric amplifier (Light Conversion ORPHEUS) of white-

light continuum pumped by a femtosecond (fs) laser system (Light Conversion

PHAROS) is employed for PL excitation.

The PHAROS is a compact fs laser system operating at 1030 nm. Its active

laser medium is an ytterbium-doped potassium gadolinium tungstate (KGW)

crystal that is pumped by laser diode modules. Using the chirped pulse am-

plification (CPA) method the system provides fs laser pulses with mJ pulse

energies at kHz repetition rates. The repetition rate is reduced to 100 Hz or

less to avoid ESA in the analyzed samples (see Section 2.1.2). For this purpose,

a pulse picker controlled by a frequency division system is used.

The compact housing of the ORPHEUS includes a white-light continuum

generation (WLG) module, a second harmonic generation (SHG) module, and

two amplification modules. The input waves for the parametric amplification

processes are the high energy pump wave (λpump = 515 nm) and the tunable so-

called signal wave (λs), a specific wavelength region of the white light continuum

for selective amplification. Pump and signal are obtained from SHG and WLG

of the fundamental PHAROS beam, respectively. In parametric amplification,

pump photons are converted into signal photons (with the same wavelength as

the input signal wave) and the so-called idler photons. According to the law

of conservation of energy, the idler wavelength λi can be calculated from the

pump wavelength λpump and the selected signal wavelength λs via

1

λi
=

1

λpump
− 1

λs
. (3.3)

Accordingly, the ORPHEUS provides two tunable output waves in the spectral

ranges of 630 − 950 nm (signal) and 1100 − 2600 nm (idler) and a residual
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3.2. Time-resolved and spectrally-resolved photoluminescence

pump wave at 515 nm. This widely tunable wavelength range in combination

with an external SHG crystal (behind the OPA output) allows for selective

excitation of Nd3+ levels; the whole VIS spectral range and the NIR up to

2.6 µm is covered. Only ultra-short pulses, such as those of fs laser systems,

enable sufficiently high efficiency of the nonlinear optical effects needed here.

Therefore, the temporal width of the provided pulses is shorter (full width at

half maximum (FWHM) of about 200 fs) than necessary and thus, according

to Heisenberg’s uncertainty principle, exhibit a relatively broad spectral pulse

width (FWHM of about 8 nm).

To enable narrow bandwidth excitation and to avoid spectral overlap of ex-

citation and detected emission, the spectral width of the excitation pulses is

reduced by about a factor of 2 by passing a monochromator (Bausch & Lomb

BM 25/25; focal length of 250 mm, 100 g/mm grating) placed in front of the

sample (excitation monochromator). The resulting increased temporal pulse

width is still negligibly short (a few hundred fs) in comparison to the investi-

gated dynamical processes in the rare-earth ions (µs range). Due to the short

pulse widths and the low repetition rates, ESA can be excluded here, which is

beneficial for the analysis of the MPR dynamics (see Section 2.1.2). To avoid

nonlinear optical effects in the samples such as two photon absorption, the pulse

energies are kept as low as possible. The average power is reduced to the order

of 10−1 mW.

Finally, an example is given to illustrate how excitation pulses of a certain

wavelength are obtained using the laser source. The generation of the selective

laser pulses centered at 576 nm is presented; they are used for the time-resolved

PL measurement in Figure 5.10 (excitation at 576 nm, detection at 589 nm).

The signal wavelength of the OPA is tuned to about 931 nm in order to obtain

an idler wavelength of 1152 nm (see Equation 3.4). To avoid any residual pump

light a long pass filter is used (OG590). Due to the collinear nature of the

ORPHEUS, the signal beam has to be separated from the idler beam with a

wavelength separator, which shifts the signal beam with a high reflectivity di-

electric mirror and blocks it by a metal cover. Using the external SHG crystal,

the desired 576 nm laser light is generated from the idler beam. Subsequently,

the excitation monochromator is used to reduce the spectral width; the spectra

of the laser pulses before (FWHM of 8 nm) and after passing (FWHM of 4 nm)

the monochromator are presented in Figure 3.4. A bandpass interference fil-

ter (central wavelength 577 nm, bandwidth 10 nm) is placed in front of the

sample to avoid any wavelength other than the desired excitation. Finally, the

excitation intensity is reduced by neutral density filters.

3.2.3. Data acquisition and photon counting

The collection and analysis of the PL emissions entering the monochromator

equipped with the PMT is realized with a single-point spectroscopy detec-
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Figure 3.4.: Spectra of laser pulses before (dashed line) and after (solid line) passing

the excitation monochromomator used for reducing the spectral line width. The pulses

are centered at 576 nm.

tion system (Princeton Instruments SpectraHub/SpectraSense package). Spec-

traHub is a monochromator control module with an A/D converter compatible

for PMT detectors and photon counting. The spectra acquisition is performed

with the integrated spectroscopy SpectraSense software package. Time-resolved

PL is recorded at a specific wavelength using the photon counting technique.

Time-resolved photon counting is a common electronic acquisition technique

applied to measure relaxation processes of excited states after their simultane-

ous excitation. The time difference between individual photon events and the

excitation pulse are averaged over many excitation and luminescence cycles to

generate a transient PL profile that represents the time dependence of the lu-

minescence intensity. A photon counter (Picoquant NanoHarp 250) supported

by a PMT preamplifier (Picoquant PAM 102) and NanoHarp data acquisition

software providing high sensitivity is applied here. It is a multichannel (262144

time channels available) scaler with count rates up to 50 million counts per

seconds exhibiting a time resolution down to 4 ns. Multichannel scalers process

multiple photons per excitation cycle, which reduces the required measurement

time. This is, in particular, advantageous if relatively long luminescence decay

times are investigated as in the present case, because only low excitation rates

can be used accordingly. The digital counter is triggered with an electrical

signal supplied by the laser.
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3.3. Additional experimental techniques

3.3. Additional experimental techniques

3.3.1. Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a thermoanalytical method that mea-

sures the difference in the heat required to change the temperature of a sample

and a reference with known heat capacity. DSC measurements show endother-

mic and exothermic reactions in a sample during heating or cooling. DSC scans

provide information about crystallization, fusion and vitrification events.

Here, power compensating DSC is performed. Sample and reference are

placed in a thermal isolated oven that is controlled in such a way that sample

and reference are maintained at the same temperature. The electrical power

required for this is measured as a function of temperature, which changes lin-

early in time. DSC is measured from 150 to 430 ◦C with different heating rates

of 5, 7.5, 10, 15, 20, and 30 K/min using a NETZSCH DSC 204 F1 Phoenix

system. Small pieces of the sample with a mass of about 30 mg are placed into

an aluminum crucible; a similar empty crucible is used as a reference .

3.3.2. X-ray diffraction

X-ray diffraction (XRD) is a widespread method used to obtain structural infor-

mation of solids. Reflections in a diffraction pattern are caused by constructive

interference of X-ray waves diffracted on different periodic atomic planes or

centers of the sample. Constructive interference is found when the difference in

path is equal to an integer multiple of the wavelength λ of the X-ray photons;

this is expressed by Bragg’s law:

2 · d · sinΘ = n · λ . (3.4)

Here, d is the distance between diffracting planes, Θ is the incident as well as

the diffraction angle, and n is any integer. Besides spacing between atomic

planes and many other structural parameters, XRD allows for a determination

of the mean size of crystallites up to a size of about 100 nm [50]. Neglecting

stress and strain effects, the crystallite diameter a can be calculated from the

diffraction angle Θ and the corresponding FWHM b (in radians) of a crystalline

reflection by the Scherrer formula [51]:

a =
K · λ

b · cosΘ
. (3.5)

The Scherrer constant K is a crystallite-shape factor; it is set to 1 as usual for

low-order reflections from crystallites with simple regular shapes [52].

XRD measurements were carried out with a Bruker AXS D8 advance diffrac-

tometer in the Bragg-Brentano focusing 2Θ geometry. The diffractometer is

equipped with a linear detector (LynxEye). Cu-Kα radiation from a Cu tube

operating at 40 kV and 40 mA having a wavelength of λ = 0.1542 nm is used.
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Cu-Kβ radiation from the tube is attenuated by a nickel filter. The Cu-Kα2

components are subtracted from the measured diffraction patterns using the

EVA v1.2 XRD analysis software package.

3.3.3. Mössbauer spectroscopy

The Mössbauer measurements on the glasses and glass ceramics were performed

at the University of Tennessee Space Institute, Tullahoma, TN, USA.

The Mössbauer effect is known as the recoil-free absorption (or emission) of

gamma radiation by an atomic nucleus that is bound in a solid. Due to the

extremely high energy of gamma photons, gamma ray absorption (or emission)

by a free nucleus causes a considerable recoil effect such that the energy of

gamma rays absorbed (or emitted) by a nucleus is shifted with respect to the

energy of the corresponding nuclear transition; this shift corresponds to the

recoil energy. In contrast, the absorption (or emission) of gamma rays by a

nucleus that is bound in a solid, in which atomic motions and the related recoil

energy losses are quantized (phonons), can be recoil-free (zero phonon mode).

In this case, the momentum is transferred to the whole crystal lattice with

practically no recoil energy loss due to the lattice’s high mass.

This effect is used in the Mössbauer absorption spectroscopy applied here.

The intensity of gamma rays from an appropriate source that are transmitted

through a sample is measured. The atoms of the gamma ray source must be

a radioactive parent that decays to the same isotope as the analyzed atoms.

The energy of the nuclear levels shifts slightly (isomer or chemical shift) with

the chemical environment of the atom. In order to bring the γ-rays from the

Mössbauer source into resonance with the energy of the nuclei in the sample,

the Doppler effect is used. For this purpose, the Mössbauer source is accelerated

through a suitable velocity range (typically 1 mm/s corresponds to the sub µeV

energy range). The transmitted intensity is plotted as a function of the velocity

of the source. The absorption bands in such a Mössbauer spectrum correspond

to nuclear energy levels of the absorbing nuclei. An analysis of the absorption

bands provides information about the chemical environment and oxidation state

of the nuclei of the atoms or ions in the sample.

The measurements were done with a Mössbauer spectrometer manufactured

by SEE Co, Edina, MN, USA. 21.7 keV γ-rays from a 151SmF3 source are

used for the 151Eu Mössbauer spectroscopy. The source is accelerated with a

linear motor through a velocity range of ±36 mm/s. The samples are placed in

a closed cycle cryostat (Janis, Wilmington, MA and SEE Co), which enables

cooling of the samples at temperatures down to 6 K. The detection is carried

out with a Kr-filled proportional counter; the integration time used is 3-5 days.

The resulting spectra are fitted with a custom Mössbauer fitting program for

the 151Eu (21.7 keV) resonance; a Lorentzian line profile is used in the fitting

procedure.

24



3.3. Additional experimental techniques

3.3.4. Transmission spectroscopy

Optical transmittance spectra give the ratio of the light intensity in front of and

behind a sample as a function of the wavelength. Transmission spectroscopy was

performed with a UV/VIS/NIR double beam, double monochromator, ratio-

recording spectrophotometer (Perkin Elmer Lambda 1050). The spectropho-

tometer is equipped with a pre-aligned tungsten-halogen and deuterium light

source and coupled to a 150 mm integrating sphere. A photomultiplier and

peltier-cooled InGaAs detector is used for the detection in the entire UV/VIS

and in the NIR (above 860 nm) range, respectively. The spectra are recorded

between 250 and 1,000 nm with a spectral resolution of approximately 0.1 nm.

3.3.5. Absolute quantum yield determination

The quantum efficiency measurements on the Nd3+-doped samples were per-

formed at the SouthWestphalia University of Applied Sciences, Soest, Germany.

The absolute quantum efficiency that is defined in Section 2.1.2 by Equa-

tion 2.3 is measured with a Hamamatsu C9920-02G precision quantum yield

evaluation system for luminescence materials. This compact system employs

the PL method (see Section 2.1.2). It is equipped with a 150 W Xe lamp and a

monochromator for excitation. The sample luminescence is measured inside a

spectralon integrating sphere. The detection is realized with a photonic multi-

channel analyzer spectrograph (Hamamatsu PMA-12) which is equipped with

a compact Czerny-Turner monochromator and a highly sensitive back thinned

CCD (BT-CCD). In order to obtain a sufficiently high signal-to-noise ratio, rel-

atively large monochromator slit widths corresponding to a spectral resolution

of about 5 nm are used.
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4. Crystallization processes in

rare-earth doped glasses

The preparation of the FZ-based glasses and glass ceramics studied and their

basic characterization are presented in this chapter. The glass ceramics are

produced through a thermal postprocessing of the as-made glasses inducing the

formation of BaCl2 nanocrystals. Besides the composition, synthesis and basic

properties of the glasses, the crystallization behavior, the thermal treatment

and the structural characterization of the formed nanocrystals are described

here. The MPR rates, which are of particular interest in this work, depend

basically on the host material and on the energy difference of the considered

rare-earth level to its next lower level, but not on the specific rare-earth ion

used. Nd3+ is investigated as a representative trivalent rare-earth ion, because

it has suitable spectroscopic properties for the analysis of MPR dynamics of

rare-earth ions in these host materials. In order to avoid ion-ion interaction

processes a low doping concentration is chosen, which further facilitates the

investigation of the host-dependent MPR dynamics. Some parts of this chapter

have already been published in Ref. [53].

4.1. Composition and synthesis of fluorozirconate-based

glasses

The chemical composition used for the glasses and glass ceramics is based on

the well-known ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) formulation, which is

the most stable composition of heavy metal fluoride glasses (HMFG) [18]. Be-

sides low phonon energies and high transparency from the near UV to the

mid IR, HMFG glasses provide low refractive index, low material dispersion,

and the best mechanical properties among halide glasses making them appli-

cable as optical fibers and rare-earth host materials [54, 18]. In comparison

with oxide glasses, halide glasses are sensitive to moisture. However, it was

found that the effect of atmospheric moisture on fluoride glasses is very weak

and that they provide very long durabilities when used in practical environ-

ments [55]. Table 4.1 gives the chemical compositions of the samples prepared

in the framework of this thesis. The FCZ glass composition used here is close to

the standard ZBLAN formulation, but some fluorides are substituted by chlo-

rides, which initiate the growth of BaCl2 nanocrystals upon thermal processing
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4. Crystallization processes in rare-earth doped glasses

Table 4.1.: Compositions of the FCZ and FZ glasses prepared in this work. Different

rare-earth (RE) doping concentrations x = 0, 0.1, and 1.0 are used. For FCZ glasses

doped with trivalent rare-earth ions charge compensation is required (y = 1 for rare-

earth doped glasses and y = 0 rare-earth free glasses). All fractions of the components

are given in mol%.

ZrF4 BaF2 BaCl2 NaF NaCl LaF3 AlF3 InF3 KCl RE-F3

FCZ 53-y 10 10 - 20-x 3.5 3 0.5 y x

FZ 53-x 20 - 20 - 3.5 3 0.5 - x

(see next section). Besides FCZ glasses, FZ (chlorine-free) glasses are produced

for comparison. Various FZ and FCZ glass samples with different rare-earth

doping concentrations x = 0, 0.1, and 1.0 mol% are made. The focus of this

work is on 1 mol% Nd3+-doped FCZ samples. All other samples which are

prepared for the purpose of comparison are produced in an analogous manner.

In addition, europium-doped samples are also prepared.

The constituent high purity chemicals are pulverized and mixed in a mortar.

The mixture is melted in a glassy carbon crucible at 745 ◦C and then poured into

a brass mold that is at a temperature of 200 ◦C, i.e. below the glass transition

temperature of an FZ-based glass [18], before being slowly cooled down to room

temperature. All glasses are prepared inside a glove box with an inert argon

atmosphere to avoid oxygen and moisture contamination.

The europium-doped samples used for the Mössbauer investigations were pre-

pared at the University of Tennessee Space Institute under comparable condi-

tions (see Chapter 7).

4.2. Thermal treatment and structural analysis

The crystallization behavior is investigated by DSC. Figure 4.1 shows the DSC

measurement of the 1 mol% Nd3+-doped FCZ glass for a heating rate α of

10 K/min. Points of interest are indicated in the graph. Table 4.2 lists the

temperatures of these points and the corresponding thermal stability parame-

ters for all heating rates. Two endothermic peaks are found. The one at about

220 ◦C is caused by the glass transition (Tg indicates the glass transition tem-

perature). The other one is correlated with the glass melting which sets in at

Tm ≈ 410 ◦C. These characteristic temperatures are slightly below those of pure

FZ glasses, for which Tg and Tm are about 260 ◦C and 500 ◦C for a heating rate

of 10 K/min, respectively [18, 56]. Additionally, several exothermic peaks occur,

which are related to various crystallization processes. The huge peak at 310 ◦C

is caused by a partial crystallization of the glass matrix; it can be assigned to

the formation of β-BaZrF6 and NaZrF5 [18, 57]. An important crystallization

peak is the one at about 240 ◦C. It is associated with the formation of BaCl2
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4.2. Thermal treatment and structural analysis

Figure 4.1.: DSC data of the 1 mol% Nd3+-doped FCZ glass. The heating rate was

10 K/min.

nanocrystals. At about 300 ◦C, directly before the huge crystallization peak,

an exothermic peak Tt is found; it is related to a phase transition of the BaCl2
nanocrystals. These two peaks are not observed in chlorine-free FZ glasses [58];

the BaCl2 crystallization is initiated by the addition of chlorine ions.

Tx is defined as the onset of the first crystallization peak. Its peak tempera-

ture is called Tp. Two thermal stability parameters are defined as

∆T = Tx − Tg (4.1)

and

Hr =
∆T

Tm − Tx
. (4.2)

∆T characterizes the devitrification tendency of the glass. The Hruby constant

Hr [59] gives information about the nucleation rate of the crystals in the tem-

perature range from Tx to Tg and the growth rate between Tm and Tx [56].

Both parameters are listed in Table 4.2.

Additionally, DSC measurements performed at different heating rates allow

for a determination of the apparent activation energy Ea of crystallization using

the Kissinger’s method:

d
(
ln
(
α/T 2

p

))
d (1/Tp)

= −Ea

R
; (4.3)

R is the gas constant. Ea is the slope of the plot ln(α/T 2
p ) vs. 1/Tp which

is shown in Figure 4.2. The activation energy is determined to be approxi-

mately 250 kJ/mol. The influence of the rare-earth ions and the crystallization

behavior on the related parameters will be handled in the next section.
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4. Crystallization processes in rare-earth doped glasses

Table 4.2.: Characteristic temperatures and thermal stability parameters of the 1 mol%

Nd3+-doped FCZ glass for different heating rates α.

α (K/min) Tg (◦C) Tx (◦C) Tp (◦C) Tt (
◦C) Tm (◦C) ∆T (K) Hr

5 212.9 227.7 237.9 292.7 412.4 14.8 0.08

7.5 213.9 230.3 241.5 296.7 413.4 16.7 0.091

10 217.0 232.4 243.6 298.9 412.2 15.4 0.086

15 218.3 234.8 247.2 303.5 410.5 16.5 0.094

20 222.5 237.2 249.7 305.4 409.3 14.7 0.085

25 224.7 240.2 251.8 308.1 410.0 15.5 0.092

Figure 4.2.: Arrhenius plot for the 1 mol% Nd3+-doped FCZ glass. The slope gives the

apparent activation energy Ea.

Before the thermal treatment, the glass was cut into six pieces with sizes of

approximately 6 mm x 8 mm x 1.6 mm. In order to induce the formation of

BaCl2 nanocrystals of different size and phase, the glasses were annealed at

different temperatures between 240 ◦C and 280 ◦C. The annealing time was

20 min for each sample. The annealing procedures were also performed in inert

argon atmosphere. An as-made glass was kept for comparison. The visual ap-

pearance is transparent for the as-made and the 240 ◦C to 260 ◦C samples; for

higher annealing temperatures the samples look more and more milky white.

Figure 4.3 shows the resulting sample series under UV illumination. The av-

erage crystallite size increases with the annealing temperature and increasing

scattering effects can be observed.

The nanocrystal size and phase as well as the volume fraction of the crystal-

lites in the amorphous glass matrix was investigated by XRD. The XRD data

of the 1 mol% Nd3+-doped FCZ sample series is shown in Figure 4.4. The

corresponding powder diffraction file (PDF) data is shown for comparison. The
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4.2. Thermal treatment and structural analysis

Figure 4.3.: Digital photograph of the 1 mol% Nd3+-doped FCZ glasses and glass

ceramics under UV illumination. From front to back: as-made FCZ and FCZ annealed

at 240, 250, 260, 270, and 280 ◦C.

Table 4.3.: Average sizes and volume fractions of BaCl2 nanocrystals in the 1 mol%

Nd3+-doped FCZ glasses annealed at different temperatures.

annealing temperature (◦C) 240 250 260 270 280

crystallite size (nm) 10 10 15 41 62

volume fraction (%) 16 16 19 18 15

crystalline reflections are superimposed on the amorphous glass background

characterized by two broad bands at 24◦ and 46◦, which is typical for FZ-based

glasses [60]. Though the as-made FCZ sample does not show any crystalline

reflections, the XRD data of the 240 ◦C to 260 ◦C samples comprise reflections

that can be assigned to hexagonal BaCl2 (bottom bar graph, PDF 45-1313).

Upon annealing at 270 ◦C, additional reflections appear that can be assigned to

orthorhombic BaCl2 (top bar graph, PDF 24-0094). The 280 ◦C sample shows

reflections only from orthorhombic BaCl2; the hexagonal BaCl2 reflections have

completely disappeared. The observed phase changes can be correlated to the

exothermic peaks found in the DSC measurements for this temperature range.

However, a phase transition to orthorhombic phase BaCl2 has not been observed

before in Nd3+-doped FCZ glasses [26].

There is a systematic increase in linewidth with decreasing annealing temper-

ature. However, some XRD patterns show reflections that cannot be assigned

to hexagonal or orthorhombic phase barium halide nanocrystals, indicating a

negligible concentration of additional phases. The origin of these reflections

is unclear. The XRD reflections are wider than the instrumental resolution,

suggesting size-broadening effects.
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4. Crystallization processes in rare-earth doped glasses

Figure 4.4.: XRD data of the 1 mol% Nd3+-doped FCZ glasses and glass ceramics.

From bottom to top: as-made FCZ and FCZ annealed at 240, 250, 260, 270, and

280 ◦C. The diffraction patterns are vertically displaced for clarity. The line patterns

of hexagonal phase BaCl2 (PDF 45-1313) and orthorhombic phase BaCl2 (PDF 24-

0094) are shown for comparison.

Although the XRD linewidths of the bigger orthorhombic barium halide

nanocrystals are too close to the instrumental resolution to allow a precise

estimate of the particle size, the Scherrer analysis of the XRD pattern provides

a first estimate. The crystallite sizes were determined with the Scherrer formula

(see Section 3.3), assuming no stress or strain effects. The Scherrer formula is

applied to the reflection at about 32◦ and 31◦ of hexagonal and orthorhombic

BaCl2, respectively. The line profile is fitted by a Lorentzian. The average

nanocrystal diameters are listed in Table 4.3. The diameter of the BaCl2 crys-

tals in the FCZ glasses is approximately 10 nm after annealing at 240 ◦C and

250 ◦C; annealing at 260 ◦C yields a slightly higher average crystallite diameter

of about 15 nm. For processing temperatures of 270 ◦C and 280 ◦C, the crystals

grow rapidly, and their diameter expands up to about 60 nm. There is a trend

toward bigger crystals for higher annealing temperatures.

According to Ref. [62], the volume fractions of the BaCl2 nanocrystals in

the glass ceramics are determined from the ratio of the area of the crystalline

reflections and the total XRD graph area including the broad amorphous glass

bands, whereas comparable X-ray absorption properties of the different ma-

terials and phases are assumed. The estimated volume fraction is given for

the different heat-treated samples in Table 4.3; it is about 20 % for all glass

ceramics indicating complete crystallization of the BaCl2.

For completeness, the structural parameters are summarized in the follow-

ing. The lattice constants of BaCl2 in hexagonal and orthorhombic symmetry

are given in Table 4.4. These parameters taken from Haase et al. [25] are in
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4.2. Thermal treatment and structural analysis

Figure 4.5.: Stereo view of atomic positions and unit cells of hexagonal (bottom) and

orthorhombic (top) BaCl2. The y numbers in the legends are the altitudes in the

projection plane. Connecting bond lines between Ba and Cl atoms are added in order

to emphasize the similarity of both structures [48].

Table 4.4.: Lattice constants of hexagonal (P 6̄2m structure) and orthorhombic (Pnma

structure) BaCl2 [63].

structural group a (Å) b (Å) c (Å)

P 6̄2m 8.11 8.11 4.65

Pnma 7.88 4.73 9.44

agreement with the XRD data and with calculations performed from DFT by

structural relaxation in Bohley et al. [48]. Figure 4.5 shows a stereo view of the

atomic positions in the corresponding cells [48]. The unit cell of orthorhom-

bic BaCl2 contains four fromula units (four Ba and eight Cl atoms), while the

unit cell of hexagonal BaCl2 contains three BaCl2 units (three Ba and six Cl

atoms). Each Ba2+ ion has nine neighboring Cl− ions; three of which in the

same crystallographic plane (projection plane in Figure 4.5), three are lying in

a plane behind, and three lie in a plane in front of that plane. Figure 4.6 shows

the glass structure of a typical FZ-based glass doped with trivalent rare-earth

ions (Eu3+-doped ZBLAN) taken from Ref. [61]. The structure is comparable

to that of the present FCZ base glass in which the BaCl2 nanocrystals are em-

bedded as the Raman investigations of the FZ and FCZ glasses in Chapter 6

show. A more detailed structural investigation is outside the scope of this work.
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4. Crystallization processes in rare-earth doped glasses
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Figure 4.6.: Atomic positions in an Eu3+-doped ZBLAN glass [61].

4.3. Influence of the rare-earth ions on the crystallization

BaCl2 crystallization was also found for rare-earth free FCZ glasses and in FCZ

glasses doped with other rare-earths such as Eu and Er [53, 64]. However, the

crystallization behavior depends on the rare-earth ion and rare-earth doping

level used. In particular, the BaCl2 crystallization and the phase transition are

found at other annealing temperatures, which overlap in some cases with the

partial glass crystallization [53, 64]. In Ref. [65], in which the crystallization

behavior of comparable FCZ glasses is investigated, it is found that rare-earth

doping decreases the apparent activation energy Ea and increases the Ruby

constant Hr of the BaCl2 crystallization compared to undoped FCZ glasses. In

that study, an activation energy of 260 kJ/mol was found for rare-earth free FCZ

glasses, which is slightly above the activation energy of the 1 mol% Nd3+-doped

FCZ glass determined in Section 4.2 to be about 250 kJ/mol. A significantly

lower activation energy of approximately 210 kJ/mol was found for a 5 mol%

Nd3+-doped FCZ glass [58]. For the rare-earths investigated, Nd, Eu, Gd,

Tb, and Er, Paßlick’s study shows that the activation energy increases with

the rare-earth’ atomic number with the exception of europium. Usually, rare-

earths occur as trivalent ions since they are most stable in this configuration

as they can easily lose three valence electrons. The investigation of the MPR

dynamics of Nd3+ in the FCZ glass ceramics, is a step in obtaining a deeper

understanding whether trivalent rare-earth ions are incorporated into the BaCl2
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4.3. Influence of the rare-earth ions on the crystallization

nanocrystals. However, due to their electronic configuration Eu, Sm, and Yb

can occur as trivalent as well as divalent ions [66]. Thus, the oxidation state

is important here, and is investigated by Mössbauer spectroscopy in the last

chapter for europium doped glass ceramics. It was already shown for Eu2+ that

it can be incorporated into the BaCl2 nanocrystals leading to enhanced Eu2+

PL and interesting scintillation and storage phosphor properties.
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5. Investigations on luminescence

properties and relaxation dynamics

The influence of the BaCl2 nanocrystals on the rare-earth PL and MPR prop-

erties is investigated for Nd3+-doped samples. In contrast to Nd, Eu is not

suitable for the investigation of MPR processes due to its tendency to become

divalent, changing its energy structure. As demonstrated in Figure 5.1 the

nanocrystal formation causes increased Nd3+ PL intensities.

Figure 5.1.: PL spectra of 1 mol% Nd3+-doped as-made FCZ and FCZ annealed at

260 ◦C with an excitation wavelength of 515 nm (for details see Section 5.2). The

spectra are vertically displaced for clarity.

It will turn out in this chapter that the enhanced emissions exhibit signifi-

cantly longer decay times implying improved MPR properties. The MPR rates

of various Nd3+ levels are obtained from time-resolved PL measurements. Dif-

ferent analyzing methods are used for a comprehensive investigation of the MPR

properties. Using appropriate experimental conditions such as weak pulsed ex-

citation and low rare-earth doping concentration, interfering processes that can

also influence the time dependence become negligible. Since such a glass ce-

ramic is a combined system of the base glass and the embedded nanocrystals,

special attention must be paid to isolate the effects caused by the nanocrystals

from those of the base glass. Thus, always an as-made glass is investigated as a

nanocrystal-free reference sample. Some parts and figures of this chapter have

already been published in Refs. [67, 68].
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5. Investigations on luminescence properties and relaxation dynamics

5.1. Spectroscopic properties of Nd3+

In order to determine the spectral positions of the Nd3+ absorption lines that are

important for the following PL measurements, the transmission spectra of the

1 mol% Nd3+-doped FCZ samples series are measured (Figure 5.2). Table 5.1

lists the deduced Nd3+ energy level positions, together with the assignments to

the corresponding optical transitions for the 260 ◦C FCZ glass ceramic. The

level assignment is taken from Ref. [69].

The transmittance decreases with increasing annealing temperature; this is

related to the increasing BaCl2 nanocrystal size. At about 400 nm, the UV

absorption edge sets in. It results from electronic transitions within the glass

network; the absorption sets in when the photon energy exceeds the band gap

of the glass network. Due to the increasing glass absorption, the Nd3+ energy

levels above the 2K15/2 level are not suitable for an investigation of the PL

properties and the MPR dynamics. Thus, only transitions between lower energy

levels are analyzed.

Figure 5.3 shows the energy level scheme that results from the observed

absorption transitions and from the energy levels and assignments given in

Refs. [69] and [70]. The corresponding transitions are indicated for illustration.

Nd3+ has a typical discrete energy level scheme of a trivalent rare-earth ion

with many transitions in the VIS and NIR range. This makes it suitable for

the investigation of the MPR properties determined by the FZ-based glass and

glass-ceramics hosts.

Figures 5.4 and 5.5 give an overview on the VIS and NIR respectively PL

spectra of the 1 mol% Nd3+-doped FCZ sample series. The Nd3+ PL is excited

at 515 nm. All spectra are normalized to the 868 nm emission originating from

the metastable 4F3/2 level, for which MPR processes are negligible due to its

large energy separation to the next lower level. The corresponding emission

intensity is expected to be approximately unaffected by host modifications (see

below); this is verified by absolute quantum efficiency measurements in the

next section. The optical transitions corresponding to the observed emissions

are indicated in the energy level scheme in Figure 5.6. In the case of spectrally

overlapping states 2S+1LJ , which have an energy separation in the order of kBT ,

the level group is considered as a combined level j. In the following sections,

all overlapping states are subsumed via commas and brackets in the notation,

for example (4G5/2,
2G7/2).

For several levels in the VIS, enhanced relative emissions intensities are found

for the samples with hexagonal BaCl2 nanocrystals. As can be seen in Fig-

ure 5.5, all emissions observed in the NIR originate from the metastable 4F3/2

level or from neighboring levels that are coupled to 4F3/2 via MPA processes

(see Section 5.3). The intensities of these NIR emissions do not change relative

to the 868 nm emission intensity.
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5.1. Spectroscopic properties of Nd3+

Figure 5.2.: Transmittance spectra of the 1 mol% Nd3+-doped FCZ glasses and glass

ceramics. From top to bottom: as-made FCZ; FCZ annealed at 240, 250, 260, 270, and

280 ◦C. The final levels of the corresponding optical transitions in Nd3+ are indicated;

all transitions start at the 4I9/2 ground level. The sample thicknesses were 1.6±0.1 mm.

Figure 5.3.: Energy level scheme of Nd3+ in the 1 mol% Nd3+-doped FCZ glass an-

nealed at 260 ◦C based on the measured peak positions of the absorption bands. The

absorption peak wavelengths and the corresponding optical transitions are indicated.

The level assignment is taken from [69]; for the 4IJ levels see [70].
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5. Investigations on luminescence properties and relaxation dynamics

Figure 5.4.: PL spectra of the 1 mol% Nd3+-doped FCZ glasses and glass ceramics.

From bottom to top: as-made FCZ; FCZ annealed at 240, 250, 260, 270, and 280 ◦C.

Nd3+ was excited at 515 nm in resonance with the 4I9/2 to (4G7/2,
2K13/2,

4G9/2)

transition. The spectra are normalized to the 4F3/2 → 4I9/2 emission at about 870 nm

and vertically displaced for clarity.

Figure 5.5.: PL spectra of the 1 mol% Nd3+-doped FCZ glasses and glass ceramics in

the NIR range. From bottom to top: as-made FCZ; FCZ annealed at 240, 250, 260,

270, and 280 ◦C. Nd3+ was excited at 515 nm in resonance with the 4I9/2 to (4G7/2,
2K13/2,

4G9/2) transition. The spectra are normalized to the 4F3/2 → 4I9/2 emission

at about 870 nm and vertically displaced for clarity.
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5.1. Spectroscopic properties of Nd3+

Figure 5.6.: Emissions bands (peak wavelengths indicated) corresponding to optical

transitions of Nd3+ in the 1 mol% Nd3+-doped FCZ glass annealed at 260 ◦C observed

between 520 and 1500 nm. Nd3+ was excited at 515 nm in resonance with the 4I9/2 to

(4G7/2,
2K13/2,

4G9/2) transition. The assignment of the optical transitions is taken

from [69].

Figure 5.7.: PL spectra of the 1 mol% Nd3+-doped FCZ glasses and glass ceramics

and of 100 ppm Nd3+-doped bulk BaCl2. From bottom to top: as-made FCZ; FCZ

annealed at 260 ◦C (FCZ glass ceramic with hexagonal BaCl2 nanocrystals) and 280 ◦C

(FCZ glass ceramic with orthorhombic BaCl2 nanocrystals); and bulk BaCl2. Nd3+ was

excited at 515 nm in resonance with the 4I9/2 to (4G7/2,
2K13/2,

4G9/2) transition. The

spectra are normalized to the 4F3/2 → 4I9/2 emission at about 870 nm and vertically

displaced for clarity.
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5. Investigations on luminescence properties and relaxation dynamics

Table 5.1.: Observed peak positions of the Nd3+ absorption bands of the

1 mol% Nd3+-doped FCZ glass annealed at 260 ◦C. The final levels of the correspond-

ing optical transitions in Nd3+ are given; all transitions start at the 4I9/2 ground level.

The assignment of the optical transitions is taken from Ref. [69].

level wavenumber (cm−1) wavelength (nm)
4F3/2 11,574 864.0
2H9/2,

4F5/2 12,557 796.4
4F7/2,

4S3/2 13,490 741.3
4F9/2 14,728 679.0
2H11/2 16,000 625.0
4G5/2,

2G7/2 17,361 576.0
4G7/2 19,194 521.0
2K13/2 19,608 510.0
4G9/2 19,826 504.4
2G9/2 21,062 474.8
2D3/2 21,363 468.1
4G11/2,

2K15/2 21,787 459.0
2P1/2 23,425 426.9
2D5/2 23,981 417.0
2P3/2 26,603 375.9
4D3/2 28,329 353.0
4D5/2 28,752 347.8
4D1/2 28,969 345.2

Figure 5.7 compares the VIS PL spectra of Nd3+ in the as-made glass, in

the 260 ◦C glass ceramic with hexagonal BaCl2 nanocrystals, in the 280 ◦C

glass ceramic with orthorhombic BaCl2 nanocrystals, and in an orthorhombic

bulk BaCl2 (doped with 100 ppm Nd3+) crystal. Whereas the VIS emissions are

quenched in the as-made sample, these emissions are very intense in orthorhom-

bic bulk BaCl2 as expected for such a low phonon energy crystal [71]. However,

the PL intensities in the spectrum of the 280 ◦C glass ceramic are similar to

those of the as-made glass indicating that the formation of orthorhombic BaCl2
nanocrystals does not cause a PL enhancement. The formation of hexagonal

nanocrystals on the contrary, leads to a strong enhancement effect (see 260 ◦C

glass ceramic). A direct comparison to Nd3+ in the corresponding bulk crys-

tal is not possible since the hexagonal crystalline phase of BaCl2 is metastable

and cannot be grown as bulk crystals. The PL enhancement caused by the

nanocrystals is investigated in the following.
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5.2. Luminescence enhancement

5.2. Luminescence enhancement

In order to get a quantitative estimate of the PL enhancement, absolute quan-

tum yield measurements are performed on the Nd-doped sample series. The

presented PL spectra are not corrected for the spectral dependencies (wave-

length dependence of the grating efficiencies, of the imaging losses and of the

photomultiplier sensitivity etc.) of the optical components in the used PL

setup. Additionally, different scattering and transmission properties of the host

materials can lead to different detected PL intensities independently from the

radiative quantum efficiencies. To enable a comparison of luminescence en-

hancements of the different samples, all spectra are normalized to the 4F3/2 →
4I9/2 emission at 868 nm. The efficiency of this emission is expected to be nearly

unaffected by the host modifications, because of similar radiative rates and of

negligible nonradiative losses caused by the large energy gap below 4F3/2 (see

Section 8.4). This assumption can be verified by the absolute quantum yield

measurements.

Spectral overlap of the emission bands and the spectral resolution of the

used quantum yield measurement system (see Section 3.3.5) do not allow for

isolated measurements of the single Nd3+ transitions. In particular, it is not

possible to measure the emissions after direct level excitation (in resonance with

the emitting level), because a certain minimum distance between excitation

and emission wavelength is required to obtain a sufficient signal-to-noise-ratio.

Under these conditions, the following two quantum efficiency measurements are

found to be a good choice. In both cases, the PL is excited at λex = 526 nm,

because the maximum of the efficient 4I9/2 → (4G7/2,
2K13/2,

4G9/2) excitation

is found at that wavelength (corresponding excitation spectrum not shown).

The absolute quantum efficiency QE(λex, λem) is estimated for two different

detected spectral ranges, i.e. for λem,1 = 620−700 nm and λem,2 = 840−940 nm.

λem,1 covers the (4G7/2,
2K13/2,

4G9/2) → 4I13/2 and the (4G5/2,
2G7/2) →

4I11/2 emission centered at 647 and 665 nm, respectively. λem,2 contains the
4F3/2 → 4I9/2 emission centered at 868 nm.

The efficiencies of both spectral ranges are listed for the different 1 mol%

Nd3+-doped samples in Table 5.2. The absolute quantum efficiencies QE have

the order of 10−1 % and 101 % for λem,1 and λem,2, respectively. The values

for λem,1 are close to the sensitivity limit of the measurement system. The cor-

responding quantum efficiency of the standard 1 mol% Nd3+-doped FZ glass

is below the sensitivity limit and is thus not determinable. The relative en-

hancements of the heat-treated FCZ samples in comparison to the as-made

FCZ sample are plotted in Figure 5.8. For λem,1, the enhancement factor is

larger than 6 in one sample. For λem,2 on the contrary, the factor does not

exceed 1.3. This result confirms that the 868 nm emission is barely influenced

by the host and legitimates the normalization of the PL spectra to this emis-

sion. The quantum efficiency enhancement found for λem,1 decreases with the
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5. Investigations on luminescence properties and relaxation dynamics

Figure 5.8.: Enhancement of the absolute quantum efficiency QE for 1 mol% Nd3+-

doped FCZ annealed at different temperatures relative to 1 mol% Nd3+-doped as-made

FCZ (ini). The absolute quantum efficiency was determined with an absolute quantum

yield measurement system for a Nd3+ excitation at λex = 526 nm and for two different

detected spectral ranges λem,1 = 620−700 nm (open circles) and λem,2 = 840−940 nm

(full circles).

Table 5.2.: Absolute quantum efficiency QE determined with an absolute quantum yield

measurement system for 1 mol% Nd3+-doped as-made FCZ (ini) and FCZ annealed

at different temperatures. The absolute quantum efficiency was measured for a Nd3+

excitation at λex = 526 nm and for two different detected spectral ranges λem,1 =

620− 700 nm and λem,2 = 840− 940 nm.

annealing temperature (◦C) ini 240 250 260 270 280

QE(λex, λem,1) (%) 0.06 0.37 0.30 0.20 0.12 0.05

QE(λex, λem,2) (%) 9.7 12.6 10.0 9.7 9.3 7.1

annealing temperature, which is directly related to the nanocrystal size; this

dependence is discussed in Section 8.2. The sample with the orthorhombic

BaCl2 nanocrystals does not show any efficiency enhancement; only samples

with hexagonal BaCl2 nanocrystals show an enhancement. This indicates that

only the hexagonal nanocrystals, and not the orthorhombic ones are somehow

associated with the Nd3+ ions. This is also discussed in Section 8.2.

Table 5.3 compares the luminescence lifetime of the strongly enhanced (4G5/2,
2G7/2)→ 4I9/2 emission for all samples with hexagonal BaCl2 nanocrystals. The

time constant does not change significantly. This indicates that the difference

in the PL enhancement of these samples is related to the different average

nanocrystal sizes but not to different relaxation rates (see Section 8.2). Since

the hexagonal nanocrystals lead to the largest PL enhancement, their influ-

ence is further investigated. For this purpose, the 260 ◦C sample is studied
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5.2. Luminescence enhancement

Figure 5.9.: PL spectra of the 1 mol% Nd3+-doped FZ-based glasses and glass ceramics.

From bottom to top: as-made FZ, as-made FCZ, and FCZ annealed at 260 ◦C (FCZ-

c). Nd3+ was excited at 515 nm in resonance with the 4I9/2 to (4G7/2,
2K13/2,

4G9/2)

transition. The spectra are normalized to the 4F3/2 → 4I9/2 emission at about 870 nm

and vertically displaced for clarity.

Table 5.3.: Experimental PL decay time constant τexp of the (4G5/2,
2G7/2) → 4I9/2

transition at 589 nm of Nd3+ in FCZ glass ceramics following direct pulsed excitation.

The error for τexp is between 10 % and 20 %. All samples are doped with 1 mol% Nd3+;

they were annealed at different temperatures. All samples contain hexagonal BaCl2
nanocrystals; the average nanocrystal size increases with the annealing temperature.

annealing temperature (◦C) 240 250 260

time constant (µs) 10.5 11.4 11.8

as a representative glass ceramic with hexagonal nanocrystals. In the follow-

ing paragraphs, the glass ceramic (abbreviated as FCZ-c) refers to the sample

heat-treated at 260 ◦C. Besides this FCZ glass ceramic, the as-made FCZ glass

and the FZ glass with the standard ZBLAN composition are investigated as

reference samples.

In Figure 5.9, the PL spectra of Nd3+ in the FZ and FCZ glasses as well as

in the FCZ glass ceramic are shown. All spectra are recorded for excitation

at 515 nm. The observed Nd3+ emissions and their corresponding transitions

[69] are listed in Table 5.4. The PL emissions at about 532, 575, 589, 647, and

665 nm, which originate from the (4G5/2,
2G7/2) and (4G7/2,

2K13/2,
4G9/2)

excited levels, become slightly pronounced by the addition of chlorine to the

FZ glass, but get strongly enhanced by the formation of the BaCl2 nanocrys-

tals within the FCZ glass. The energy gaps below the levels (4G5/2,
2G7/2)
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5. Investigations on luminescence properties and relaxation dynamics

Table 5.4.: Peak positions of the Nd3+ emission bands of the 1 mol% Nd3+-doped FCZ

glass annealed at 260 ◦C observed between 520 and 950 nm under excitation at 515 nm.

The assignment of the optical transitions is taken from Ref. [69].

transition wavenumber (cm−1) wavelength (nm)
4F3/2 → 4I9/2 11,520 868

(2H9/2,
4F5/2) → 4I9/2 12,500 800

(4F7/2,
4S3/2) → 4I9/2 13,330 750

4F9/2 → 4I9/2 14,560 687

(4G5/2,
2G7/2) → 4I11/2 15,040 665

(4G7/2,
2K13/2,

4G9/2) → 4I13/2 15,460 647
2H11/2 → 4I9/2 15,970 626

(4G5/2,
2G7/2) → 4I9/2 16,980 589

(4G7/2,
2K13/2,

4G9/2) → 4I11/2 17,390 575

(4G7/2,
2K13/2,

4G9/2) → 4I9/2 18,800 532

and (4G7/2,
2K13/2,

4G9/2) are relatively small, namely about 1,360 cm−1

and 1,830 cm−1, respectively, so that emissions from these levels are usually

quenched by MPR. In halide glasses, the MPR rates for such small energy sep-

arations are typically between 106 and 107 s−1 [39]. However, the radiative

decay rates for 4f -transitions in trivalent rare-earth ions, are typically between

103 and 105 s−1 and do not depend significantly on the host material [27, 28].

Thus, in halide glasses, the nonradiative decay is about two orders of magnitude

faster than the radiative decay resulting in PL quenching as observed for the as-

made FCZ and FZ glasses. The reduced PL quenching in the FCZ glass ceramic

indicates reduced MPR rates that are investigated in the following sections.

5.3. Luminescence decay times

To analyze the strong PL enhancement in the heat-treated glass and the MPR

processes involved, the time dependence of (the populations of) the Nd3+ levels

is investigated. The decay time constants τexp are determined from PL decays

following direct pulsed excitation. The fitting results are collected in Table 5.5;

the uncertainty of τexp is between 10 % and 40 %. For all measurements, the

average decay time constant is given. Most decays display mono-exponential

time dependencies. Partially observed slight deviations from mono-exponential

decay behavior are not further analyzed and are negligible for the analysis of

the MPR rates.

To determine the MPR rates for the various Nd3+ levels, the observed PL

decays are analyzed. According to Equation 2.1, the luminescence lifetime

τexp of an excited level j is given by the radiative and the nonradiative decay

rates from level j. Besides MPR, nonradiative decays may include ion-ion
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5.3. Luminescence decay times

Table 5.5.: Room temperature optical transition parameters of different Nd3+ levels in

1 mol% Nd3+-doped FZ glass, FCZ glass, and FCZ glass annealed at 260 ◦C (FCZ-c):

energy gaps to the next lower levels ∆E, experimental decay time constants τexp, total

(Boltzmann weighted for level groups) radiative decay rates
∑

A [72], and MPR rates

WMPR (for details see text).

level sample ∆E τexp
∑

A WMPR

(cm−1) (µs) s−1 s−1 comment
4F3/2 FZ 5,547 450 2,165 <103 WMPR ≪

∑
A

FCZ 5,544 370 2,591 <103 WMPR ≪
∑

A

FCZ-c 5,584 360 2,849 <103 WMPR ≪
∑

A

(2H9/2,
4F5/2) FZ 1,029 460* 1,650 *

FCZ 1,010 370* 1,912 *

FCZ-c 982 360* 2,079 3.2·105** decay time, Fig. 5.13

(4F7/2,
4S3/2) FZ 928 440* 3,012 *

FCZ 935 360* 3,289 *

FCZ-c 933 390* 3,390 *
4F9/2 FZ 1,275 - 2,105 -

FCZ 1,216 - 2,242 -

FCZ-c 1,238 50* 2,283 *
2H11/2 FZ 1,221 - 212 -

FCZ 1,292 - 255 -

FCZ-c 1,272 - 251 -

(4G5/2,
2G7/2) FZ 1,347 0.2 7,194 5.0·106 decay time, Fig. 5.10

FCZ 1,359 2 8,696 4.9·105 decay time, Fig. 5.10

FCZ-c 1,361 12 8,197 7.5·104 decay time, Fig. 5.10

7.8·104 temp. dep., Fig. 5.18

(4G7/2,
2K13/2, FZ 1,842 0.9 1,923 1.1·106 decay time, Fig. 5.11

4G9/2) FCZ 1,829 17 2,242 5.7·104 decay time, Fig. 5.11

FCZ-c 1,833 85 2,119 9.7·103 decay time, Fig. 5.11

2.2·104 rise time, Fig. 5.15

(2G9/2,
2D3/2, FZ 1,236 - 1,767 -

4G11/2,
2K15/2) FCZ 1,236 - 2,037 -

FCZ-c 1,236 - 2,008 1.8·105 rise time, Fig. 5.14

* The marked levels show distorted decay times, because of their coupling to the

metastable 4F3/2 level. Their MPR rates cannot be determined from room

temperature decay times.

** The MPR rate of the (2H9/2,
4F5/2) level was determined from the 10 K decay

time measurement (WMPR(10 K) = 5.4 · 104 s−1). The WMPR given in the table

is the corrected room temperature value.
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Figure 5.10.: PL decay of the (4G5/2,
2G7/2) → 4I9/2 transition at 589 nm of Nd3+ in

as-made FZ, as-made FCZ, and in the FCZ glass annealed at 260 ◦C (FCZ-c) following

direct pulsed excitation. All samples are doped with 1 mol% Nd3+. The wavy arrow

in the energy level scheme indicates the MPR analyzed.

interactions. In the present case, however, ion-ion interactions are negligible due

the relatively low Nd3+ doping level of 1 mol% [39]. Lifetime measurements on

a glass with a Nd3+ doping level of 0.1 mol% provided the same time constants

(see below) confirming that ion-ion interactions can be neglected. The MPR

rate of a particular level j is determined by the MPR decay to the next lower

level. Neglecting ion-ion interactions, the MPR rate of level j can be estimated

from the observed level lifetime τexp via (see Equation 2.1)

WMPR = τ−1
exp −

∑
A . (5.1)∑

A is the level’s total radiative decay rate, which can be calculated from

absorption spectra using Judd-Ofelt theory [36, 37]. The total radiative decay

rates of the analyzed Nd3+ levels are listed in Table 5.5; the calculations were

done elsewhere [72]. Their uncertainty is 10 to 20 %. In case of overlapping

states 2S+1LJ , which have an energy separation in the order of kBT ,
∑

A is the

Boltzmann weighted common radiative decay rate of the level group, which is

considered as a combined level j. The MPR rates obtained from Equation 5.1

are given in Table 5.5 together with the energy gaps ∆E. The latter were

determined from the peak positions of absorption lines (see Section 5.1).

Figure 5.10 and 5.11 show the luminescence decay of the (4G5/2,
2G7/2) →

4I9/2 and of the (4G7/2,
2K13/2,

4G9/2) → 4I9/2 emission at 589 nm and 532 nm,

respectively. In order to illustrate that ion-ion interactions are negligible for

the investigated 1.0 mol% Nd3+-doped samples, a comparison between the lu-

minescence lifetime of the (4G5/2,
2G7/2) → 4I9/2 transition in the 1.0 mol%

Nd3+-doped glass ceramic and the the 0.1 mol% Nd3+-doped glass ceramic is

presented in Figure 5.12. Figure 5.13 shows the luminescence decay of the
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0 100 200 250 300 350

In
te

n
si

ty
/ 

ar
b

.
u

n
it

s

e0

Time / µs

e1

e-1

e-2

e-3

e-4

FCZ
FCZ-c

0 1 2 3 4

In
te

n
si

ty
 /

 a
rb

. 
u

n
it

s

e0

Time / µs

e1

e-1

e-2

e-3

e-4

FZ

50 150

4 2
G ,  G5/2 7/2

a2
H11/2

4
F9/2

4 4
F ,  S7/2 3/2

2 4
H ,  F9/2 5/2

4
F3/2

4
I15/2

a
4
I13/2

a
4
I11/2

4
I9/20

10,000

20,000

5
2
1
 n

m

5,000

15,000

5
3
2
 n

m

2 2 4 2
G ,  D ,  G ,  K9/2 3/2 11/ 2 15/2

4 2 4
G ,  K ,  G7/2 13/ 2 9/2

DE

W
av

en
u
m

b
er

 /
 c

m
-

1

Figure 5.11.: PL decay of the (4G7/2,
2K13/2,

4G9/2) → 4I9/2 transition at 532 nm of

Nd3+ in as-made FZ, as-made FCZ, and in the FCZ glass at 260 ◦C (FCZ-c) following

direct pulsed excitation. All samples are doped with 1 mol% Nd3+. The wavy arrow

in the energy level scheme indicates the MPR analyzed.

(2H9/2,
4F5/2) → 4I9/2 transition at 800 nm for the FCZ glass ceramic. Since

the (2H9/2,
4F5/2) level is coupled to the 4F3/2 level at room temperature, the

luminescence decay measurement was repeated at low temperature. The solid

lines represent the corresponding mono-exponential fit to the experimental data.

The excitation routes are indicated in the corresponding energy level schemes.

The luminescence decay times of the (4G5/2,
2G7/2) and the (4G7/2,

2K13/2,
4G9/2) levels change significantly with the sample (Figure 5.10 and 5.11). The

deduced MPR rates for these levels in the FZ glass sample correspond well to

literature values for the given energy gaps in FZ-based glasses [39, 73, 74].

For the FCZ glass, lower MPR rates than in the FZ glass are calculated. In

contrast to the MPR rates, the radiative decay rates do not change significantly

with the sample (see Table 5.5). This is a general phenomenon of rare-earths

and the same order of magnitude is found in other glasses and in crystals [27].

The lowest MPR rates for the (4G5/2,
2G7/2) and (4G7/2,

2K13/2,
4G9/2) lev-

els belong to the FCZ glass ceramic explaining the significant luminescence

enhancement in this sample.

The estimated decay time constant τexp of the 4F3/2 level varies only slightly

with the sample composition. The 4F3/2 level has an energy gap of about

5,600 cm−1. For such large energy gaps the MPR rate is negligibly small

(WMPR ≪ A). We found that the 4F3/2 level lifetime does not depend on

temperature (measured between 10 and 300 K), which is evident when MPR is

negligible. Thus, the observed decay time constant of the 4F3/2 level directly

gives its radiative decay rate and the MPR rate listed is an upper limit. The

observed decay time constants of the 4F3/2 level correspond well to the calcu-

lated radiative decay rates (see Table 5.5). The latter is slightly higher in the
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Figure 5.12.: Comparison of the PL decay of the (4G5/2,
2G7/2) → 4I9/2 transition

at 589 nm of Nd3+ in FCZ glasses annealed at 260 ◦C with doping concentrations of

1.0 mol% Nd3+ (scale for the corresponding measurement on the left) and of 0.1 mol%

Nd3+ (scale for the corresponding measurement on the right) following direct pulsed

excitation.

FCZ than in the FZ glass and also barely influenced by the BaCl2 nanocrystals.

Due to its restriction to radiative decay, 4F3/2 is a long living state which

becomes highly populated even at low pumping rates (storage level) in com-

parison to the other levels. The next two levels above 4F3/2, i.e. (
2H9/2,

4F5/2)

and (4F7/2,
4S3/2), are strongly coupled to it via multiphonon processes in both

directions. Although the probability of the MPA is typically 102 times (Boltz-

mann factor for the present energy gaps) lower than that of the inverse MPR

process [75], MPA is not negligible in this case, because of the high population

of 4F3/2. The coupling of these levels causes them to show the same lumines-

cence decay times like 4F3/2. Also 4F9/2 might be populated via MPA. Thus,

these levels show distorted decay times and their MPR rates cannot be reliably

calculated from the simple relation in Equation 5.1.

However, MPA can be suppressed when going to low temperatures where no

excited phonons exist. To determine the MPR rate for a small energy gap,

the lifetime of the (2H9/2,
4F5/2) level (gap of 1,000 cm−1) is measured at low

temperature. Due to the suppressed MPA a shorter decay time constant (18 µs

for the glass ceramic) is observed. This decay is directly given by the low tem-

perature MPR and radiative decay rates. Thus, Equation 5.1 leads to the low

temperature MPR rate. Subsequently, the corresponding room temperature

MPR rate (Table 5.5) is calculated from the well-known temperature depen-

dence of the MPR rate (see Section 5.5). In the FZ and FCZ glasses (2H9/2,
4F5/2) does not show any PL at low temperature. This is evident as the corre-

sponding, spontaneous MPR rates of fluoride glasses are high enough to cause

luminescence quenching. This is the case in all samples for the 2H11/2 level and,

together with its low radiative rates, render a lifetime analysis impossible.
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Figure 5.13.: PL decay of the (2H9/2,
4F5/2)→ 4I9/2 transition at 800 nm of Nd3+ in the

1 mol% Nd3+-doped FCZ glass annealed at 260 ◦C following direct pulsed excitation.

The measurements were done at room temperature and at 10 K. The wavy arrow in

the energy level scheme indicates the MPR analyzed.

5.4. Luminescence rise times

Another possibility to estimate MPR rates is the analysis of PL rise times

following excitation into higher levels. Figure 5.14 and Figure 5.15 show the

time-dependent intensities of different Nd3+ emissions following indirect pulsed

excitation. The excitation routes are indicated in the corresponding energy

level schemes. As visible from Figure 5.14, the FCZ glass ceramic shows a long

buildup of the luminescence intensity in comparison to the corresponding as-

made FCZ sample. In the glass ceramic, the intensity of the (4G7/2,
2K13/2,

4G9/2) → 4I9/2 emission increases relatively slowly after the excitation pulse,

because the emitting level is populated from the next higher (2G9/2,
2D3/2,

4G11/2,
2K15/2) level with a low MPR rate. In the as-made glass, the intensity

increases nearly instantaneously with the excitation pulse due to the sample’s

higher MPR rate.

The excitation scheme for the 4F9/2 → 4I9/2 emission presented in Figure 5.15

also leads to a clearly visible buildup in the glass ceramic. Since emissions from

the 4F9/2 level are strongly quenched in FZ-based glasses, the corresponding

time dependence can not be measured for the as-made FCZ glass. Such ar-

rangements can be considered as a three level system, where the ions get ex-

cited into the higher level 2 initially from where they decay nonradiatively into

level 1; level 1 finally decays under radiative emission to the ground level 0.
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Figure 5.14.: Comparison of the time dependence (linear scale) of the PL intensity of

the (4G7/2,
2K13/2,

4G9/2) → 4I9/2 transition at 532 nm following pulsed excitation

into the (2G9/2,
2K15/2,

2D3/2,
4G11/2) level of Nd3+ in the FCZ glass annealed at

260 ◦C (FCZ-c) and in as-made FCZ. Both samples are doped with 1 mol% Nd3+.
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Figure 5.15.: Time dependence (linear scale) of the PL intensity of the 4F9/2 → 4I9/2
transition at 687 nm following pulsed excitation into the (4G7/2,

2K13/2,
4G9/2) level

of Nd3+ in the FCZ glass annealed at 260 ◦C (the corresponding emission is quenched

in as-made FCZ). The sample is doped with 1 mol% Nd3+.
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Figure 5.16.: Time dependence of the PL intensity of the (4G7/2,
2K13/2,

4G9/2) →
4I9/2 transition at 532 nm following pulsed excitation into the (2G9/2,

2K15/2,
2D3/2,

4G11/2) level of Nd3+ in the FCZ glass annealed at 260 ◦C. The sample is doped with

1 mol% Nd3+. The solid curve describes the time dependence via Equations 5.2 and 5.3.

The wavy arrow in the energy level scheme indicates the MPR analyzed.

0 100 150 200 250 300

In
te

n
si

ty
/ 

ar
b

.
u

n
it

s

Time / µs

e0

e-3

e-4

e-5

e-6

50

e-2

e-1

4 2
G ,  G5/2 7/2

a2
H11/2

4
F9/2

4 4
F ,  S7/2 3/2

2 4
H ,  F9/2 5/2

4
F3/2

4
I15/2

a
4
I13/2

a
4
I11/2

4
I9/20

10,000

20,000

5
2
1
 n

m

5,000

15,000

6
8
7
 n

m

2 2 4 2
G ,  D ,  G ,  K9/2 3/2 11/ 2 15/2

4 2 4
G ,  K ,  G7/2 13/ 2 9/2

DE

W
av

en
u
m

b
er

 /
 c

m
-

1

Figure 5.17.: Time dependence of the PL intensity of the 4F9/2 → 4I9/2 transition at

687 nm following pulsed excitation into the (4G7/2,
2K13/2,

4G9/2) level of Nd3+ in

the FCZ glass annealed at 260 ◦C. The sample is doped with 1 mol% Nd3+. The solid

curve describes the time dependence via Equations 5.2 and 5.3. The wavy arrow in the

energy level scheme indicates the MPR analyzed.
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5. Investigations on luminescence properties and relaxation dynamics

The solution of the corresponding rate equation system for level 1 gives the

time dependence of the intensity I, i.e.

I(t) ∝ W2

W1 −W2
· (exp (−W2 · t)− exp (−W1 · t)) , (5.2)

where W1 is the total decay rate of level 1 and W2 is the nonradiative decay

rate from level 2 to level 1. This function has a maximum at tmax, which is

given by

tmax =
ln (W2/W1)

W2 −W1
. (5.3)

Both, tmax and W1, can be easily extracted from the measurement; W1 corre-

sponds to the mono-exponential decay following the buildup, i.e. W1 = τ−1
exp.

Since level 2 can be assumed to decay only by MPR into level 1, W2 corresponds

to the MPR rate WMPR. The MPR rates estimated from the buildup analysis

via Equation 5.3 are given in Table 5.5. The MPR rate of (2G9/2,
2D3/2,

4G11/2,
2K15/2) is determined from the time dependence shown in Figure 5.14 (excita-

tion of (2G9/2,
2D3/2,

4G11/2,
2K15/2) and PL detection from (4G7/2,

2K13/2,
4G9/2)) with a tmax of 16 µs. The calculated time-dependent intensity, which

results from the estimated rates using Equation 5.2, is shown in Figure 5.16

together with the corresponding measurement.

For excitation into the (4G7/2,
2K13/2,

4G9/2) level and detection from level
4F9/2 (Figure 5.15), several energy gaps are bridged during the buildup. Thus,

the detection level is populated via a multiphonon cascade (see corresponding

excitation route). The buildup time is dominated by the MPR rate of the

largest energy gap in the cascade whereas the influence of the MPR rates of

the other energy gaps in the cascade can be neglected. The limiting gap is

directly below (4G7/2,
2K13/2,

4G9/2) and is about 1,830 cm−1; tmax is 48 µs.

The evaluated MPR rate of (4G7/2,
2K13/2,

4G9/2) is consistent with the rate

estimated before from decay time analysis (see Table 5.5). In Figure 5.17 the

measured time dependence is compared to the corresponding theoretical curve

given by Equation 5.2.

5.5. Temperature dependence of the decay rates

To investigate the dependence of the transition rates on the phonon occupation

number, the luminescence decay time constant of (4G5/2,
2G7/2) is measured at

different temperatures (see Figure 5.18). According to Equations 2.7 and 2.10

in Section 2.2.1, the temperature dependence of the MPR rate can be modeled

by the Bose-Einstein-statistics via

WMPR (T ) = WMPR, 0 ·
(

exp (h̄ω/kBT )

exp (h̄ω/kBT )− 1

)∆E
h̄ω

. (5.4)
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5.5. Temperature dependence of the decay rates
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Figure 5.18.: Temperature dependence of the PL decay time constant of the (4G5/2,
2G7/2) → 4I9/2 transition at 589 nm of Nd3+ in the FCZ glass annealed at 260 ◦C

following direct pulsed excitation. The sample is doped with 1 mol% Nd3+. The solid

curve shows the fit according to Equations 5.1 and 5.4. The wavy arrow in the energy

level scheme indicates the MPR analyzed.

This equation enables the determination of (for a given energy gap ∆E) the

energy h̄ω of the phonons involved in the MPR process. The temperature de-

pendence of the measured lifetime was fitted with τ−1
exp = WMPR (T ) +

∑
A

(in accordance to Equation 5.1) by substituting WMPR (T ) with Equation 5.4.

In contrast to the MPR rate WMPR, the radiative decay rate does not de-

pend on temperature. A least squares fitting procedure using the given values

∆E = 1, 361 cm−1 and Wrad = 8, 197 s−1 yielded a spontaneous MPR rate

of WMPR, 0 = 1.4 · 104s−1 and a phonon energy of h̄ω = 260 cm−1 (with an

uncertainty of about 20 % for h̄ω). The corresponding room temperature MPR

rate is approximately 8·104 s−1 which agrees well with the MPR rate obtained

before for this level (see Table 5.5).
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6. Experimental and theoretical

investigations on vibrational spectra

The knowledge of the phonon spectra of the rare-earth host material is necessary

for an interpretation of the determined MPR properties. Hence, the glasses

and glass ceramics are studied here by Raman spectroscopy. Furthermore, the

Raman investigations allow for conclusions concerning the structural properties.

Besides different base glasses, the BaCl2 nanocrystals incorporated in the glasses

are studied. There is also fundamental interest in the phonon spectra of the

different occurring structural phases of BaCl2. Besides Raman measurements,

ab initio calculations of DFT are performed in order to investigate the phonon

spectra of crystalline BaCl2 in hexagonal and orthorhombic symmetry. The

calculations allow for a prediction of all phonon modes and for an assignment

of the measured Raman modes to their symmetry types. Some parts of this

chapter have already been published in Refs. [76, 53].

6.1. Raman spectra of the glasses and glass ceramics

Figure 6.1 gives an overview of the Raman spectra of the 1 mol% Nd3+-doped

FCZ sample series and of the 1 mol% Nd3+-doped FZ glass. The as-made

FCZ and FZ glasses show typical phonon spectra of FZ-based glasses consist-

ing of several glass-related broad phonon bands between about 200 cm−1 and

580 cm−1, which are analyzed at the end of this chapter. The spectra are

normalized to the Raman band at approximately 580 cm−1.

Raman spectroscopy on the heat-treated FCZ glasses reveal that after anneal-

ing of the as-made sample, additional phonon modes appear below 250 cm−1.

They can be related to the BaCl2 nanocrystal formation and are analyzed in

the following sections.

All Raman spectra show a small background, which increases continuously

with decreasing Raman shift. This background is zero above 700 cm−1. A weak

emission tail of the (2G9/2,
2D3/2,

4G11/2,
2K15/2) → 4I9/2 Nd3+ transition

(centered at 482 nm), which is excited by the intense laser via upconversion

processes [58], contributes to this background. In addition, the background is

caused by Rayleigh scattering of the laser. This background is small due to the

laser rejection in the Raman setup (see Section 3.1.1). Thus, the spectra can

be analyzed without any background subtraction.
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6. Experimental and theoretical investigations on vibrational spectra

Figure 6.1.: Raman spectra of the 1 mol% Nd3+-doped FZ-based glasses and glass

ceramics. From bottom to top: as-made FZ; as-made FCZ; and FCZ annealed at

240, 250, 260, 270, and 280 ◦C. The spectra are normalized to the Raman band at

approximately 580 cm−1 and vertically displaced for clarity.

6.2. Comparison of BaCl2 nanocrystals and bulk BaCl2

A comparison of the Raman spectra of bulk BaCl2 and of the above-mentioned

BaCl2-related phonon modes in Nd-doped FCZ glass is given in Figure 6.2.

The annealing temperature used for the presented FCZ glass ceramic is 280 ◦C.

Bulk BaCl2 has an orthorhombic Pnma crystal structure, which is the ther-

modynamically stable crystalline phase of BaCl2 [24]. In the given spectral

range, the Raman spectrum of annealed FCZ glass is in good agreement with

the bulk BaCl2 spectrum, showing that orthorhombic phase BaCl2 crystallites

are formed upon annealing at 280 ◦C. The other FCZ glass ceramics, annealed

at lower temperatures, show different BaCl2-related phonon bands (see Fig-

ure 6.1), because another crystalline phase of BaCl2 or a mixture of different

crystalline phases is formed depending on the annealing conditions. The dif-

ferent structural phases of the nanocrystals are analyzed in the following two

sections.

The spectrum of the orthorhombic BaCl2 nanocrystals in the 280 ◦C sample

(Figure 6.2, top) shows several Raman bands between about 50 and 200 cm−1.

The spectral positions of bulk BaCl2 (Figure 6.2, bottom) coincide well. The

phonon energies and the mode assignments are given in Section 6.4. Because

the nanocrystals are randomly orientated in the glasses, their Raman spectra

are well averaged over all crystal orientations. This is not the case for the mea-

surement of the polycrystalline bulk crystal in which only a few orientations

are superimposed. Thus, only the spectral positions of the phonon modes, but

not the intensities, should be compared. The signal-to-noise ratio of the Raman
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6.2. Comparison of BaCl2 nanocrystals and bulk BaCl2

Figure 6.2.: Raman spectrum of orthorhombic BaCl2 nanocrystals in the

1 mol% Nd3+-doped FCZ glass annealed at 280 ◦C (top) in comparison to Raman

spectrum of bulk BaCl2 (bottom). The spectra are vertically displaced for clarity.

spectra of the nanocrystals is significantly lower than that found for the corre-

sponding bulk BaCl2 spectrum. The reason for the lower signal-to-noise ratio

in the glass ceramics is basically the lower BaCl2 content which is determined in

Section 4.2 to be about 20 %. Compared to those of the bulk crystal, the lines

are broadened in the Raman spectrum of the nanocrystals in the glass. This

line broadening may originate from disorder and poor crystalline quality in the

nanocrystals (see discussion in Section 8.1). Due to the random nanocrystal ori-

entation the measured Raman spectra are a superposition of the spectra for all

crystal directions. The phonon frequencies of bulk BaCl2 were analyzed previ-

ously by Sadoc and Guillo [42] using polarized Raman spectroscopy performed

in different scattering geometries to obtain all six independent components of

the polarizability tensor for orthorhombic symmetry. Their results are in good

agreement with the experimental results obtained here for orthorhombic BaCl2.
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6. Experimental and theoretical investigations on vibrational spectra

6.3. Calculated phonon spectra

For a deeper understanding of the phononic properties of the nanocrystals in

the glasses, the Raman spectra of BaCl2 in hexagonal and orthorhombic sym-

metry were calculated. First principles calculations were performed within the

LDA to DFT as described in Section 3.1.2 and in the references given there.

At the zone center, one expects 3 acoustical and 33 optical phonon modes in

orthorhombic symmetry and 3 acoustical and 24 optical phonon modes in hexag-

onal symmetry. Factor group analysis predicts 18 (6Ag+3B1g+6B2g+3B3g) and

10 (2A′
1+6E′+2E′′) Raman-active modes for the orthorhombic Pnma and the

hexagonal P 6̄2m structure, respectively. The calculated phonon energies of the

Raman-active modes and the assignments to their symmetry adapted mode

types are listed in Table 6.1 in the next section. The calculated Raman spectra

of hexagonal and orthorhombic BaCl2, which are a superposition of the pre-

dicted Raman-active modes, are presented in Figure 6.3 and 6.4, respectively.

For comparison the measured Raman spectra of the corresponding nanocrystals

in the Nd-doped FCZ glasses annealed at 260 ◦C and 280 ◦C are shown in Fig-

ure 6.3 and 6.4, respectively. Orthorhombic BaCl2 nanocrystals are formed in

the 280 ◦C sample; the 260 ◦C sample represents a glass that contains hexagonal

BaCl2 nanocrystals (see XRD analysis in Section 4.2).

The contribution of each single Raman-active phonon mode to the resulting

spectrum depends significantly on the orientation of the crystal with respect

to the propagation direction and the polarization vectors of the incident and

scattered light. For the present case of unpolarized Raman measurements of

randomly orientated crystallites performed in reflection geometry, all Raman-

active phonon modes contribute to the resulting spectrum, and their intensities

are calculated in analogy to a powder spectrum (see Section 3.1.2). There is

good agreement between the theoretical and experimental spectra; the devia-

tion for the main bands with respect to the line positions is less than 5 % for

both phases of BaCl2. In Ref. [48], we additionally found a good agreement

between calculated and measured Raman spectra for BaBr2. The calculations

were also compared to polarized Raman spectra on single BaCl2 and BaBr2
crystals performed in different scattering geometries. Such measurements allow

for a detection and an identification of the single vibrational modes [42, 77].

The comparisons demonstrate that the approach used is appropriate to pre-

dict vibrational frequencies and relative intensities of the phonon modes in the

corresponding crystals. Furthermore, the calculation method allows for an as-

signment of the vibrational modes to their symmetry types (see next section).

For a variety of crystals, e.g., in a powder spectrum or nanocrystals in a matrix,

no identification of the vibrational modes in the Raman spectrum is possible

by experimental means.

In Ref. [48], it is shown that by theoretical mode prediction the measured

modes can be assigned to their symmetry types, even for broader Raman peaks

as they occur for nanocrystals.
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6.3. Calculated phonon spectra

Figure 6.3.: Raman spectrum of hexagonal BaCl2 nanocrystals in the

1 mol% Nd3+-doped FCZ glass annealed at 260 ◦C (top) in comparison to calculated

Raman spectrum of hexagonal BaCl2 obtained from DFT (bottom). The spectra are

vertically displaced for clarity.

Figure 6.4.: Raman spectrum of orthorhombic BaCl2 nanocrystals in the

1 mol% Nd3+-doped FCZ glass annealed at 280 ◦C (top) in comparison to calculated

Raman spectrum of orthorhombic BaCl2 obtained from DFT (bottom). The spectra

are vertically displaced for clarity.

Not all the single Raman modes are resolved in the Raman spectra due to

the finite linewidth and spectral overlap of the modes. As mentioned in Sec-

tion 3.1.2, it is necessary to define a spectral linewidth and line shape for the Ra-

man modes in order to calculate spectra from the Raman scattering intensities.

Lorentzian line shapes are assumed for the Raman bands. Using a linewidth
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6. Experimental and theoretical investigations on vibrational spectra

of 5.5 cm−1 (FWHM used in Figure 6.4) for orthorhombic BaCl2 provides the

best qualitative agreement with the measured spectrum of the orthorhombic

BaCl2 nanocrystals. The hexagonal BaCl2 nanocrystals exhibit larger Ra-

man linewidths; the best agreement with the measurement is achieved with

a linewidth of 12.0 cm−1 (FWHM used in Figure 6.3). The larger linewidths of

the Raman bands of the hexagonal nanocrystals is discussed in Section 8.1.

6.4. Mode assignment and structural phase transitions

Table 6.1 lists the calculated energies of the Raman-active phonon modes to-

gether with the assignments to their symmetry adapted mode types for BaCl2
in hexagonal and orthorhombic symmetry. For comparison the assigned mea-

sured peak energies of the Raman bands in the corresponding nanocrystals are

also given in Table 6.1. The assignment of the measured Raman bands to the

predicted phonon modes is done on the basis of their spectral positions and

their relative intensities. A clear assignment is possible if the measured spectra

are compared to theoretical spectra, which are calculated for a small spectral

linewidth. The spectra obtained for a small FWHM of 2 cm−1 are shown in

Ref. [48]; they were calculated for the present scattering geometry in analogy

to the spectra in Section 6.3. The Raman spectra are superpositions of all the

Raman-active phonon modes, but only some modes contribute significantly to

the resulting spectra due to their strong relative intensities. The spectrum of

orthorhombic BaCl2 nanocrystals in the 280 ◦C sample consists of six Raman

bands at approximately 55, 76, 113, 125, 152, and 186 cm−1 and three shoul-

ders at 60, 175, and 200 cm−1. The spectrum of hexagonal BaCl2 in the 260 ◦C

sample shows five Raman bands positioned at 90, 123, 148, 182, and 224 cm−1

and a shoulder at 113 cm−1. The main bands of orthorhombic crystallites are

basically caused by the highest energy B3g mode and the six Ag modes, whereas

the lowest energy B2g mode is superimposed on its neighboring Ag mode. Also

one B1g and another B2g mode contribute significantly to the spectra causing

the shoulders at about 60 cm−1 and the band at about 152 cm−1, respectively.

The Raman features of hexagonal BaCl2 nanocrystals originate from three E′

modes, both A′
1 modes and both E′′ modes, whereas the lowest energy A′

1 mode

and lower E′′ mode are superimposed on each other.

Figure 6.5 shows the BaCl2-related Raman spectra of the FCZ ceramics in

comparison to the calculated phonon energies for BaCl2 in hexagonal and or-

thorhombic symmetry. The BaCl2 Raman modes, which appear after annealing

of the as-made glass, differ for the different annealing steps. The stick diagrams

in Figure 6.5, which show the calculated spectral positions, facilitate a phase

identification of the BaCl2 nanocrystals in the differently heat-treated FCZ

glasses. In addition, the stick diagrams illustrate well how the single Raman-

active phonon modes contribute to the experimental spectra. The 240 ◦C sam-
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6.4. Mode assignment and structural phase transitions

Table 6.1.: Theoretically predicted energetic positions (values in cm−1) of the Raman-

active zone center phonon modes and assignment to their symmetry adapted mode

types in hexagonal (P 6̄2m structure) and orthorhombic (Pnma structure) BaCl2. The

peak positions of measured Raman bands of the hexagonal and orthorhombic BaCl2
nanocrystals in FCZ glass annealed at 260 ◦C and 280 ◦C are given for comparison,

respectively.

P 6̄2m Pnma

predicted observed mode predicted observed mode

88 90 E′ 54 55 Ag

95 - E′ 54 B3g

108 113 E′ 60 60 B1g

120 123 E′′ 77 76 Ag

124 123 A′
1 95 - B2g

132 - E′ 110 113 Ag

154 148 E′′ 117 - B1g

184 182 E′ 117 113 B2g

198 - E′ 127 - B2g

224 224 A′
1 127 - B3g

131 125 Ag

149 152 B2g

170 - B2g

176 175 Ag

187 - B1g

187 186 B3g

197 200 Ag

202 - B2g

ple and the 250 ◦C sample exhibit the same BaCl2-related Raman bands like

the 260 ◦C sample. In analogy to the 260 ◦C sample, their Raman bands can

be assigned to hexagonal BaCl2. After the 270 ◦C annealing step, a mixture

of two different phonon spectra is found: Besides the phonon modes already

observed for orthorhombic BaCl2 in the 280 ◦C sample, the sample shows ad-

ditional phonon modes, which are also found in the spectrum of the hexagonal

BaCl2 in the glasses annealed between 240 ◦C and 260 ◦C. In the 270 ◦C sam-

ple, the phonon bands of orthorhombic BaCl2 are not completely developed,

for example the shoulder at about 175 cm−1 (Ag mode in orthorhombic BaCl2)

is difficult to observe. Some phonon modes of hexagonal BaCl2 have not com-

pletely disappeared. In particular, the hexagonal BaCl2 E′ and E′′ modes at

about 90 cm−1 and 150 cm−1, respectively, are still observable after annealing

at 270 ◦C. These results confirm the findings from the XRD analysis, in which

the same phases are identified: Hexagonal BaCl2 is found in the 240 - 260 ◦C
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6. Experimental and theoretical investigations on vibrational spectra

Figure 6.5.: Raman spectra of BaCl2 nanocrystals in the 1 mol% Nd3+-doped FCZ

glasses. From bottom to top: FCZ annealed at 240, 250, 260, 270, and 280 ◦C. The

stick diagrams show the calculated spectral positions of the Raman-active phonon

modes of hexagonal and of orthorhombic BaCl2. The spectra are vertically displaced

for clarity.

samples, orthorhombic BaCl2 is found in the 280 ◦C sample, and a mixture of

both phases is found in the 270 ◦C sample.

6.5. Consideration of all optical phonon modes

The applied calculation method is also capable of predicting IR-active phonon

modes. For a comprehensive consideration of the phonon spectra, Raman-active

and IR-active phonon modes should be investigated. Only then is it possible

to determine the highest energy phonon modes of the corresponding crystalline

phases of BaCl2 being important for the MPR properties of the material.

The calculated spectral positions of all optical phonon modes can be found

in Figure 6.6 and Figure 6.7 for hexagonal and orthorhombic BaCl2, respec-

tively. The Raman spectra of the corresponding crystalline phases are shown

for comparison. Measurements of the IR spectra are challenging since the mea-

surement apparatus must be capable of far IR spectral range, and a special

sample preparation is required to enable appropriate light passing in this spec-

tral range. The experimental efforts necessary to obtain the IR spectra of the

hygroscopic BaCl2 are beyond the scope of this work. Here, the issue is consid-

ered from the theoretical side. The DFT calculations, which have proven to be

in agreement with the measurements (see Section 6.3), allow for a sufficiently

precise estimation of the phonon cut-off frequencies, which are of particular

interest for this work.

As stated above, orthorhombic BaCl2 has 36 phonon modes (p = 12 atoms

and 3p degrees of freedom per unit cell), i.e. 33 optical and 3 acoustical phonon
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6.5. Consideration of all optical phonon modes

Figure 6.6.: Calculated spectral positions of the Raman-active (top), IR-active (mid-

dle) and silent (bottom) phonon modes of hexagonal BaCl2 obtained from DFT. For

comparison the measured Raman spectrum of hexagonal BaCl2 nanocrystals in the

1 mol% Nd3+-doped FCZ glass annealed at 260 ◦C is shown.

Figure 6.7.: Calculated spectral positions of the Raman-active (top), IR-active (mid-

dle) and silent (bottom) phonon modes of orthorhombic crystalline BaCl2 obtained

from DFT. For comparison the measured Raman spectrum of orthorhombic BaCl2
nanocrystals in the 1 mol% Nd3+-doped FCZ glass annealed at 280 ◦C is shown.

modes. The 33 optical phonon modes consists of 18 (6Ag+3B1g+6B2g+3B3g)

Raman-active, 12 (5B1u+2B2u+5B3u) IR-active, and 3 (3Au) silent phonon

modes [48]. Silent phonon modes are neither Raman-active nor IR-active.

Hexagonal BaCl2 provides 27 phonon modes (p = 9 atoms and 3p degrees

of freedom per unit cell), i.e. 24 optical and 3 acoustical phonon modes. Factor
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6. Experimental and theoretical investigations on vibrational spectra

Table 6.2.: Theoretically predicted spectral positions of the IR-active and silent zone

center phonon modes and assignment to their symmetry adapted mode types in hexag-

onal (P 6̄2m structure) and orthorhombic (Pnma structure) BaCl2.

P 6̄2m Pnma

h̄ω (cm−1) mode activity h̄ω (cm−1) mode activity

47 A′′
1 silent 36 Au silent

52 A′′
2 IR 55 B1u IR

88 E′ IR 75 B3u IR

95 E′ IR 116 B1u IR

108 E′ IR 121 Au silent

114 A′′
1 silent 122 B2u IR

123 A′′
2 IR 132 B3u IR

132 E′ IR 137 B3u IR

179 A′
2 silent 142 B1u IR

181 A′′
2 IR 164 B3u IR

184 E′ IR 169 Au silent

198 E′ IR 175 B2u IR

179 B1u IR

204 B1u IR

213 B3u IR

group analysis predicts 10 (2A′
1+6E′+2E′′) Raman-active, 9 (3A′′

2+6E′) IR-

active, and 3 (2A′
2+1A′′

1) silent phonon modes [48]. The E′ modes are both

Raman- and IR-active. In orthorhombic BaCl2, to the contrary, the mutual

exclusion principle, which forbids that vibrational modes are both Raman-

and IR-active, is valid, because the orthorhombic Pnma structure has an

inversion center of symmetry. The E′ and E′′ modes are twofold degener-

ated; the total number of optical phonon modes in hexagonal BaCl2 is thus

24 (2A′
1+2·6E′+2·2E′′+3A′′

2+2A′
2+1A′′

1). For completeness, the calculated en-

ergies of the IR and silent phonon modes and the assignments to their symmetry

adapted types are listed in Table 6.2. As shown in Figures 6.6 and 6.7, the high-

est energy phonon mode is Raman-active in hexagonal BaCl2 and IR-active in

orthorhombic BaCl2.
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6.6. Analysis of the glass-related Raman bands

6.6. Analysis of the glass-related Raman bands

Figure 6.8 compares the glass-related phonon bands of the as-made FZ glass,

of the as-made FCZ glass, and of a FCZ glass ceramic heat-treated at 260 ◦C.

The 260 ◦C glass ceramic is representative of all annealed samples; the other

glass ceramics display similar glass-related Raman modes. The measured peak

positions of glass-related phonon bands and their assignments to vibrations

in FZ-based glasses are given in Table 6.3. Five Raman bands are observed;

they peak at about 580, 490, 390, 330, and 200 cm−1. The Raman band at

about 200 cm−1 is not observable in the glass ceramic, because it is superim-

posed by the BaCl2-related phonon modes below 250 cm−1.

The strong band at approximately 580 cm−1, which is found in the Raman

spectra of all samples, can be assigned to symmetric stretching vibrations of

nonbridging Zr-F bonds in FZ-based glasses [17]. Almeida’s and Mackenzie’s

[78] study of the structure of binary FZ-based glasses, in which IR and Raman

spectra are investigated, shows that this vibration is caused by the highest en-

ergy phonons in these glasses. In Ref. [78], a glass structure which basically

consists of zig-zag chains of ZrF6 octahedra, cross-linked by other metal-fluoride

bonds is proposed. The ZrF6 octahedra have four nonbridging fluorine atoms

and two bridging fluorine atoms. The vibrational mode originates from sym-

metric stretching of these four nonbridging Zr-F bonds in a square planar struc-

ture. In other studies, slightly higher coordination numbers of seven to eight

are proposed [18]; however, there is a general agreement on the basic struc-

ture described in Ref. [78]. The phonon band at about 480 cm−1 is related to

symmetric stretching vibrations of the two bridging fluorine atoms in the ZrF6

octahedra [78]. The next two Raman bands are assigned to vibrations in iso-

lated ZrF−2
6 octahedra [78], they are located at about 390 cm−1 and 330 cm−1.

The first one belongs to antisymmetric Zr-F stretching modes. The latter one

is caused by F-Zr-F bending modes in the free ZrF−2
6 octahedra. The last ob-

served Raman band at about 200 cm−1 originates from Zr-F-Zr bending in the

zig-zag chains of ZrF6 octahedra [79].

The Raman spectra and the peak positions of the phonon bands of as-made

FZ and FCZ do not show a significant difference, which indicates a similar

behavior as described by Almeida and Mackenzie in Ref. [80]. They compared

ZrF4BaF2 and ZrF4BaCl2 model glasses and observed similar Raman spectra

for the FZ and FCZ glasses. This indicates that the chlorine does not influence

the basic structure consisting of zig-zag chains of six-coordinated octahedra.

Since the highest energy vibration does not differ between FZ and FCZ glass,

they suggested that the square planar structure of the four bridging fluorine

atoms around the Zr atoms is unaffected, and the Cl atoms basically occupy

the bridging positions in the chain of the six-coordinated octahedra [80].

The Raman spectrum of the FCZ glass ceramic differs significantly from those

of the as-made FZ and FCZ glasses. Apart from the additional phonon modes
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6. Experimental and theoretical investigations on vibrational spectra

Figure 6.8.: Raman spectra of the 1 mol% Nd3+-doped FZ-based glasses and glass

ceramics in the frequency range of the glass-related Raman bands. From bottom to

top: as-made FZ, as-made FCZ, and FCZ annealed at 260 ◦C (FCZ-c). The spectra

are normalized to the Raman band at approximately 580 cm−1 and vertically displaced

for clarity.

Table 6.3.: Observed peak energies (values in cm−1) of the glass-related Raman bands

in as-made FZ, in as-made FCZ, and in FCZ annealed at 260 ◦C (FCZ-c) and vibra-

tional mode assignment for FZ-based glass.

FZ FCZ FCZ-c assignment Ref.

576 ± 3 580 ± 3 589 ± 4 symm. stretching of nonbridging Zr-F bonds [17]

479 ± 7 493 ± 8 493 ± 8 symm. stretching of bridging Zr-F bonds [78]

390 ± 5 395 ± 4 390 ± 4 antisymm. Zr-F stretching in free ZrF−2
6 [78]

331 ± 3 331 ± 3 329 ± 3 F-Zr-F in free ZrF−2
6 [78]

195 ± 8 195 ± 6 - in-chain bending of Zr-F-Zr bridges [79]

which are related to the BaCl2 nanocrystals, the highest energy vibration in the

base glass is significantly shifted by more than 10 cm−1 (see Table 6.3). This

shift towards higher energies indicates a decreasing halide-to-zirconium ratio

in the base glass. Aasland et al. [17] found that the energy of this symmetric

stretching vibration basically depends on the fluorine-to-zirconium ratio in the

glass composition, which is related to structural changes involving a changing

Zr coordination number. The batch composition of the FZ glass has a fluorine-

to-zirconium ratio of 5.6; the FCZ glass has the same halide-to-zirconium ratio

but some fluorine is substituted by chlorine. For such ratios, maximum phonon

energies of about 570 cm−1 are reported [17]. The observed maximum phonon

energy of the as-made FZ and FCZ glasses is slightly higher (576 cm−1 and

580 cm−1, respectively) which indicates little evaporation loss during the melt-
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Figure 6.9.: Comparison of Raman spectra of Nd-doped and Eu-doped FCZ glass

ceramics with orthorhombic BaCl2 nanocrystals: 1 mol% Nd3+-doped FCZ annealed

at 280 ◦C (FCZ-c: Nd) (top) and the 5 mol% Eu2+-doped FCZ annealed at 290 ◦C

(FCZ-c: Eu) (middle and bottom). The used excitation wavelengths are 488.0 nm

(top and middle) and 514.5 nm (bottom). The corresponding optical transitions of the

superimposing Eu3+ emissions are indicated. The spectra are vertically displaced for

clarity.

ing process. The energy shift to 590 cm−1 in the FCZ glass ceramic can be

attributed to a loss of halides in the glass matrix due to the formation of the

BaCl2 nanocrystals induced by the annealing process. For maximum phonon

energies of 590 cm−1 correspond to halide-to-zirconium ratios of 4.8 [17].

6.7. Influence of rare-earth ions on the phonon spectra

All Raman spectra presented in the previous sections are measurements of

neodymium-doped FCZ glasses and glass ceramics since the main focus of this

work is on these samples. Raman spectra of europium-doped samples with a

similar FCZ base glass composition are presented in Ref. [53]. The comparison

of the differently doped glass ceramics in Figure 6.9 does not show a significant

difference of the Raman bands (for details see Pfau et al. [53]). Furthermore,

measurements on rare-earth-free FCZ glass ceramics provide similar Raman

spectra. This indicates that the phonon spectra are not influenced by the rare-

earth doping. It can be concluded that the structure of the base glass and of the

BaCl2 nanocrystals is not significantly changed by the rare-earth ions. This is,

of course, related to the low rare-earth concentration in the samples (rare-earth

doping level of a few mol%).

It should be noted that the specific PL emissions of the rare-earth ions can be
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6. Experimental and theoretical investigations on vibrational spectra

superimposed on the Raman spectra. For example, upon excitation at 488.0 nm

Eu3+-emissions centered at 510 nm (5D2-
7F3 transition, the corresponding Ra-

man shift is about 880 cm−1) and 488 nm (5D2-
7F2 transition) are observed in

the Raman spectra of the Eu-doped samples. The tail of the latter is super-

imposed on the BaCl2-related phonon modes. Thus, an excitation wavelength

of 488.0 nm is not suitable for studying BaCl2 phonon spectra in case of Eu-

doping. When Raman scattering is excited at 514.5 nm, the Raman spectra are

superimposed by Eu3+-emissions centered at 525 nm (5D1-
7F0 transition, the

corresponding Raman shift is about 390 cm−1) and 535 nm (5D1-
7F1 transi-

tion, the corresponding Raman shift is about 750 cm−1) making investigations

on several glass-related phonon bands impossible. Figure 6.9 shows Raman

spectra of the Eu-doped FCZ ceramic for both excitation wavelengths. The

observed optical transitions of Eu3+ are indicated. These superimposing bands

are not related to the phonons or Raman scattering; they are solely related to

the rare-earth PL in the VIS spectral range, which is excited by the Raman

laser. Thus, the excitation wavelength must be chosen for the present rare-

earth ion in such a way that superimposing on the investigated phonon bands

is avoided.
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7. Investigation of the oxidation state

of rare-earth ions: a Mössbauer study

Another important issue for the development of rare-earth doped glass ceramics

is the oxidation state of the rare-earth ions. Whereas, most rare-earth ions oc-

cur in a trivalent valence state in solid hosts, europium shows both the trivalent

and the divalent ionization state. For the usage of Eu-doped FZ-based glass

ceramics as storage phosphors or scintillators, the Eu2+/Eu3+ ratio is impor-

tant, which can be determined by Mössbauer spectroscopy in principle. It is

investigated under which conditions the Eu2+-to-Eu3+ ratio can be estimated

by this method. Using low temperature Mössbauer spectroscopy, routes for

maximizing the divalent europium content are investigated by varying chemi-

cal compositions and preparation parameters. This chapter has already been

published in Ref. [81].

7.1. Optimization of Eu-doped glasses and glass

ceramics

In the framework of the Mössbauer study a glass of the composition 51ZrF4-

17BaCl2-20NaF-3.5LaF3-3AlF3-0.5InF3-5EuF2, is compared to a glass of the

composition 51ZrF4-17BaCl2-20NaF-3.5LaF3-3AlF3-0.5InF3-5EuCl2, i.e. in the

latter one EuCl2 is used instead of EuF2 (values given in mol%). The EuF2-

doped FCZ glass is henceforth abbreviated with FCZ – 5 mol% EuF2, while the

acronym for the EuCl2-doped sample is FCZ – 5 mol% EuCl2. The preparation

procedure is comparable to that described in Section 4.1. More details can

be found in Ref. [81]. Subsequently, the glasses are annealed for 5 minutes at

300 ◦C to initiate the growth of BaCl2 therein. Each sample is powdered and

uniformly distributed on the sample holder area (60 mg/cm2) in an inert argon

atmosphere, before being quickly put into the cryostat to avoid oxidation.

In Figure 7.1 the 260 K and 6 K Mössbauer spectra of an as-made EuCl2-

doped FCZ glass are compared. The corresponding fitting parameters of the

Eu2+ Mössbauer line are given in Table 7.1. The Eu2+ and Eu3+ Mössbauer

lines have shifts (isomer plus second order Doppler) of about −14 mm/s and

0 mm/s, respectively. According to theory, the absolute value of the second

order Doppler shift increases as the temperature is lowered. The expected effect

of the temperature on the shift is about -10−4 mm/(s·K) [82], and is within the
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Figure 7.1.: Mössbauer spectra of an as-made 5 mol% EuCl2-doped FCZ glass measured

at 260 K (top) and 6 K (bottom).

Table 7.1.: Fitting parameters of the Eu2+ Mössbauer spectra in different FCZ glasses,

measured at 6 K, the values at 260 K are given in brackets.

sample composition treatment area fraction line shift line width

(%) (mm/s) (mm/s)

FCZ – 5 mol% EuF2 as-made 69.6± 4.6 −14.3± 0.2 8.9± 0.5

FCZ – 5 mol% EuCl2 as-made 88.0± 1.8 −14.0± 0.1 8.3± 0.2

(75.4± 8.5) (−14.3± 0.3) (8.9± 0.9)

FCZ – 5 mol% EuCl2 annealed 84.2± 3.6 −14.0± 0.1 7.0± 0.3

at 300 ◦C in air

FCZ – 5 mol% EuCl2 annealed 89.4± 3.7 −14.1± 0.1 7.3± 0.3

at 300 ◦C in Ar (77.8± 9.8) (−14.1± 0.2) (7.5± 0.5)

experimental error (see Table 7.1) and can thus not be observed.

The linewidth of the Eu2+ resonance (about 8-9 mm/s) is broad mainly

because of paramagnetic relaxation and partly because of the different sites

associated with the disorder in the glass. This may be compared with that

of the Eu3+ (about 3 mm/s), which has a non-magnetic ground state. The

measurements do not show a significant influence of the temperature on the

linewidths.

The Mössbauer effect increases as the temperature is decreased. The en-

hanced absorption at low temperature is clearly visible in Figure 7.1. Besides

this, low temperature Mössbauer spectroscopy has the further advantages that

it prevents the sample from oxidizing. Without a cryostat the powdered sam-

ples oxidized very quickly. A partial break-through to obtain spectra from Eu2+

in the glasses was making polished plates as used in [83], which oxidized more
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7.1. Optimization of Eu-doped glasses and glass ceramics

Figure 7.2.: Mössbauer spectra of as-made 5 mol% EuF2-doped (top) and 5 mol%

EuCl2-doped (bottom) FCZ glasses, both measured at 6 K.

slowly. The measurements presented here are done on powdered samples in-

stalled in a closed-cycle cryostat in which both the low temperature and the

vacuum prevented oxidation.

The main reason for going to low temperatures is to achieve a good quantita-

tive analysis of the Eu2+-to-Eu3+ ratio. The ratio of the areas under the Eu2+

and Eu3+ absorption lines is 70 : 30 and 88 : 12 at 260 K and at 6 K, respec-

tively. The Eu2+-to-Eu3+ ratio increases on cooling, because the Mössbauer

effect increases more for Eu2+ than for Eu3+ resulting from its weaker bind-

ing strength (see below). The relative area of each line does not give directly

the amount of each oxidation state present. The low temperature values of

the f -factors are limited by the mean square zero-point vibrations. The ratio

measured at the lowest temperature would be the closest to the true value. An

analysis of the f -factors shows that the estimated relative area at 6 K is already

a very good estimate for the real value (see below).

In Figure 7.2 low temperature Mössbauer spectra of the as-made FCZ –

5 mol% EuF2 and FCZ – 5 mol% EuCl2 samples are compared (for the fitting

parameters see Table 7.1). The isomer shift depends on the glass composition;

the fit of the Eu2+ Mössbauer line gives −14.0 mm/s for EuF2-doping and

−14.3 mm/s for EuCl2-doping. The difference between F and Cl is barely

significant, but it shows the expected tendency. Mössbauer studies of different

Eu(II)-halides [82] suggest that the absolute value of the isomer shift increases

as the covalency increases, i.e. in the order F < Cl. There is only a small

difference between the linewidths of the FCZ – 5 mol% EuCl2 and FCZ –

5 mol% EuF2 samples.

The relative absorption strengths are strongly affected by the europium halide

used for doping. An analysis of the relative areas under the absorption lines
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Figure 7.3.: Mössbauer spectra of as-made (top), annealed at 300 ◦C in air (middle),

and in an argon atmosphere (bottom) 5 mol% EuCl2-doped FCZ glasses. All spectra

were measured at 6 K.

yields that using EuCl2 instead of EuF2 significantly improves the Eu2+-to-

Eu3+ ratio. A replacement of EuF2 by EuCl2 increases the relative Eu2+ area

from 70 % to 88 %. EuCl2 is preferable for keeping the Eu
2+ fraction high having

a lower free energy in an FCZ glass than EuF2. This advantage of EuCl2 is

confirmed by XANES measurements giving 88 % and 83 % relative Eu2+ content

for EuCl2 and EuF2 doping, respectively [65]. Note, that europium doping level

was only 2 mol% in those XANES measurements. The following investigations

are done with the EuCl2-doped FCZ glasses, having the highest Eu2+ fraction.

The growth of BaCl2 nanocrystals in the glasses is achieved by annealing the

glasses for 5 minutes at 300 ◦C. The glasses are annealed in either air or argon

to determine if it is necessary to anneal in an inert atmosphere to keep the

Eu2+ fraction high.

The Mössbauer spectra of the as-made glass, the glass annealed in air and

the glass annealed in argon are compared in Figure 7.3. While the isomer

shift is not influenced by the thermal treatment of the glasses (see Table 7.1),

the linewidth is significantly reduced from 8.3 mm/s to about 7 mm/s after

annealing, suggesting that the Eu is now in an ordered, i.e. crystalline, state.

This can be explained by the formation of the BaCl2 nanocrystals in the glasses

containing the europium ions. The Eu2+ fraction remains almost the same after

both annealing in air and annealing in an argon atmosphere. In particular,

annealing in an inert-argon atmosphere does not affect the Eu2+-to-Eu3+ ratio.

This result is confirmed by [84], in which the Eu2+-to-Eu3+ ratio was also

found to be unchanged after annealing in an inert-argon atmosphere. On the

contrary, the relative Eu2+ content of the sample that was annealed in air

decreased slightly (but barely significant) by about 5 %, which is consistent
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with a previous XANES study giving the same decrease after annealing in air

[65]. Thus, it cannot be excluded that Eu2+ is partially oxidized on annealing

the glasses in air. It should also be noted that heating can reduce EuCl3 to

EuCl2 [83].

All an all, an analysis of the low temperature absorption lines allows for the

following interpretations: Annealing in air or an inert atmosphere does not

significantly affect the Eu2+ content. The results also show that the use of

EuCl2 instead of EuF2 as a starting material results in about 20 % more of the

europium in a divalent state. Furthermore, the Mössbauer linewidth narrowing

indicates that Eu2+ moves to a more ordered (crystalline) environment after

annealing. The temperature dependence and the exactness of the quantitative

estimate of the fractions are considered in the next section.

7.2. Temperature dependence of the Mössbauer spectra

The temperature dependence of the Mössbauer spectra is studied for the

FCZ – 5 mol% EuCl2 sample annealed in an argon atmosphere. In Figure 7.4

the Mössbauer spectra are shown for a set of different temperatures of the

glass ceramic. The comparison clearly shows the continuous increase of the

Mössbauer absorption strengths with decreasing sample temperature as de-

scribed for the as-made glass (Figure 7.1). Besides this, the ratio of the areas

under the Eu2+-to-Eu3+ absorption lines changes with temperature. Starting

at an Eu2+-to-Eu3+ ratio of 78 : 22 at 275 K, it increases up to about 90 : 10

at 6 K. The errors for the line shifts and the linewidths in the table are the

standard errors of the Lorentz fit parameters. The errors for the area fractions

are estimated on the basis of the errors for the absorption strengths and the

linewidths. For the presented low temperature Mössbauer measurements the er-

rors for the Eu2+-fractions are mostly about 4 % . For longer integration times

the errors are reduced to about 1-2 % comparable to the errors achieved in

XANES studies [84]. The temperature dependence can be described in terms

of the Lamb-Mössbauer factor (or f -factor), which is the recoil free fraction

determining the intensity of the Mössbauer effect.

The f -factor depends on the amplitude, x, of vibrations of the nuclei. For a

harmonic oscillator the Lamb Mössbauer factor f can be described by

f = exp

(
−

E2
γ

(h̄c)2

⟨
x2
⟩)

(7.1)

where Eγ is the energy of the emitted γ-radiation, h̄ is the reduced Planck

constant, and c is the velocity of light.

In Figure 7.5, the temperature dependence of the f -factors deduced from

the areas of absorption lines is shown for Eu2+ and Eu3+. It is seen from the

temperature dependence that the Mössbauer effect increases more for Eu2+ than
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Figure 7.4.: Mössbauer spectra of a 5 mol% EuCl2-doped FCZ glass annealed at 300 ◦C

in argon atmosphere measured at different temperatures between 275 K and 6 K.

for Eu3+ due to the lower binding strength of Eu2+. According to Equation 7.1

the f -factor decreases exponentially with the mean square amplitude of the

vibrations. Eu2+ is less strongly bound so starting from absolute zero the

amplitude of the thermal vibrations increases more rapidly than for the more

strongly bound Eu3+.

Describing the vibrations within the Debye model (as a first approximation)

yields [85]

f = exp

(
− 3ER

2kBθD

[
1 + 4

(
T

θD

)2 ∫ θD/T

0

x

ex − 1
dx

])
(7.2)

with ER the recoil energy, kB the Boltzmann constant, T the temperature, and

θD the Debye temperature. Least square fits are applied to the temperature

dependence of the f -factors using Equation 7.2 and the recoil energy of 151Eu,

which is ER = 0.0017 eV. The fits, shown in Figure 7.5, yielded Debye tem-

peratures of θD = 147 K and 186 K for Eu2+ and Eu3+, respectively. The

estimated Debye temperatures for the Eu2+ and Eu3+ in the glass ceramic are

typical for those found for europium compounds [86, 87]. However, it should

be pointed out that this estimation of the Debye temperatures is just a rough

approximation. The errors for the f -factors, especially for Eu3+ are large. Be-

sides experimental uncertainties, some simplifying assumptions in the Debye

model, for example that an isotropic monatomic crystal lattice is present, are

not satisfied.

At high temperatures (T ≫ θD) Equation 7.2 can be written as

ln f =
−6ERT

kBθ2D
(7.3)
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Figure 7.5.: Natural logarithm of the f -factors of Eu3+ (open circles) and Eu2+ (full

squares) in a 5 mol% EuCl2-doped FCZ glass annealed at 300 ◦C in an argon atmo-

sphere versus the sample temperature. The solid lines are fits with the Debye temper-

atures θD = 147 K and 186 K for Eu2+ and Eu3+, respectively. The dashed lines show

the exponential temperature dependencies valid at high temperatures.

i.e., ln f decreases linearly with increasing temperature, which is seen from the

high temperature data in Figure 7.5. According to Equation 7.2 the linear

slope goes through f = 1 at T = 0 K. This enabled the f values to be deduced

from the measured areas. Due to zero-point energy the amplitude of vibrations

remains finite (i.e. f < 1). The slope decreases at low temperatures.

At room temperature, the f -factors are low, about 0.4 for Eu3+ and only

about 0.2 for Eu2+. Thus, at room temperature the absorption areas are small

and comparable in size for both, Eu3+ and Eu2+, although the concentration

of Eu2+ is much higher in the samples. By contrast, at low temperatures the

f -factors are high and comparable. The f -factors extrapolated to T = 0 K

are 0.818 and 0.853 for Eu2+ and Eu3+, respectively. The Eu2+-to-Eu3+ ratio

of 89.4 : 10.6 extracted directly from the 6 K spectra changes only slightly

upon correction with the corresponding f -factors (0.816 for Eu2+ and 0.852

for Eu3+); after correction a Eu2+-to-Eu3+ ratio of 89.8 : 10.2 is obtained. In

case of the room temperature spectra, however, the Eu2+-to-Eu3+ ratio before

f -factor correction (0.219 for Eu2+ and 0.382 for Eu3+) is 77.8 : 22.2 where it

becomes 85.9 : 14.1 after correction.

The results show that deducing the Eu2+-to-Eu3+ ratio directly from the ra-

tio of the areas under the low temperature absorption lines is already a good

estimate, i.e. the f -factor correction is negligibly small, unlike at room tem-

perature. This means that for an exact quantitative analysis, low temperature

measurements or corrections with the corresponding f -factors are necessary.
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8. Discussion

In the previous chapters, the measurements of the glasses and glass ceramics are

analyzed in terms of assignments of the observed data and deductions of related

physical quantities. In this chapter, the results are interpreted and placed into

a wider context. Besides structural and phononic properties of the glasses and

glass ceramics, the PL and MPR properties of the embedded rare-earth ions

are considered. In particular, the PL efficiency enhancement is analyzed and

explained in terms of modified MPR relaxation characteristics, which can be

related to the phonon energies found for the formed BaCl2 nanocrystals. Some

parts and figures of this chapter have already been published in Refs. [53, 68].

8.1. Nanocrystal formation and vibrational spectra

The XRD analysis in Chapter 4 shows that it was possible to induce the forma-

tion of BaCl2 nanocrystals in 1 mol% Nd3+-doped FCZ glasses upon thermal

processing. The average nanocrystal size increases with the annealing tem-

perature. For low annealing temperatures, hexagonal BaCl2 nanocrystals are

formed, whereas for higher annealing temperatures, the thermodynamically sta-

ble orthorhombic phase of BaCl2 is formed, similar to findings for Eu2+-doped

FCZ glasses [20, 53]. Such a phase transition is observed for the first time for

Nd3+-doped FCZ samples. To achieve a phase transition an annealing temper-

ature was chosen according to the DSC data. In particular, one must be careful

to not anneal in the range where the partial glass crystallization sets in, because

the corresponding crystallization peak is close to the exothermic peak of the

BaCl2 phase transition. In Chapter 4 it was found that with increasing anneal-

ing temperature the nanocrystal size increases by a factor of six, whereas the

volume fraction of the nanocrystals remains basically constant. This indicates

an Ostwald ripening process of the nanocrystals upon thermal processing [88].

During Ostwald ripening small crystallites dissolve and redeposit onto larger

crystals until they reach their final size, which minimizes the total surface en-

ergy. Figure 8.1 illustrates schematically all formation stages of the nanocrystals

as well as nucleation and Ostwald ripening. Although the width of the XRD

reflections of the nanocrystals is too close to the instrumental resolution to al-

low a precise estimate of the particle size, the Scherrer analysis of the XRD

pattern provides a first estimate. The structural data obtained from the XRD

analysis are consistent with results from other methods of structural analysis.
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Figure 8.1.: Schematic illustration of the formation stages and Ostwald ripening of the

BaCl2 nanocrystals in FCZ glass upon thermal treatment.

It was possible to determine the nanocrystal size from the transmission spec-

tra of the glass ceramics by a Rayleigh scattering model based analysis giving

similar results to those of the Schrerrer analysis [89]. Additionally, transmis-

sion electron microscopy (TEM) investigations on similar FCZ glass ceramics

gave comparable nanocrystal sizes and volume fractions [20, 90]. These TEM

measurements indicate a nanocrystal size distribution with a relative standard

deviation of about 30 %.

Additional low energy phonon modes in the Raman measurements presented

in Chapter 6 also reveal the formation of BaCl2 nanocrystals and their structural

phase transitions upon thermal treatment. As shown there, the Raman bands

of the hexagonal nanocrystals exhibit larger Raman linewidths than those of the

orthorhombic nanocrystals. This may be related to the smaller size of hexago-

nal nanocrystals (about 10 nm) in comparison to the orthorhombic nanocrys-

tals (about 60 nm). With decreasing nanocrystal size broader linewidths are

observed; Raman line broadening is an expected effect of phonon confinement in

nanocrystals [91]. In some studies simple phenomenological models are used to

obtain nanocrystal sizes from the Raman line shapes (see for example Ref. [92]).

However, Rolo and Vasilevskiy [91] advise caution in this respect. One problem

with this is the size distribution of the nanocrystals, which is usually broad.

Moreover, large widths may be caused by disorder effects such as poor crys-

talline quality or shape irregularities, beyond the phonon confinement effect [91].

A shift in the position of the Raman peaks in comparison to the corresponding

phonon energy in bulk crystal, which is another expected effect of low dimen-

sional crystals [91, 93] is not observed. Thus, the line broadening may be related

to disorder and a broader size distribution occurring at early formation stages
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of the nanocrystals; there is no clear indication for the occurrence of quan-

tum confinement effects. This is evident, because phonon confinement becomes

noticeable in the spectra only when the crystal size is smaller than typically

20 lattice constants [93]. In BaCl2 having lattice constants of about 0.1 nm [48],

this limiting size is approximately 2 nm and is thus about five times smaller

than the average crystal size estimated for the hexagonal nanocrystals. The

Raman data of orthorhombic BaCl2 are in agreement with literature data [42];

the hexagonal phase of BaCl2 was not investigated before.

In Section 6.3 it is shown that the applied first principles approach is ca-

pable of predicting phonon frequencies of BaCl2 in hexagonal and orthorhom-

bic symmetry. The calculation enables symmetry adapted mode types to be

assigned to the observed BaCl2-related phonon modes. Additionally, a com-

parison of measured Raman spectra of the nanocrystals in the glasses and of

the calculated Raman spectra confirms that the orientation of the nanocrystals

is random. Section 6.3 also shows that it is possible to estimate the energies

of all phonon modes of hexagonal and orthorhombic BaCl2 by means of DFT

calculations. Thus, their highest energy phonon modes can be determined. The

highest energy phonon modes of rare-earth host materials are most important

for the MPR. Table 8.1 lists the estimated maximum phonon energies of all

relevant rare-earth hosts in this work. The cut-off phonon energies of the base

glasses do not differ significantly except for the annealed glasses, in which the

maximum energy is approximately 590 cm−1, which is about 10 cm−1 higher

than in the as-made glasses. The embedded nanocrystals provide much lower

phonon energies than the base glasses. For hexagonal and orthorhombic BaCl2
nanocrystals, the cut-off energy is about 224 cm−1 and 213 cm−1, respectively.

The observed glass-related Raman bands can easily be interpreted by a com-

parison to Raman spectra of various compositions of FZ-based glasses given in

the literature [78, 80, 17, 79]. The analysis of the glass-related Raman bands

in Section 6.6 reveals that the base glass structure is not significantly affected

by the chlorine nor by the thermal treatment, which induces the nanocrystal

formation. The analysis indicates that some bridging fluorine atoms of the

ZrF6 octahedra are substituted by chlorine atoms when going from FZ to FCZ

glasses. The thermal treatment induces the BaCl2 nanocrystal formation and

thus leads to a reduced halide-to-zirconium ratio in the base glass, which causes

a shift of about 10 cm−1 in the maximum phonon energy of the base glass.

8.2. Interaction of rare-earth ions with BaCl2 nano-

crystals and effect of their structural phase and size

The luminescence enhancement and the reduced nonradiative relaxation rates

found in Chapter 5 can be explained by a partial incorporation of the neodymium

ions into the hexagonal BaCl2 nanocrystals. The strongly increased lumines-
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Table 8.1.: Determined maximum phonon energies h̄ωmax (given in cm−1) of the differ-

ent analyzed materials: hexagonal (P 6̄2m structure) and orthorhombic (Pnma struc-

ture) BaCl2, as-made FZ glass matrix (FZ), as-made FCZ glass matrix (FCZ), and

FCZ glass matrix annealed at 260 ◦C (FCZ-c).

BaCl2 P 6̄2m BaCl2 Pmna FZ FCZ FCZ-c

224 213 576 580 589

cence intensities and lifetimes (see Table 5.13) of various Nd3+ levels after the

hexagonal nanocrystal formation are unusual for FZ-based glasses, but typical

for low phonon energy crystals. As a representative example for the intensity

enhancement investigated in Sections 5.1 - 5.2, Figure 8.2 shows selected emis-

sions from the levels (4G5/2,
2G7/2) and (4G7/2,

2K13/2,
4G9/2). As stated above,

only for levels with small energy gaps is a luminescence enhancement expected

when the Nd3+ environment becomes crystalline. All levels other than the

metastable 4F3/2 level have a sufficiently small energy gap; Figure 8.3 presents

an example of the emission from this metastable level. Besides the deduced low

MPR rates (see Table 5.13), a clear indication for a nanocrystal environment is

the energy of the phonons emitted in the MPR, which is estimated from the fit

of the temperature dependence in Section 5.5 to be 258 cm−1. It matches quite

well the maximum phonon energy of hexagonal BaCl2 nanocrystals estimated

from Raman investigations to be 224 cm−1 (the cut-off phonon energies are

summarized in Table 8.1). As mentioned above, the highest energy phonons

are most important for MPR since they conserve energy in the lowest order

process. This indicates that the Nd3+ ions are incorporated in the low phonon

energy BaCl2 nanocrystals. The maximum phonon energy of the glass matrix of

about 590 cm−1 is much higher than the energy of the involved phonons. Even

Nd3+ ions at the nanocrystal/base glass interface may preferably interact with

BaCl2 phonons, because the glass network vibrations are strongly localized [27].

As mentioned above, a direct comparison to Nd3+ in bulk crystals is not pos-

sible since the hexagonal crystalline phase of BaCl2 is metastable and cannot

be grown as bulk crystals. However, MPR rates as low as in the FCZ glass

ceramic are found in laser crystals. For example, Orlovskii et al. [43] report a

MPR rate of approximately 1·105 s−1 for (4G5/2,
2G7/2) in Nd3+-doped PbCl2

crystals (with h̄ωmax ≈ 200 cm−1 [42]) in agreement to the corresponding MPR

rate found for the glass ceramic. For the glass matrix on the contrary, a much

higher MPR rate of about 1·107 s−1 is found, which is characteristic for a level

with such an energy gap in FZ-based glasses [39]. Beyond that, the host-specific

parameters determined from the energy gap dependence of the MPR rates in

Section 8.3 are similar to those of crystals; this supports the hypothesis.

The interaction with the BaCl2 phonons observed in this work is the first

clear indication for an association of trivalent rare-earth ions with the BaCl2
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8.2. Interaction of rare-earth ions with BaCl2 nanocrystals

nanocrystals. In case of glass ceramics doped with divalent europium, it was

already shown that the Eu2+ ions are incorporated in the BaCl2 nanocrystals,

e.g. by a partial substitution of the Ba2+ ions by Eu2+ ions [20]. In addition,

the reduced linewidths in the Eu2+ Mössbauer spectra presented in Chapter 7

indicate that Eu2+ moves to a crystalline environment after the nanocrystal

formation. Despite of the different charges, also trivalent rare-earth ions such

as Nd3+ may substitute Ba2+ sites of the BaCl2 nanocrystals. It has been

shown for many alkaline-earth halide crystals that trivalent rare-earth ions are

substituted on the divalent alkaline-earth ion sites, for example as in case of

Nd3+ on Ca2+ sites in CaF2 crystals [94] or Nd3+ ions on Sr2+ sites in SrF2

crystals [71]. As the rare-earth ions are normally on a trivalent site, charge

compensation is required. Different charge compensation mechanisms have been

examined in Ref. [95] by electron paramagnetic resonance (EPR) investigations.

Commonly, the charge is compensated by a F− or Cl− ion in an interstitial

position in a lattice cell next to the rare-earth ion; this is usually achieved by

an alkali-metal halide doping. In the present case, the extra positive charge of

the Nd3+ ion in the BaCl2 lattice is compensated by Cl− realized by the addition

of the alkali-metal halide KCl to the sample composition (see Section 4.1).

In this work, the environment of the rare-earth ions is only analyzed by spec-

troscopic methods. However, there are other methods that can even directly

visualize the atomic positions of the rare-earth ions. For this purpose, efforts

are made to analyze rare-earth doped FCZ glass ceramics by atom-probe to-

mography (ATP).

It might be reasonably assumed that the neodymium ions are partially incor-

porated in the FZ-base glass; not all the Nd3+ ions are located in the nanocrys-

tals. A part of the Nd3+ ions can remain at the different anion sites (see

Ref. [61]) of the FZ-based glass network, which has a larger volume fraction

than the nanocrystals being about 80 % (see Section 4.2). This means that

a combination of the emissions from Nd3+ ions in the nanocrystals and from

Nd3+ ions in the glass is measured. Thus, the PL emission bands in the glass

ceramics are not as narrow as in a crystal. This is for example clearly visible for

the 4F3/2 → 4I9/2 emission shown in Figure 8.3. In the 260 ◦C glass ceramic,

the emission is narrower and shows a stronger splitting than in the as-made

glass, but not as much as in a bulk crystal. However, the luminescence life-

times of emissions bands from this metastable level are similar for the glass and

the nanocrystals, because the MPR rates of 4F3/2 are negligible for both and

the radiative rates depend only barely on the host. For time-resolved PL de-

cay measurements of levels, for which the MPR has a significant influence, the

contribution of the emissions from Nd3+ ions in the glass is negligible, because

these emissions are superimposed by the much stronger and longer living emis-

sions from Nd3+ ions in the nanocrystals (see Section 5.3). The PL properties

of Nd3+ in the glass are investigated separately in the as-made samples.
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Figure 8.2.: PL spectra of the 1 mol% Nd3+-doped FCZ glasses and glass ceramics

and of 100 ppm Nd3+-doped bulk BaCl2 in the range of the (4G5/2,
2G7/2) → 4I9/2

and (4G7/2,
2K13/2,

4G9/2) → 4I11/2 emission. From bottom to top: as-made FCZ;

FCZ annealed at 260 ◦C (FCZ glass ceramic with hexagonal BaCl2 nanocrystals) and

280 ◦C (FCZ glass ceramic with orthorhombic BaCl2 nanocrystals); and bulk BaCl2.

Nd3+ was excited at 515 nm in resonance with the 4I9/2 to (4G7/2,
2K13/2,

4G9/2)

transition. The spectra are normalized to the 4F3/2 → 4I9/2 emission at about 870 nm

and vertically displaced for clarity.

Additionally, it can be concluded from the PL measurements that the Nd3+

ions are not properly incorporated in the orthorhombic BaCl2 nanocrystals,

in contrast to the case of hexagonal BaCl2 nanocrystals. This conclusion is

drawn, because the formation of the orthorhombic nanocrystals does not lead

to any PL enhancement, although the Nd3+ ions in the corresponding bulk

crystal show much stronger PL emissions than the as-made glass (see for exam-

ple Figure 8.2). Taking into account the fact that nanocrystals try to minimize

their potential energy during the growth process, gives an explanation. There

is some evidence that the rare-earth ions act as nucleation centers triggering

the crystallization [65]. As stated above, at the beginning of the crystallization

process, hexagonal nanocrystals that are directly associated with the Nd3+ ions

are formed. Subsequently, the nanocrystals undergo a phase transition from the

metastable hexagonal to the orthorhombic structure in order to stabilize ther-

modynamically. Similarly, the crystals try to stabilize by delocalizing the Nd3+

ions outside. In order to obtain samples with hexagonal phase BaCl2 nanocrys-

tals the thermal treatment is stopped at lower temperatures. Thus, the Nd3+

ions presumably remain quasi frozen in their current states explaining the as-

sociation of the hexagonal nanocrystals with the neodymium. Whereas the

continuation of the growth process which is necessary to obtain samples with
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Figure 8.3.: PL spectra of the 1 mol% Nd3+-doped FCZ glasses and glass ceramics

and of 100 ppm Nd3+-doped bulk BaCl2 in the range of the 4F3/2 → 4I9/2 emission.

From bottom to top: as-made FCZ; FCZ annealed at 260 ◦C (FCZ glass ceramic with

hexagonal BaCl2 nanocrystals) and 280 ◦C (FCZ glass ceramic with orthorhombic

BaCl2 nanocrystals); and bulk BaCl2. Nd3+ was excited at 515 nm in resonance with

the 4I9/2 to (4G7/2,
2K13/2,

4G9/2) transition. The spectra are normalized to the 4F3/2

→ 4I9/2 emission at about 870 nm and vertically displaced for clarity.

orthorhombic nanocrystals leads to the delocalization of the Nd3+ ions. Note

that the phase transition of the nanocrystals can either be achieved by treating

the samples at different temperatures up to about 280 ◦C as done in the present

work or by holding the samples at about 280 ◦C for different time periods of

between a few seconds and 20 min [53]. It should also be noted, that spatially

resolved PL measurements on the Nd3+-doped bulk BaCl2 crystal indicate that

the Nd3+ ions are not uniformly distributed in the crystal, which further con-

firms an inadequate incorporation of the Nd3+ ions into orthorhombic BaCl2.

Another finding of this thesis is that the luminescence intensity of the glass

ceramics decreases with increasing nanocrystal size. This is clearly visible from

the PL measurements or rather from the absolute quantum efficiency mea-

surements in Chapter 5. The 240 ◦C sample, which has the smallest average

BaCl2 crystallite diameter, displays the largest efficiency enhancement (see Fig-

ure 5.8). However, the transition rates are not influenced by the nanocrystal

size. As presented in Table 5.3, the experimental luminescence decay time of the

glass ceramics, which show a luminescence enhancement, does not depend on

the crystallite size. It is known for the present samples that the radiative decay

rate does not change significantly with the crystallite size [72]. Concerning the

unaffected total decay time, it can be concluded that also the MPR rate does

not change with the crystallite size. This is evident since the phonon modes
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of the hexagonal BaCl2 nanocrystals do not change with the crystallite size.

As discussed in Section 8.1, phonon quantum confinement effects and thus size

effects on the MPR rates are not expected here. The difference in the radiative

decay rate when going from bulk samples to nanocrystals is basically related

to effects of surrounding media on the optical properties that are determined

by the effective refractive index of the nanocrystals and the embedding ma-

trix [96]. Due to the relatively similar refractive indices of the FZ-based glass

(n = 1.50 nm at λ = 600 nm) and BaCl2 (n = 1.65 nm at λ = 600 nm) [97, 98],

the radiative decay rate was calculated to depend only barely on the crystal-

lite size [72]. Rather, the decreasing luminescence intensity with the increasing

nanocrystal size may be related to a smaller portion of emissions from Nd3+

ions in the nanocrystals. The following reasons support this hypothesis. Firstly,

as discussed above, the Nd3+ ions are expected to move out of the nanocrys-

tals during the growth process. In case of the 240 ◦C sample, this process is

aborted at the lowest annealing step and thus the largest amount of Nd3+ ions

remains in the crystallites. Secondly, the maximum luminescence intensity in

the sample with the smallest nanocrystals can be related to the largest total

surface area of the nanocrystals. As found in the structural analysis, the vol-

ume fraction of the nanocrystals is similar in all glass ceramics (about 20 %).

Since the 240 ◦C glass ceramic exhibits the smallest average crystallite size, it

provides the largest total surface area of the luminescent BaCl2 nanocrystals

leading to efficient emissions. Note that Nd3+ ions that are close to the crys-

tals surface have a larger probability to contribute to luminescence than those

located near the center due to geometry considerations and to reflection and

absorption/reabsorption processes.

The difference in the luminescence intensity of Nd3+ in glass and glass ce-

ramic is already qualitatively explained by means of the different MPR rates; it

will be analyzed in detail in the following sections. Finally, the different spec-

tral features in the PL spectra that are clearly visible in Figures 8.2 and 8.3 are

shortly commented here; a detailed analysis is not within the scope of this work.

The PL emission bands of bulk BaCl2 and of the 260 ◦C glass ceramic, which

shows an association with crystalline BaCl2, exhibit different line splittings and

different line shifts. These host-dependent shifts and splittings of the free-ion

levels are determined by the crystal field of the rare-earth environment (see

Section 2.1.1). Thus, the differences can be explained by the fact that different

crystalline phases of BaCl2 are present in these two samples, i.e. orthorhom-

bic and hexagonal BaCl2 for the bulk crystal and the 260 ◦C glass ceramic,

respectively. Additionally, in the glass ceramic, the Nd3+ ions are not only

incorporated in the crystalline environment, but also in the base glass. This

mixed character also explains why the emission bands of this glass ceramic are

also shifted relative to those of the as-made glass. Also the emission bands of

the 280 ◦C glass ceramic are significantly shifted with respect to those of the
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as-made glass. Although the Nd3+ ions are not incorporated in the sample’s

orthorhombic nanocrystals, this shift is not a contradiction, as the Nd3+ ions

can be influenced by the nanocrystals’ crystal field. Furthermore, the composi-

tion of the base glass is modified by the heat treatment (see Section 8.1). When

considering the PL spectra of the samples with hexagonal BaCl2 nanocrystals,

it is important to always keep in mind that the contribution from Nd3+ ions in

the base glass (with respect to the contribution from Nd3+ in the nanocrystals)

is significant for emissions from the 4F3/2 level, whereas it becomes negligible

for emissions from the higher lying levels. This is related to the strong lumi-

nescence quenching of emissions from these closely spaced levels in the base

glass.

8.3. Comparison and energy gap dependence of the

multiphonon relaxation rates

In Figure 8.4, the MPR relaxation rates estimated in Chapter 5 for the FCZ

glass ceramic (heat-treated at 260 ◦C), the as-made FCZ glass, and the standard

FZ glass are plotted on a logarithmic scale as a function of the energy gap. The

energy gap ∆E is the energy difference between the corresponding Nd3+ level

and its next lower level. The FCZ glass ceramic shows the lowest MPR rates

following an exponential dependence on the energy gap as predicted from the

theory described in Section 2.2.1. As stated there, such exponential relation

was found for various glasses and crystals. Empirically, the so-called “energy

gap law” was formulated as [32]:

WMPR = C · exp (−α ·∆E) , (8.1)

which is in agreement with Equation 2.11. C and α are constants which depend

only on the host material. They allow for an estimate of the MPR rates for any

rare-earth ion in the host. C is the MPR rate extrapolated to zero energy gap

∆E, while α expresses the dependence of the MPR on the electron-phonon cou-

pling constant ϵ and on the maximum phonon energy h̄ωmax (see Section 2.2.1)

of the host material, i.e.

α =
− ln (ϵ)

h̄ωmax
. (8.2)

For the FZ glass, MPR rates for two gaps could be determined, namely 5.0·106 s−1

and 1.1·106 s−1 for 1,347 cm−1 and 1,842 cm−1, respectively (two data points

in Figure 8.4). Using these values, C = 3.0 · 108 s−1 and α = 3.0 · 10−3 cm are

obtained from Equation 8.1. This agrees quite well with literature values for

FZ glasses [39, 73]. For the as-made FCZ glass, the MPR rates are 4.9 · 105 s−1

and 5.7 · 104 s−1 for an energy separation of 1,359 cm−1 and 1,829 cm−1, re-

spectively, which yields C = 2.5 · 108 s−1 and α = 4.6 · 10−3 cm. In the case
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of the FCZ glass ceramic (total of 6 data points), a least squares fit yields

C = (1.4± 0.1) · 107 s−1 and α = (3.8± 0.4) · 10−3 cm.

The C values of the as-made FZ and FCZ glasses are very close to each

other, while the C of the FCZ glass ceramic is more than one order of mag-

nitude smaller. This is attributed to the low cut-off phonon energy of the

BaCl2 nanocrystals (h̄ωmax = 224 cm−1). Both, the FZ and the FCZ glass,

have maximum phonon energies of about 590 cm−1, in good agreement with

the observation of approximately the same C values for the glasses without

nanocrystals. The estimated α value of the FCZ glass is slightly higher than

that of the FZ glass. A larger α value but a similar h̄ωmax for the FCZ glass,

results from the lower electron-phonon coupling strength ϵ (see Equation 8.2)

in agreement with previous results [99], where it was found that the addition

of chlorine decreases the electron-phonon coupling strength in FZ glasses. The

FCZ glass ceramic on the contrary, has the distinctly highest electron-phonon

coupling strength ϵ which stems from the lowest h̄ωmax and the almost unaf-

fected α. According to Section 2.2.1, the electron-phonon coupling constant,

ϵ, is defined as the W
(p)
MPR-to-W

(p−1)
MPR -ratio, i.e. the ratio of the p-order and

the (p − 1)-order MPR rates. In host materials with low h̄ωmax, the number

p of phonons involved in a MPR process is relatively large. Thus, W
(p)
MPR is

comparable to W
(p−1)
MPR resulting in a large ϵ which is close to unity.

Figure 8.5 shows the “energy gap laws” of various common glasses [27, 39, 41]

in comparison to the result obtained for the FCZ glass ceramic. The compar-

ison shows that the glass ceramic exhibits extremely low MPR rates, which

are several orders of magnitude lower than in the conventional glasses. Only

above approximately 2500 cm−1 does the difference between the FCZ glass ce-

ramic and FZ glass fall below one order of magnitude; but usually for such

large energy gaps the influence of the MPR rate on the luminescence efficiency

becomes negligible anyway. These excellent MPR properties are caused by

the interaction of the rare-earth ions with phonons of the BaCl2 nanocrystals,

as the temperature-dependent analysis of the relaxation processes shows (see

discussion in Section 8.2). As stated in Section 2.2, the MPR rate decreases

significantly with decreasing cut-off phonon energy of the environment.

This “energy gap law” emphasizes the glass ceramic’s potential as a low

phonon energy rare-earth host for PL applications. The resulting positive effects

on the luminescence efficiencies are discussed in the next section. Empirically,

it was found for crystals and glasses that once the host specific constants C

and α are known from the corresponding “energy gap law”, they give the MPR

rates of any rare-earth ion in the material with an accuracy of about a factor of

two [32]. Thus, it is expected that also other rare-earth ions than Nd3+ should

provide such low MPR rates when embedded in the FCZ glass ceramic.

Apparently, this is the first time that an “energy gap law” has been observed

for a glass ceramic. It also shows a general potential of glass ceramics for lu-
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Figure 8.4.: Room temperature MPR rates of Nd3+ in the FZ-based glasses and glass

ceramics as a function of the energy gap to the next lower level: as-made FZ glass

(circles), as-made FCZ glass (squares), and FCZ glass annealed at 260 ◦C (FCZ-c)

(crosses). All samples are doped with 1 mol% Nd3+. The lines represent the corre-

sponding energy gap law given by Equation 8.1. The error bars indicate the maximum

estimated error which is between 20 % and 40 %.

minescence applications, which cannot be achieved with conventional glasses.

Also for other kinds of glasses, e.g. for silicon oxide glasses, it can be supposed

that such a nanocrystallization can distinctly reduce their MPR losses. Stud-

ies that demonstrate improved rare-earth emission intensities by nanocrystal

formation in other glass ceramic systems already exist. Especially for vari-

ous kinds of transparent oxyfluoride glass ceramics, which consist of an oxide

base glass and fluoride crystallites, enhanced upconversion intensities and PL

lifetimes were reported [100, 101, 102]. Also for oxychloride systems, such as

phosphate oxide glass ceramics containing CaCl2 nanocrystals, first comparable

reports exist [103]. In all these studies the authors proposed that the observed

enhancements result from an incorporation of the rare-earth ions in the low

phonon energy halide crystallites. However, they did not further investigate

the MPR properties.

The advantage of such glass-ceramic systems is that they combine the lu-

minescence properties of a halide crystal with the mechanical properties of a

glass. The low MPR losses enable efficient PL emissions. It has been shown

that also scattering losses in glass ceramics with crystallites of nanometer size

are as low as in optical glasses or in single crystals making them applicable

for fiber amplifiers [10]. Compared to single crystals, the fabrication of glasses

and glass ceramics is less challenging and the achievable size is not limited. In

addition, they can be drawn into fibers enabling further applications.

Glass ceramics could be applied to luminescence and lasing devices using

emissions from rare-earth levels which are usually quenched in glasses. For
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Figure 8.5.: Energy gap dependencies of the MPR rates of rare-earth ions in various

glasses in comparison to the energy gap law of the 1 mol% Nd3+-doped FCZ glass

ceramic (FCZ-c) (FCZ glass annealed at 260 ◦C), which was analyzed in this work

[41, 27, 39].

example, FCZ glass ceramics could be interesting for Dy3+ fiber amplifiers op-

erating at 1.3 µm. The system requires a low phonon energy host for high

efficiency, because the corresponding emitting level (6H9/2,
6F11/2) has a small

energy separation of only 2,000 cm−1 to its subjacent level [104]. The most at-

tracting application of oxyfluoride glass ceramics is a Pr3+-doped fiber amplifier

providing efficient luminescence at 1.3 µm [105].

It might be argued that other glasses, such as other halide glasses or chalco-

genide glasses, with maximum phonon energies of about 300 cm−1 [41] are alter-

native candidates. However, they do not attract interest for most applications

due to their low mechanical and chemical stabilities and their low resistance to

atmospheric moisture compared to FZ-based glasses.

It should be emphasized at this point that the “energy gap law” refers only to

the Nd3+ ions which are incorporated into the BaCl2 nanocrystals, as the above

analysis indicates. Presumably, for such glass-ceramic systems, it is unavoidable

that a part of the rare-earth ions remain in the base glass and contributes to

the PL spectrum. However, due to the higher phonon energy of the base glass,

this contribution may be small or even negligible as described for the present

system.

8.4. Quantum efficiencies

A quantity highlighting the importance of low phonon energy rare-earth host

materials is the radiative quantum efficiency. According to Equation 2.2, the
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radiative quantum efficiency is defined by

η =

∑
A∑

A+WMPR
(8.3)

when MPR processes dominate the nonradiative decay [106]. η can be calcu-

lated for the respective level if its MPR rate WMPR and its total radiative decay

rate
∑

A are known.

For a deeper analysis of the influence of the MPR rates on the PL prop-

erties, Table 8.2 compares radiative quantum efficiencies η of the FCZ glass

ceramic, the as-made FCZ glass, and the standard FZ glass. The radiative

quantum efficiencies of the different Nd3+ levels are estimated from the decay

rates
∑

A and WMPR by using Equation 8.3. The MPR rates are obtained from

the corresponding energy gap laws described above (Equation 8.1, Figure 8.4).

Only the Nd3+ levels, which are not influenced by 4F3/2 via MPA, are consid-

ered. A comparison of the radiative quantum efficiencies shows that the BaCl2
nanocrystals have a positive effect on the Nd3+ luminescence properties. The

radiative quantum efficiency is enhanced for the levels with small energy gaps

whereas it is not influenced for the 4F3/2 level having a large energy separation.

For (4G7/2,
2K13/2,

4G9/2), the calculated radiative quantum efficiency η

is only about 0.2 % in the FZ glass which explains the strong luminescence

quenching found for emissions from this level (see Figure 5.9). It is increased

to about 4 % in the FCZ glass where the luminescence is slightly enhanced. An

increase to about 13 % could be induced by the presence of BaCl2 nanocrystals.

This is reflected by the strong luminescence enhancement observed for the FCZ

glass ceramic. For (4G5/2,
2G7/2), a similar behavior is observed: Radiative

quantum efficiencies of about 0.1 %, 2 %, and 9 % in the FZ glass, in the FCZ

glass, and in the FCZ glass ceramic are obtained, respectively. Also for 2H11/2

an efficiency enhancement is calculated. The radiative quantum efficiencies

of the samples differ by about one order of magnitude, but 2H11/2 has very

low radiative transition probabilities (see Table 5.5) leading to weak emissions

from this level. For all levels with small energy gaps (< 2,000 cm−1), the

MPR transition probabilities are high in comparison to the radiative decay

probabilities. The efficiency enhancements for these levels are caused by the

modified MPR rates which change significantly with the host material.

For the 4F3/2 level on the contrary, the radiative transition rates dominate

the decay. The MPR rates are negligibly small (WMPR ≪ A) for all the samples

due to the large energy gap. Thus, the radiative quantum efficiency of the 4F3/2

Nd3+ level is approximately 100 % in all three host materials.

In summary, one can state that reduced MPR rates describe the luminescence

enhancement found in Chapter 5 well. The PL spectra in Figure 5.9 show that

exactly for these emissions from levels with small energy separations a cor-

responding luminescence enhancement is found. In this context, it is worth

looking at the absolute quantum efficiency measurements, although they did
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Table 8.2.: Radiative quantum efficiencies η for various Nd3+ levels in the as-made FZ

glass, in the as-made FCZ glass, and in the FCZ glass annealed at 260 ◦C (FCZ-c).

The efficiencies were calculated via Equation 8.3 from the radiative decay rates
∑

A

(see Table 5.5) and from the MPR rates WMPR, which were derived from the energy

gap laws determined in this work (see Figure 8.4).

level sample η (%)
4F3/2 FZ 99

FCZ 100

FCZ-c 100
2H11/2 FZ 0.003

FCZ 0.04

FCZ-c 0.2

(4G5/2,
2G7/2) FZ 0.1

FCZ 2

FCZ-c 9

(4G7/2,
2K13/2,

4G9/2) FZ 0.2

FCZ 4

FCZ-c 13

not allow for isolated measurements of the single Nd3+ transitions and for an

estimation of corresponding QE values of the FZ glass due to the sensitivity

limit of the measurement system. Of course, the absolute values of the radia-

tive quantum efficiency η and of the absolute quantum efficiency QE can not

be compared, because they are different physical quantities by definition (see

Equations 2.2 and 2.3). Besides the radiative quantum efficiencies of the rare-

earth levels, other factors, such as the glass absorption, determine the absolute

quantum efficiency QE(λex, λem). However, at least the enhancement factors

for both kinds of quantum efficiencies can be compared. The absolute quan-

tum efficiency measurements confirm the results obtained from the calculation

of the radiative quantum efficiencies. On the one hand, the absolute quantum

efficiency measurements show that the emissions from 4F3/2 do not change sig-

nificantly as illustrated in Figure 5.8. This is in agreement with the unaffected

radiative quantum efficiencies of 4F3/2 (see Table 8.2). On the other hand, the

measurements allow for a comparison of the efficiency enhancements for rare-

earth levels with small energy gaps such as (4G7/2,
2K13/2,

4G9/2) and (4G5/2,
2G7/2). For instance, the radiative quantum efficiency calculations yield for

both, the (4G7/2,
2K13/2,

4G9/2) and the (4G5/2,
2G7/2) level, an enhancement

factor of about 3-4 (see Table 8.2) when going from the as-made FCZ glass to

the FCZ glass ceramic. This is in agreement with the fact that the enhancement

factor of the measured average QE of the (4G7/2,
2K13/2,

4G9/2) → 4I13/2 and

(4G5/2,
2G7/2) → 4I11/2 emissions originating from these two levels is 3.3 (see
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8.4. Quantum efficiencies

Figure 5.8).

Since it is shown in Section 5.2 that a normalization of the PL spectra to

the 4F3/2 → 4F9/2 emission is justified, the PL spectra in Figure 5.9 allow for a

comparison of the glass ceramic and the standard FZ glass. For emissions from

levels with small energy gaps (< 2,000 cm−1), the measured PL enhancement

factors are all about 102 in agreement with the corresponding enhancements

obtained from the calculated radiative quantum efficiencies (see Table 8.2).

All in all, the obtained luminescent enhancements show that the glass ceramic

is an attractive host exhibiting low MPR losses. In comparison to oxide glass the

PL enhancement of the glass ceramic is even larger, because FZ-based glasses,

which were analyzed for comparison, provide much lower phonon energies than

oxide glasses.
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9. Conclusion and outlook

In this thesis, rare-earth doped fluorozirconate (FZ)-based glasses and glass

ceramics, which are of interest for various luminescence applications, were pre-

pared and investigated in order to understand and optimize host-dependent

mechanisms of rare-earth luminescence efficiency enhancement.

It was possible to initiate the growth of BaCl2 nanocrystals in 1 mol% Nd3+-

doped fluorochlorozirconate (FCZ) glasses by an appropriate thermal treat-

ment. According to differential scanning calorimetry investigations of the crys-

tallization behavior, different temperatures between 240 and 280 ◦C were ap-

plied for the thermal post processing of as-made glasses. For the first time, a

structural phase transition of the BaCl2 nanocrystals was achieved in Nd3+-

doped FCZ glasses. The structure and the phonon spectra of these differently

heat-treated glasses were investigated by X-ray diffraction, Raman, and ab ini-

tio studies. The average crystallite size increased with increasing annealing

temperature. In glasses which were processed at 240, 250, and 260 ◦C, hexago-

nal BaCl2 (P 6̄2m structure) crystallites with an average diameter of 10-20 nm

were formed. For the highest annealing temperatures of 270 and 280 ◦C, the

crystallite diameter increased rapidly up to 60 nm. Annealing at 280 ◦C led

to the formation of orthorhombic BaCl2 (Pnma structure) nanocrystals; in the

270 ◦C sample a mixture of both of these phases of BaCl2 was found.

Density functional theory calculations enabled a prediction and an assignment

of all individual vibrational modes of BaCl2 in orthorhombic and hexagonal

symmetry. Besides Raman-active phonon modes, infrared-active phonon modes

were theoretically investigated. In addition, good agreement between calculated

and experimental Raman spectra was found. The maximum phonon energy of

both structural phases of BaCl2 was estimated to be 224 cm−1 and 213 cm−1

for hexagonal and orthorhombic symmetry, respectively. With the exception of

a broader Raman line width, the Raman spectra of the embedded nanocrystals

were found to coincide well with those of bulk BaCl2 crystals. Clear indications

for phonon confinement effects were not observed. Except from the additional

BaCl2-related modes, the Raman spectra of the embedding FCZ glass matrices

were not significantly affected by the thermal treatment. The glass-related

Raman modes observed were quite similar to those of other standard FZ-based

glasses such as ZBLAN; their maximum phonon frequency was estimated to be

between about 580 and 590 cm−1.
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9. Conclusion and outlook

Photoluminescence (PL) measurements have shown that the formation of

hexagonal BaCl2 nanocrystals led to strongly enhanced luminescence emission

intensities from Nd3+ levels which are usually quenched by multiphonon relax-

ation (MPR) processes in FZ-based glasses. However, the glass ceramics with

orthorhombic nanocrystals did not exhibit any luminescence enhancement.

For an analysis of the luminescence enhancement, time-resolved PL of in-

dividual Nd3+ levels was measured using different selective pulsed excitation

wavelengths and the photon counting technique. The measurements showed

distinctly longer PL lifetimes of several excited Nd3+ levels after the formation

of hexagonal BaCl2 nanocrystals. The MPR dynamics of Nd3+ was investigated

in a FCZ glass ceramic with hexagonal BaCl2 nanocrystals, in an as-made FCZ

glass, and in a standard FZ glass (chlorine-free) with the ZBLAN formulation.

The MPR rates of various Nd3+ levels were estimated from the difference be-

tween measured total decay rates and purely radiative decay rates calculated

from Judd-Ofelt theory. MPR rates were further obtained from the analysis of

luminescence rise times as well as from the analysis of the temperature depen-

dence of luminescence decay times. The rates found for the FCZ glass ceramic

were extremely low, thus explaining the observed Nd3+ luminescence enhance-

ment. The MPR rates, WMPR, of the different Nd3+ levels showed an exponen-

tial dependence of the energy gap ∆E to the corresponding next lower level, i.e.

they follow the so-called “energy gap law” which was phenomenologically found

for rare-earth ions in various crystals and glasses. It is generally expressed by

WMPR = C · exp (−α ·∆E). The constants characteristic for the host were

determined for the glass ceramic to be C = 1.4 · 107 s−1 and α = 3.8 · 10−3 cm.

The corresponding rates were distinctly lower than those of the FZ and FCZ

glasses; the chlorine-free sample provided the highest MPR rates, which were

in agreement with literature values for FZ glasses. The rates obtained for the

FCZ glass ceramic are more than four orders of magnitude lower than those of

conventional oxide glasses.

Temperature-dependent studies of the decay times showed that the energy

of the phonons involved in the MPR process agreed well with the maximum

phonon energy of hexagonal BaCl2 (about 250 cm−1), which was much lower

than the cut-off phonon energy of the glass matrix (about 600 cm−1). This indi-

cated that the Nd3+ ions were incorporated in the low phonon energy hexagonal

BaCl2 nanocrystals leading to the extremely low MPR rates.

The estimated reduced MPR rates described the observed PL enhancement

well. For levels with small energy gaps (less than 2,000 cm−1 to the next lower

level), radiative quantum efficiencies that were up to two orders of magnitude

higher than those of the standard FZ glass were calculated for the FCZ glass

ceramic using the obtained MPR rates. This was in agreement with the en-

hancement found for the PL quantum efficiency.
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Although the MPR rate does not depend on the nanocrystal size, the sam-

ple with the smallest nanocrystal size exhibited the highest (about two times

higher than in the sample with the largest hexagonal nanocrystals) measured

absolute PL quantum efficiency. This was related to the largest total surface

area of the nanocrystals in this sample. The nanocrystal surface area increased

with decreasing average nanocrystal size, since, in contrast to the nanocrystal

size, the volume fraction of the BaCl2 nanocrystals was found to be similar

(about 20 %) in all samples. At the same time, the glass ceramic with the

smallest nanocrystals provided the highest transparency quite similar to that

of the nanocrystal-free FCZ glass.

Besides neodymium-doped samples, europium-doped FCZ glass ceramics,

which are of interest as X-ray scintillators and storage phosphors for medical

imaging, were investigated. Routes to determine and to maximize the Eu2+-to-

Eu3+ ratio in these glass ceramics being important for the performance of these

materials were investigated. The Eu2+-to-Eu3+ ratio was successfully estimated

by low temperature Mössbauer spectroscopy. The investigations showed that

20 % more divalent europium can be obtained when using EuCl2 instead of

EuF2 as a starting material. It was also found that heat treatment in air or

an inert atmosphere did not significantly affect the relative Eu2+ and Eu3+

contents. Mössbauer linewidth narrowing was observed after the thermal treat-

ment. This indicated that the europium ions moved to a more ordered (crys-

talline) environment in accordance with the formation of BaCl2 nanocrystals.

Temperature dependent Mössbauer investigations showed that the ratio of the

areas of the Mössbauer absorption lines measured at room temperature does

not directly correspond to the actual Eu2+-to-Eu3+ ratio present in the sample.

For an exact determination, low temperature measurements or corrections with

the corresponding f -factors are necessary.

The present work shows that FCZ glass ceramics have a general potential for

the use as low phonon energy rare-earth host materials providing efficient rare-

earth luminescence. Future work should investigate routes to improve the glass

quality and to realize a well controlled crystallization. Also other treatment

procedures like sintering should be considered. In addition, it should be exam-

ined if or rather under which conditions rare-earths, other than Nd and Eu can

be incorporated into the nanocrystals in such glass ceramics. One should try to

make a trivalent rare-earth doped FCZ glass-ceramic system for luminescence

and lasing devices which are not realizable with conventional fluoride or oxide

glasses. For example, such a low MPR loss host material is required for Dy3+

or Tb3+-doped fiber amplifiers; both operate at 1.3 µm, which is an important

wavelength for telecommunication applications. A further step towards appli-

cation would be to minimize scattering losses by reducing the crystallite size

and by avoiding any inclusions in the glass. Additionally, the applicability of

such glass-ceramic systems for photovoltaics should be evaluated. Upconvert-
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ing glass layers, doped with appropriate rare-earth ions such as Er3+ or Nd3+,

which convert the infrared part of a solar spectrum that cannot be used for

electrical power generation above the Si bandgap, may improve the efficiency of

Si solar cells. Calculations using the glass ceramic’s MPR rates, which can be

estimated for individual rare-earth levels from the “energy gap law” obtained

in this work, can answer which system requirements (kind and doping level of

rare-earth ions, lighting conditions etc.) enable promising upconversion effi-

ciencies in the relevant spectral ranges. Steps towards this goal are currently

being taken (see Ref. [107]). Furthermore, attempts to transfer the principles

and methods found here to other systems could be worthwhile. The formation

or incorporation of low phonon energy nanocrystals may also improve the rare-

earth luminescence properties of other glasses or transparent plastics such as

oxide glasses or polymethyl-methacrylate providing higher practicability than

FZ-based glasses.
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Inorganic Chemistry, Long, G. J. and Grandjean, F., editors, volume 3

(Plenum Press, New York, 1989).

[83] Weber, J. K. R., Vu, M., Paßlick, C., Schweizer, S., Brown, D. E., John-

son, C. E., and Johnson, J. A. J. Phys.: Condens. Matter 23, 495402

(6pp) (2011).

103



Bibliography

[84] Henke, B., Paßlick, C., Keil, P., Johnson, J. A., and Schweizer, S. J.

Appl. Phys. 106, 113501 (6pp) (2009).
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die Möglichkeit deren Laboreinrichtungen als Gastwissenschaftlerin zu nutzen.

111



B. Acknowledgment

Außerdem danke ich Prof. Dr. Jacqueline A. Johnson und ihrer Arbeitsgruppe

dafür, dass sie mir zu einem erfolgreichen und unvergesslich schönen Forschungs-

aufenthalt am University of Tennessee Space Institute UTSI verholfen haben.

Prof. Dr. Charles E. Johnson gilt hierbei mein besonderer Dank für die Ein-
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