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CHAPTER I

INTRODUCfION

Glass lasers research increased tremendously during the seventies primarily as a

possible solution to the world's energy shortage. This was because fusion research

had a requirement for large neodymium glass lasers. Laser driven fusion is based on

deuterium an inexhaustible fuel obtained from water. Glass lasers can be produced in

one or two ways fIrst by doping glass with rare-earth ions or two, by combining two or

more rare-earth ions plus a transitional metal [1]. Rare-earth ions have been studied

since the early seventies due to their optical properties in host glasses [2]. For

instance, Nd3
+ has been studied for its importance to laser applications. Europium has

been studied because of its spectrum and transitions in local environments [3, 41 .

Rare-earth ions have been studied particularly because of their potential usefulness in

high power laser systems, and second, because of what can be discovered about the

local structural properties of glass hosts f2, 3] .

In amorphous solids local strains and defects increase inhomogeneous

broadening by ~ 100 cm- l
, while for crystals they only give rise to linewidths ~ 1.0

cm- 1 [5]. Site-selection excitation allows the study of optical processes at much

greater resolution than the inhomogeneous broadening, so that even in glasses

l
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resolution of 1.0 cm-lor less is possible. This is accomplished by using an excitation

source that is narrow compared to the inhomogeneous linewidth. In a site-selection

experiment the spectral resolution is limited by the width of the narrow band source or

the homogeneous linewidth, which ever is greater [5] .

Inhomogeneous broadening is the result of the statistical distribution of ligand

fields that optically active ions encounter in different sites in these glasses [6] .

Homogeneous broadening can be defined as what one would see if all optically active

ions were in the same site. Then the response of each individual atom in the system is

equally and homogeneously broadened. This broadening can result from interaction of

the ions with the phonons that modulate the ligand field at a given site or from lifetime

broadening. An energy state is sharp only if the system stays in that state for some

infinite amount of time. Otherwise, Heisenberg's [7] uncertainty principle defines the

uncertain energy as:

.....

(I)

where till =h/).w and 2/).(J) =/).w. is equal to full width at half maximum of the

frequency distribution. This is where the lifetime broadening condition of

/).w.'t » 1, (2)

J
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where I1.t =t and t is the sum of both radiative and non-:radiative lifetime [5].

First, this paper will talk about how amorphous solids and crystal are fonned,

followed by a discussion of the Zachariasen model [8, 9], continuous random network.

Then a section on phonon-assisted energy transfer, followed by a brief section on glass

formers and modifiers, will be presented. Finally, the related work of Powell and

Gang [3] will be discussed.

Amorphous Solids

A glass is an amorphous solid formed from the melt. Any material can be

prepared as an amorphous solid [10]. Amorphous and crystalline solids have two

quite different solidification processes (see figure 1). The process leading to forming a

crystalline solid happens at Tf (freezing temperature). Crystalline solids are usually

arrived at by the use of very slow cooling rates. This is because crystalline centers

must form first. On the other hand, amorphous solids are often arrived at through very

high cooling rates [11]. Amorphous solids on the microscopic level are inherently

disordered systems. Unlike crystals, each ion in an amorphous solid is in a unique

environment.

Solidification of a crystalline solid is accompanied by a discontinuous volume

change at the melting point [11]. But in a glass the volume change is smaller and

occurs continuously over temperature region below Tg (glass transition temperature)
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where the liquid-to-glass transition begins, where Tf (freezing temperature) is

circumvented without trouble [11] .

It can be seen in figure 2 that lack of translational symmetry is one of the

obvious differences between glasses and crystals. Zallen [11] uses a picture of a gas to

make his comparison. He uses the term randomness that is not an appropriate

description of amorphous solids. The term randomness best describes the atomic

positions of a gas viewed as point particles. The amorphous solid, however,

demonstrates a high degree of local correlation. As seen in figure 2b, the amorphous

solid has three nearest neighbors at approximately equal distances. Bond angles,

represented here by dark lines, are also nearly equal when they meet at atomic

positions. Both of these parameters (see figure 2a) are almost equal to those for

crystals [11] .

Continuous Random Network

The main structural difference between amorphous and crystalline solids is the

absence of long-range order, which is mainly due to a strong disorder in the array of

equilibrium atomic positions. This is exactly opposite of a crystal where long-range

order is present. Crystals exhibit a translational periodic array when atoms are in

equilibrium positions. The atomic-scale structures for amorphous solids are still

unknown, but can be detennined through diffraction experiments for crystals [11, 12] .

...
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zachariasen [9] proposed that the local bonding in an amorphous solid is

similar to its crystalline analog, but small variations in bond angles and, possibly, bond

lengths destroy the periodic lattice while retaining a continuously bonded network.

zachariasen and Warren [9], through many different experiments, with the aid of x-ray

diffraction contributed quantitative infonnation about the zachariasen model [8] .

Warren and co-workers [7] clarification of radial distribution functions contributed

two things to short range order (SRO) and one to intennediate range order (IRO).

Local order around network fonner elements like Si, B, and P in oxide glasses are the

main reasons for short range order. Most of these bonds are strongly covalent

directional bonds, like the tetrahedral bonds [8, 9] .

A brief discussion of the Zachariasen model [9] will aid in the discussion of

amorphous solids. The Zachariasen model [9] includes four components of SRO. The

first consists of only Si-O bonds with similar lengths, T, which means the sample has

global range order (ORO). Silicon is considered to be four coordinated to oxygen,

because silicon is tetrahedrally bonded to four oxygen atoms. Oxygen, on the other

hand, is only two coordinated, because it only bridges between two silicon atoms.

Zachariasen [9] also states that the Si-O- Si angles, e, (see figure 3) are broadly

distributed, which is the source of noncrystallinity in amorphous solids. There is only

one component of IRO present and no edge-sharing or facing-sharing tetrahedra,

therefore no two-rings [8,9] .
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Mer Warren and co-workers [9] conducted x-diffraction experiments to test

the new model, the Zachariasen-Warren model [9], it became known as the

'continuous random network' (CRN) [8, 9]. This CRN model added a few new

components to existing model. The first component was to the range of the radius (r)

is actually narrower, approximately r = 1.61 A(see figure 3) instead of 3.0 to 5.0 A,

while ehas an approximate value of 1440 ranging between 1200 to 1800 [9] .

Glass Fonners And Modifiers

Several compounds exist in the amorphous phase singly, and all constitute

simple glass fonners like Si02, Ge02, and B20 3 [8, 12]. More complex glasses can

be produced by introducing other ions into the random network. There are two ways

that an ion can enter into a glass; the first is as a network modifier cation or

substitutionally for a network fonner cation. The best mechanism for rare-earth ions

turns out to be substitutional. They are conditional glass fonners which require more

than one additional compound to form glass [12] .

Typically in silicate glasses excess oxygen tends to acquire a negative charge.

There excess anions that ordinarily bridge two network fonner cations, instead disrupt

the network and become 'non-bridging'. Cations are usually the network modifiers

that occupy random areas in the network (see figure 2c) near these non-bridging

oxygen to achieve charge-neutrality. This last description of network modifiers best
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describes the sort of glasses studied here. Figure 4 illustrates a schematic

representation of both bridging and non-bridging oxygen [12] .

As mentioned above, amorphous solids are not like crystals, because each ion

has its own unique environment. Furthermore, amorphous solids are often mixtures of

many other components producing differences in nearest-ne~ghbor bonding ions.

Many different types of ions tend to increase the statistical distribution of neighboring

ions eliminating any reoccurring patterns. Neighboring ions find themselves at

statistically unequal distances since there are no recurring patterns. Hence, local fields

of individual ion sites vary. The consequences are site-to-site differences in the energy

levels, radiative and non-radiative transition probabilities, and local coordination

structures of optically active ions in glass hosts [13]. A superposition of individual

ions that are scattered throughout the ensemble of local environments that contributes

to broadband excited optical absorption, emission spectra, and excited state decays.

This statistical broadening is known as the inhomogeneous linewidth. The spectrum

of amorphous solids demonstrate inhomogeneous broadening, and the decay rates do

not demonstrate a single exponential time dependence [5] .

Phonon-Assisted Energy Transfer

In glasses the homogeneous linewidths of optical transition in the rare earths

are typically much smaller (- 1 - 10% or less) than the inhomogeneous widths. As

-
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noted above, the inhomogeneous width results from the statistical distribution of Stark

shifted excited states that are a consequence of the large number of different

environments that are possible in a disordered matrix.

When a transition is excited by a light source whose linewidth is small

compared to the homogeneous width, and observed under time resolution, the prompt

fluorescence has a width equal to twice the homogeneous width of the transition. (The

factor of two occurs because both the excitation and the emission are broadened.) If

the radiative lifetime of the transition is sufficiently long, it is commonly observed that

the width of the transition broadens with time, becoming several times the

homogeneous width before the fluorescence becomes too weak to be observed. This

time-dependent broadening, which is commonly called spectral diffusion, energy

migration, excitation transfer, or energy transfer, is possible only if ions with energies

outside the set of sites which received the original excitation are promoted to the

excited state and subsequently fluoresce. Energy conservation requires that for the

excitation to migrate to a state of higher (lower) energy, some other excitation of the

sample must be destroyed (created) to make up the energy difference. Phonons

provide such a set of excitations that can conserve energy. Phonons couple to the

electronic states through their modulation of the local electric fields produced by

neighboring atoms in the glass. Figure 5 diagrams a one-phonon-assisted energy

transfer process. Energy transfer involving multiple phonons is also possible. The

...
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theoretical treatment of Holstein, Lyo, and Orbach [14] for a Debye phonon spectrum

shows that the lines should broaden uniformly from energy transfer.

Results of Powell and Gang

Probing the singlet-singlet 5Do - 7Fo fluorescence in Eu3
+-doped glasses with

time-resolved site-selection spectroscopy following laser excitation between these two

states, Powell and Gang [3] reported growth of discrete structures in the wings of the

fluorescence. They observed that the smooth shoulders of the fluorescence spectrum

evolved distinct side peaks displaced a few cm-] from the excitation frequency. They

attributed these phonon-assisted energy transfer to preferred sites within the glass, Le.,

to those that produce the same Stark shift for large numbers of Eu3
+ ions. Since there

are no corresponding structures in the absorption spectrum of the glass, these preferred

sites must represent correlation with those at the energy of excitation rather than sites

preferred absolutely. Such structures had not been seen previously as they are easily

obscured in transitions involving states with multiple Stark components. Stark

components arise when a multiplet level is split by an electric field.

Noting that the side peaks seen by Powell and Gang [3] are spaced at nearly

equal frequency intervals, Dixon [15] proposed an alternative explanation. He

suggested that as one reaches the mobility edge (the frequency at which phonons are

localized by the disorder in the glass), the amplitudes of the phonons abruptly grow in
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order to accommodate a quantum of vibrational energy on a much smaller number of

atoms. These large amplitude coherent motions are more strongly coupled to the

electronic states, and the structures seen by Powell and Gang [3] represent multiples of

the mobility edge.

The purpose of the present study is to extend the energy transfer investigation

to additional Eu3
+-doped glasses and to attempt to distinguish between these two

proposals.

Statement of Purpose

This study here reports on the 5Do - 7Fo transition of Eu3
+ ions using resonant

excitation with fluorescence line narrowing (FLN). The purpose of this experiment is

to study energy transfer in glasses doped with Eu3
+ ions and column one elements.

This study avoids one of the major problem of multiple Stark components met with by

others, Motegi and Shionoya [5]. Stark components arise when a multiplet energy

level is split by an electric field. A Nd:YAG laser was used for site-selection

spectroscopy, using FLN. FLN allows the studying of local dynamic effects that were

once masked by inhomogeneous broadening. Pulse duration was 5.0 ns allowing time

dependent studies on the scale of milliseconds. The level of discrete structure,

lifetimes, linewidths, energy transfer rates, and temperature-dependent parameters all

change for the various types of glass hosts [3]. The source of all variables between
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glasses of the same chemical composition can be attributed to differences in local

order [2]. This system allows for studying of energetically distinct subsets of Eu3
+

ions in four glasses. The data acquired during this experiment will be shown to

compared to a model developed by Dixon.
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(b)

(c)

(a)

-

Figure 2: Two dimensional schematic of the structure of (a) crystalline
SiOz, (b) is a SiOz glass, and (c) MzO-SiOz glass. The small
solid circles are the silicon atoms, open circles the oxygen
atoms, and the large shaded circles the alkali atoms.
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Figure 3: The relative orientation of two c~rner sharing tetrahedra in Si02,

showing the short range order and one aspect of the
intennediate range order. The Si atoms (dark) are surrounded
tetrahedrally at distance r by four 0 atoms and each 0 atom
bridges between two Si atoms with an angle ethat varies from
site to site. This specifies the SRO. The dihedral angles 0, ~,
giving the angular orientation of tetrahedra about their
bridging O-Si bonds, are defined in this paper as elements of
IRO.
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Figure 4: Schematic representation of the formation of non-bridging
oxygen in silicates on dissolution of alkali oxide.
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Figure 5: Schematic representation of a single-phonon-assisted energy
transfer process.
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CHAPTERll

EXPERIMENTAL

Samples

The four sample glasses studied in this investigation all have similar chemical

formulas, as seen in Table 1. The LS glass, which was also studied by Powell and

Gang [3], was used as a control sample. Each sample in this investigation contained

5.0 percent Eu3
+ ions except the control sample which contain only 3.0 percent. Also,

each sample contained a different alkali element. These alkali elements are network

modifiers.

These glasses were given to us by Powell [3]. Sample sizes ranged from 3.0 x

3.0 x 10.0 mm to 3.0 x 3.0 x 20.0 mm. Each sample went through a series of steps

before they were mounted in the cold finger. Step one, consisted of polishing each

sample to optical quality. Step two, absorption spectra were taken for each glass. That

were performed using a Cary 05 spectrophotometer at room temperature with a 50 W

Xenon lamp.

17
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TABLE I

SAMPLE COMPOSITIONS (mole %)

Sample Network fonners Network modifiers

* LS 57.0 Si02 27.5 LhO
1O.OCaO
2.5 Ah03
3.0 Eu203

LiSiO 70.0 Si02 15.0 LiSiO I
I

5.0 BaO
5.OZnO
5.0 EU203

Na 70.0 Si02 15.0 Na20
5.0 BaO
5.0 ZnO
5.0 EU203

Rb 70.0 Si02 15.0 Rb20
5.0 BaO
5.0 ZnO
5.0 EU203

* Indicate that this sample is the control sample.
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Experimental Apparatus

The samples in this investigation were mounted in a en closed cryogenic

refrigerator system. Each sample was placed in the cold finger with a small prism

positioned at the bottom of the sample. The prism was used to direct the laser beam

up through the sample producing an excited volume (see figure 6). This excited

volume effectively fills the 20 x 2.0 mm split of the SPEX 1404 0.85 m Double Slit

Spectrophotometer with scattered light from the sample. The cold finger was then

positioned on its side along the optical bench (appropriately 1.0 meter away from the

slit) of the spectrophotometer in such away that the laser beam was at an angle of 90

degrees to the 1404 spectrophotometer's slit. This was done in order to keep direct

laser light from damaging the phototube.

The experimental setup can be seen in figure 7. A Continuum Nd:YAG Pulse

Laser was used to pump a DL II Series Dye Chamber, which allowed tuning

flexibility. The use of an attenuator between the laser and the Dye Cell Chamber

enabled variance in the output power of the laser, operating at 532 nm. This was very

important because anything over 100mW would bum the curvets, which contained

Rhodamine 6G dye. The Rhodamine 6G dye was utilized in the oscillating and

amplifier curvets in concentrations of 144 mg/loo ml and 72 mg/l00 ml respectively.

So, the attenuator was set to give an approximately reading of 80.0 mW. This power
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reading was constantly monitored throughout the entire experiment once at the

beginning and several times during the experiment with a power meter.

Two specially coated mirrors, for the second harmonic, were utilized to direct

the beam into the attenuator. They also pass the 1064 nm fundamental to a beam

dump. The beam was then aligned through the DL n Dye Cell Chamber. Two

additional mirrors were used after the Dye Cell Chamber to direct the beam up and

across to the other table. The beam was then refocused using a 10.0 cm lens this

sharpen the image of the beam through the windows of the cryostat. Therefore, the

beam could be tightly focused on the prism. This was accomplished by mounting the

10.0 em lens on a series of bases so that its horizontal and transitional motion could be

adjusted anywhere from a few centimeters to a few millimeters. After the beam had

been focused onto the prism and all the fine adjustments have been made to maximize

the fluorescence of the beam and the sample. A 50.0 mm lens was used to collect and

collimate the fluorescence which was then collected by a 62.9 mm lens. The 62.9 mm

lens focused the fluorescence to a sharp line that was at the center of an electronic

shutter. The electronic shutter was used to block out the scattered light from the laser,

because it could damage the RA 43-02/1000/1001 photomultiplier tube. Then it was

collected once again and focused in such away to totally fill the 20.0 by 5.0 mm slit of

the spectrophotometer.

Once the fluorescence has been tightly focused into the slits of the

spectrophotometer, the width of the slits can be adjusted to control the actual amount
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of light that goes to the photomultiplier tube. The first slit was set to 100 11m while the

two slits in the middle were wide open and the last slit before the photomultiplier tube

was also set to 100 11m. The photomultiplier tube was powered by a SPEX modified

286 computer. The SPEX 286 computer was equipped with several input boards that

allowed control of the voltage of the PMT, the spectrophotometer, and the data

acquisition system module from the integrator unit. The signal which was seen first on

the oscilloscope registering in the millivolt range and then on to a Boxcar

Averager/Integrator unit which was in tandem with a Signal Processor. These units

averaged the incoming voltages smoothing out some of the background noise at an

estimated signal to noise ratio of 10.0. This improved signal was then sent to the

computer via the DM303M module and was plotted on the computer screen as an

inverse graph. The internal controls of the SPEX program allowed me several other

ways of averaging the data. One way was by averaging multiply scans, and another

way was by averaging over several points per step. This allowed improvement of the

signal to noise ratio by another factor of 3.0.

Experimental Procedures

After the sample has been securely mounted in the cold finger of the en

closed cryogenic refrigerator system, the system was rough pumped to 100/50 rnTorr.

At which point the diffusion pump took the system down to approximately 5 to 10
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mTorr. The system was allowed to pump down overnight to insure a good vacuum

before turning on the compressor. The following day the compressor was turned on,

and the set point on the temperature controller was set for 70 K. While waiting on the

cryostat temperature to reach the set point the laser was turned on to ensure thennal

stabilization of the power of the laser.

This experiment employs the method of time resolved, site-selection

spectroscopy utilizing the technique of fluorescence line-narrowing (FLN). A

standard monochromatic source could be used in FLN experiments, but the

spectroscopic tool of choice is a tunable laser. The laser used in this experiment was a

Nd:YAG laser, with pulse duration of approximately 5.0 ns with a bandwidth between

2.0 to 3.0 run. The Nd: YAG laser was used to excite an energetically selected subset

of Eu3
+ ions within an inhomogeneously broadened absorption profile. This technique

IS call fluorescence line narrowing spectroscopic. The Model TI32 Shutter

Driverrrimer was used as a way to minimize the amount of scattered light that might

enter into the 1404 spectrophotometer. The shutter was set to open 13.4 ms before the

laser pulse passed through the shutter with an exposure time of 34.2 ms. The emission

from this subset was measured by gated detection utilizing a Model 4420 Gated

Integrator & Model 4402 Boxcar Averager system. The measurements were relayed to

the detection system via a RA 43-02/1000/1001 photomultiplier tube set at 1500 volts.

The gated detection allowed measurement of the emission before substantial cross
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relaxation could occur between ions in different sites, allowing an emission spectrum

of only those ions initially excited [3, 16] .
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Figure 6: Site-selection spectroscopy using fluorescence line-narrowing
experimental equipment diagram for the study of energy
transfer in glasses doped with Eu3

+ ions.
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CHAPTER III

RESULTS AND DISCUSSION

Current Model

The model used here hypothesizes that the disordered structure of the glasses

leads to weakly localized phonons (15]. This model attempts to explain the thermal

transport properties of glasses at temperatures well above the plateau that occurs in

thermal conductivity experiments [17] as well as energy transfer. Thermal

conductivity experiments suggest that these weakly localized phonons are mediators of

heat energy. Golding et al. [18] have argued the point that this plateau represents a

region where thermal phonons correlation lengths, ~ , to be less than their wavelength.

The intrinsic disorder of glassy material lends itself to the consequences of weak.

localization.

Holstein, Lyo, and Orbach f14] introduced a general method to describe energy

transfer among optically active ions mediated by Debye phonons. A modification

proposed by Dr. Dixon [15] takes into account some of the features of the phonon

localization that is caused by the disorder in the glass network. In this model the

localized phonons near the mobility edge produce an enhanced energy transfer rate.

26
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This enhancement is due to the larger amplitude that a localized phonon must

have in order to accommodate quantum of energy hv on a small (-1010
) number of

atoms rather than all 1021 or so in the entire sample. This large amplitude modulates

the electric field of the surrounding ions and thus strongly couples the localized

phonons to the electronic states of the optically active ions. This enhanced energy

transfer can be seen using time resolved site-selection spectroscopy as a series of side

peaks in the fluorescence spectrum. These side peaks in the fluorescence spectrum

were also reported by Powell and Gang [3] as discussed above.

The energy transfer mediator probabilities as presented by HLO [14] for one or

two phonons, take the fonn:

(4)

with J as the inter-ionic coupling, f and g are the electron-phonon coupling to the

excited state, and ground state, respectively. Here M I2 represents the difference in

(excited state energies) the two ions excited state energies, and ~E is the local strain at
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donor and acceptor ions due to interacting phonons. These two equations are only for

phonons being emitted and not for absorption. There corresponding absorption

equations are respectively W2:'1 and W2: 1• Higher order electron-phonon coupling

constants have been left out to simplify this model [12, 13] .

Raman spectra of these glasses indicate both low frequency extended phonons

and localized phonons above a minimum frequency , the mobility edge [15, 17] (see

figures 8 -11). The mobility edge presented here is representative of the onset of

Raman activity at low frequencies, that implies an onset of phonon localization.

Raman activity for this family of glasses begins between 5 - 20 em'!. The boson peaks

for this family of glasses range from 20 - 80 cm'! (see Table II). The boson peak for

this family of glasses tends to shift to low frequencies as the size of the network

modifier ions increases.

The LS-modified members of this family are worth a closer examination,

because calculations from the model does a fairly decent job modeling the

experimental data. The fluorescence spectrum was assumed to be proportional to the

rate of single-step energy transfer to states outside the excitation band. This rate is

dependent on several factors: linewidth of the laser, donor and acceptor ions along

with the spectral density of acceptor ions. The transfer probabilities were calculated

on infinitesimally sharp states. These results have been combined with the a

Lorentzian width of 4.0 cm'!. Finally, acceptor ions spectral density was estimated
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TABLE II

RISING EDGE OF THE BOSON PEAKS

Samples Boson Peak Edge Boson Peak. Edge
: Wavenumbers Frequeney(lOII)

LS Glass ]4.0 em-1 4.2 Hz

LiSiO Glass 13.0 em-I 3.9 Hz

Na Glass 10.0 em-I 3.0 Hz

Rb Glass 5.0 em'] 1.5 Hz

.....
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from the inhomogeneously broadened absorption band. The mobility edge was

adjusted to 17 cm- I to locate the one-phonon absorption peak for an excitation of

17238 cm-1
. A sound velocity of 3.0 x 105 cm/s with a correlation length of 17 cm-I

Debye phonon. While the electron-phonon coupling terms if - g) were chosen to be

950 cm-I to estimate the relative peak height of the 17238 cm-1. Last, the amplitude of

the fluorescence was adjusted with respect to Powell and Gang's [3] data. The

agreement between calculation and experiment is very supportive of the model.

Spectral Structures

Figures 12 - 15 shows absorption spectra while figures 16 - 27 shows laser

excitation spectra for LS, LiSiO, Na, and Rb glasses under three different excitation

conditions. The emission spectra here have been nonnalized with respect to their

absorption spectra. The excitation spectrum were recorded with a 298 Jls gate

width and a 13.4 ms delay after the excitation pulse along with a 32.0 ms exposure

constant. Spectra were obtained from the low- and high-energy sides of the

absorption band. The spectra were obtained at a temperature (70 K) where spectra

structure was expected to be its strongest. The respective spectra evolve over time

due to ion-ion energy transfer between different sites. After the excitation pulse,

spectral structures start to develop at times greater than 1.0 ms. This can be
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observed in the figures 16 - 27. A discussion of the spectral structures seen in the

graphs will be discussed and possible reasons behind these spectral structures.

Figures 16 - 27 presents the growth of discrete structured regions (side

peaks) across the spectral band as time elapses after the initial excitation pulse.

Some structures are more distinctive in different glasses containing different

modifiers and different former elements. Powell and Gang [3] noticed similar

structured regions (side peaks) across their samples' spectrums. Their proposed

answers to these structured regions (side peaks) were mentioned above, but are

worth mentioning again briefly. They proposed that these structured regions (side

peaks) are due either to a maximum amount of disorder or a higher degree of local

order in the host glasses [3]. Since glass itself is a disordered system to start with

anything added to the system must either aid in building or destroying the network.

The column one elements, network modifiers, pulls the network apart as seen in

the Zachariasen model [8] (see figure 2) leaving bridging and non-bridging

oxygens. The heavier modifier ions was proposed to produce a higher degree of

local order leading to an increase in ion-ion energy transfer, which implies more

side peaks. This was the hypothesis by Powell and Gang [3] in ] 984. Alternately,

there maybe a correlation between side peaks and the phonon mobility edge.

The model proposed by Dixon [15] relates peak spacing to the low

frequency mobility edge for phonon localization. The key feature of energy

transfer that produces side peaks due to enhanced transfer at the mobility edge is
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that the side peaks should have equal separations in energy. Figure 28

demonstrates that a correlation exists only for the Li glasses where the peaks are

spaced at multiples of the mobility edge. While all members of this family of

glasses are spaced at equal multiples of the common 0.4 THz. (see figure 29 and

Table III) This suggests a localized phonon characteristic of a Eu3
+ containing

clusters rather than the overall mobility edge is responsible for the side peaks. It is

unlikely that evenly separated structures would result from the mechanism

proposed by Powell and Gang [3] .

The full widths at half maximum (FWHM) of the glasses presented here

can be seen in figures 30 - 32. These FWHM graphs demonstrate a migration of

energy outward over time. This provides evident of energy transfer out of different

sites over the specified time intervals. While figures 33 - 35 illustrates how the

width of the peak dissipate over time. The LS glass has the fastest dissipation of

energy out of the initial site, while the LiSiO glass illustrates the slowest.

....
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TABLE III

ONSET OF RISING EDGE OF LOW FREQUENCY
BOSON PEAKS AND OF SECONDARY PEAKS

Network !..ex 1sl

I, 2
nd 3rd 4th

Modifiers (nm) Minimum Minimum Minimum
(1014 Hz) I ~~~4m~~ (1014 Hz) (1014 Hz)

578 5.185 5.181 5.176 5.172

LS 579 5.175 5.171 5.167 -

579 5.185 5.188 5.192 -

580 5.176 5.181 5.185 5.189

578 5.184 5.180 5.176 5.173

LiSiO 579 5.177 5.174 5.171 -

579 5.185 5.189 5.193 -

580 5.176 5.180 5.184 5.189

578 5.185 5.181 5.177 -

Na 579 5.177 5.173 5.170 -
i

579 5.185 5.191 5.193 -

580 5.176 5.180 5.184 -

578 5.185 5.181 5.177 -
,

Rb 579 5.176 5.172
, 5.167 -

579 5.185 5.188 , 5.191 -

580 5.175 5.179 5.183 -

33
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RAMAN SHIFT (em-1)
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Figure 8: Raman spectra of the glasses. All data were obtained at room
temperature. The low frequency region of the boson peak is
shown for all three members of this series of glasses. Curve A
is the USiO glass; curve B is the Na-modified glass; curve D
is the Rb-modified glass, while curve C and E are not used in
this study.
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Figure 9:

Raman Shift (em-I)

Raman spectra of LiSiO glass. All data were obtained at room
temperature. The low frequency region of the boson peak is
shown for the LiSiO glass in this series of glasses. The inset
is a full Raman spectrum of the LiSiO modified glass.
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Figure 10: Raman spectra of Na glass. All data were obtained at room
temperature. The low frequency region of the boson peak is
shown for the Na glass in this series of glasses. The inset is a
full Raman spectrum of the Na modified glass.
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Figure 11:

Raman Shift (em-I)

Raman spectra of Rb glass. All data were obtained at room
temperature. The low frequency region of the boson peak. is
shown for the Rb glass in this series of glasses. The inset is a
full Raman spectrum of the Rb modified glass.
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Figure 12: The absorption spectra for LS glass over a spectrum range
of 570 - 590 nm perfonned at room temperature on a
Cary 05 spectrophotometer.
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Figure 13: The absorption spectra for LiSiO glass over a spectrum range
of 570 - 590 nm perfonned at room temperature on a
Cary 05 spectrophotometer.
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Figure 14: The absorption spectra for Na glass over a spectrum range
of 570 - 590 nm performed at room temperature on a
Cary 05 spectrophotometer.
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Figure 15: The absorption spectra for Rb glass over a spectrum range
of 570 - 590 nm perfonned at room temperature on a
Cary 05 spectrophotometer.
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Figure 16: LS glass spectra obtained at an excitation wavelength
of ~.t = 578 nrn. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.
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Figure 17: LS glass spectra obtained at an excitation wavelength
of A... =579 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.



44

...

577.5 578 578.5 579

Wavelength (nm)

579.5 580 580.5

Figure 18: LS glass spectra obtained at an excitation wavelength
of \,X =580 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.
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Figure ]9: LiSiO glass spectra obtained at an excitation wavelength
of ~x =578 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0,3.0, and 5.0 ms.
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Figure 20: LiSiO glass spectra obtained at an excitation wavelength
of ~x =579 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.
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Figure 21: LiSiO glass spectra obtained at an excitation wavelength
of Jt..x =580 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.
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Figure 22: Na glass spectra obtained at an excitation wavelength
of \.r = 578 nm. This series of graphs were taken at a
temperature of70 K and T= 1.0,3.0, and 5.0 ms.
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Figure 23: Na glass spectra obtained at an excitation wavelength
of ~x =579 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.
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Figure 24: Na glass spectra obtained at an excitation wavelength
of~.x =580 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.
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Figure 25: Rb glass spectra obtained at an excitation wavelength
of J..x =578 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0, 3.0, and 5.0 ms.
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Figure 26: Rb glass spectra obtained at an excitation wavelength
of~.x =579 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0,3.0, and 5.0 ms.
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Figure 27: Rb glass spectra obtained at an excitation wavelength
of ~.t =580 nm. This series of graphs were taken at a
temperature of 70 K and T= 1.0,3.0, and 5.0 ms.
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Figure 28: Plot of the onset of side peaks using their respective mobility
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LiSiO, Na, and Rb with 578, 579(anti-stokes), 579(stokes),
and 580 nm respectively.
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Figure 30: Spectral Peak Area vs. Time log plot for an excitation of
578 nm at 70 K, ranging from T= 1.0, 3.0, and 5.0 ms for
LS, LiSiO, Na, and Rb glasses. Demonstrating a constant
decline in the area under the curve.
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Figure 31: Spectral Peak Area vs. Time log plot for an excitation of
579 nm at 70 K, ranging from T= 1.0,3.0, and 5.0 ms for
LS, LiSiO, Na, and Rb glasses. Demonstrating a constant
decline in the area under the curve.
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Figure 32: Spectral Peak Area vs. Time log plot for an excitation of
580 nm at 70 K, ranging from T= 1.0, 3.0, and 5.0 IllS for
LS, LiSiO, Na, and Rb glasses. Demonstrating a constant
decline in the area under the curve.
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Energy Transfer Characteristics

FLN has provided valuable information to support the model that phonons

near the mobility edge enhance the energy transfer from the Eu3
+ ions. A method

has been developed by Brawer and Weber [20] to characterize quantitative energy

transfer between ions in different types of sites. The glass spectra were analyzed

to determine an average ion-ion transfer time, using this relation:

! (00, t) = aCt)! (00 ,0) +[1- aCt)]! (00 ,00) , (7)

where! (w,t), is normalized for unit area:

Ii (W,t)dw = 1.o (8)

The spectral energy transfer time is given as:

(9)
f~ [l (00, t) -I (00 ,oo)]dw
Olt

aCt) =Jw. .
. [l (00,0) -I (oo,oo)]dw

00,

In equation (9), the integral was approximated as a summation over the entire

curve. I(w,t) was taken as the varying intensities of the different time intervals after

•
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the excitation pulse. I(ro,oo) for all these curves were approximated to zero to simplify

the calculations. I(ro,O) was taken to be the intensity at our base scan of 1.0 ms for

each set of curves [20] . The results of these calculations can be seen in Table IV.

The spectral energy coefficient aCt), figures 35 - 38, all exhibit exponential like

declines in there. As seem in Table IV the spectral energy coefficient does not follow

the expected order of the periodic table. Instead, Na has the fastest spectral energy

coefficient over Rb which was expected to be the fastest. While the LS glasses have a

more gradual decline, that might be attributed to the Eu3
+ concentration. The LS glass

that contains only 3.0% has the slowest spectral energy coefficient.



TABLE IV

SPECTRAL ENERGY COEFFICIENT art)

Time (ms) LS Glass LiSiO Glass Na Glass Rb Glass
aft) art) art) art)

Wavelength
578 nm
1.0 ms 1.0 1.0 1.0

I

1.0
3.0ms 0.85302 0.85008 0.46985 0.66213
5.0 ms 0.83823 0.74638 0.35242 0.58746

Wavelength (nm)
579 nm
1.0 ms 1.0 1.0 1.0 1.0
3.0ms 0.94024 0.89041 0.86836 0.90870
5.0 ms 0.92782 0.85469 0.68368 0.75457

Wavelength (nm)
580 nm
1.0 ms 1.0 1.0 1.0 1.0
3.0 ms 0.92984 0.81434 0.79663 0.76748
5.0 fiS 0.90117 0.68598 0.56427 0.67071
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Figure 33: Nonnalized Width vs. Time plot for an excitation of
578 nm at 70 K, ranging from T= 1.0, 3.0, and 5.0 ms
for LS, LiSiO, Na, and Rb glasses.
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Figure 34: Nonnalized Width vs. Time plot for an excitation of
579 nm at 70 K, ranging from T= 1.0, 3.0, and 5.0 ms
for LS, LiSiO, Na, and Rb glasses.
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Figure 35: Nonnalized Width vs. Time plot for an excitation of
580 nm at 70 K, ranging from T= 1.0,3.0, and 5.0 ms
for LS, LiSiO, Na, and Rb glasses.
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Figure 36: Spectral Energy Transfer vs. Time plot for an excitation of
578 nm at 70 K, ranging from T= 1.0,3.0, and 5.0 ms for
LS, LiSiO, Na, and Rb glasses.
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Figure 37: Spectral Energy Transfer vs. Time plot for an excitation of
579 nm at 70 K, ranging from T= 1.0, 3.0, and 5.0 ms for
LS, LiSiO, Na, and Rb glasses.



1.1 ,----------------------------,

0.9

::>

6 0.8
III
a:
<{

0.7
LiSiO

Rb

67

0.6

Na

6543

Time (ms)

2

0.5 L.-_..L-_-L-_----'--_--'__-'---_-J-_----'--_--'__-'---_....I.-_----'--_--'

o

Figure 38: Spectral Energy Transfer vs. Time plot for an excitation of
580 nm at 70 K, ranging from T= 1.0, 3.0, and 5.0 ms for
LS, LiSiO, Na, and Rb glasses.



CHAPTER IV

SUMMARY AND CONCLUSION

Time-resolved site-selection spectroscopy techniques have been used in the

examination of four glasses doped with Eu3
+ ions. These four glasses are composed of

0.15(MzO)0.05(ZnO)0.05(BaO)O.05(Euz03)O.70(SiOz), where the Mis Li, Na, or Rb.

Glasses in this family all contain 5.0% Eu3
+ ions except the control glass, which has

3.0%. The use of the lowest-frequency Raman peak has been used as a quantitative

measure of the mobility edge. In this examination, the mobility edge has been taken to

represent the onset of localized phonons. Absorption spectra were also taken to

detennine regions of high concentrations of Europium. These absorption spectra were

also used in the analysis of the FLN fluorescence spectrums.

The analysis of the FLN (see figures 16 - 27) spectra described in this paper

explains the appearance of side peaks in the spectral graphs as enhanced energy

transfer mediated by localized phonons. All the glasses in this study adhere the Dixon

model, but only the two LS glasses demonstrate that a particular phonon mediates the

enhanced energy transfer. The fluorescence spectra of the LS glasses correspond to

the leading edge of the boson peak that indicates areas of enhanced energy transfer.

On the other hand, the leading edge might correspond to a different particular phonon
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that is significant to energy transfer. A fascinating phenomenon noticed in all the

glasses' FLN fluorescence spectra was a common spacing of 0.4 THz. This can be

explained in one or two ways: either the mobility edges for these glas es are

incorrectly calculated or the 0.4 THz spacing is due to a type of localized phonon that

has been caused by the clustering of the Eu3
+ ions.

,
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