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NOMENCLATURE

EDSMAS glass  europium doped soda magnesia alumina silica glass

NBO non_fbridging oxygen

BO bridging oxygen

BLS Brillouin light scattering

RLS Raman light scattering

NMR Nuclear magnetic resonance

MAS magic angle ( f = 54.74") spinning
FWM four-wave mixing

Cys compressional modulus

Cyu shear modulus

E Young modulus

B adiabatic bulk modulus

g Poisson ratib

LA longitudinal acoustic

TA transverse acoustic

P;; photoelastic constant for LA wave
Py photoelastic constant for TA wave
ppm parts per million

Q"(mAl) Si0y tetrahedron with (n = 1 - 4) number of bridging oxygens

and (m =1 - 4) number of neighboring AlQ4 tetrahedra
cm’ wave-number, a unit of energy equal to 0.12399 meV and

corresponding to the frequency of 29.979 GHz

X1



CHAPTER1
INTRODUCTION

‘Glass has a number‘of structural and practical advantages over crystalline materials,
including excellent homogeneity, variety of form and sizé and the potenﬁal for doping
with a variety of dopant material.s, which makes the glass medium excellent for photonic
| aﬁplications. Rare-earth doped aluminosilicate glasses have been shown to be great_,
candidéi:[és"fo-r'hblograph‘iébsvtlo.rage medium [1-‘9], new fdom températlire hole-bufning‘ o
 materials [10], strong visible light luminescence materials‘ [1 1], Faraday rotators [12, 13],
ir;ﬁared window mateﬁals [14] and radiétion delivery Vehiclésﬂin human body :[15:1}_16],
é»tC;,.v_-,}fBésides, aluminosiﬁcz&é melts are the most .important constitue;lts of Earth magmas
" [17j , so the knowledge of fhe structure of alufhiﬁosilicate melts and glasses for gé'olo.g‘iéal
appljcations is important as well. Many charact.erizat.ion techniques, such as Brilloﬁin
hght si)ectroscopy (BLS)"_[18], Raman lighf ‘-éi)ectros‘copy (RL_S)‘;"[2, 19], solici_—stéte’
nucleéf magnetic resonﬁﬁce (NMR) [19, 20-22], ionic conductivity measurement [6, 7,
23»], absorption spectroscopy [24,25], Mossbauer spectroscopy [26] etc., have been
utilized to study the structure of rare-earth doped oxide glasses. In genéral these glass
materials show interesting properties, such as high elastic moduli [27] and large
paramagnetic susceptibilities [28]. ‘However, a detailed understanding of the optical
properties and atomic structures in rare-earth doped glass is still unclear because
amorphous materials do not have long range order and the environment of atoms and ions
1s not well defined.

Laser-induced persistent and transient refractive index gratings in Eu®" silicate,

phosphate and germinate glasses have been previously reported [1-7]. Rare-earth



activated silicate glasses with stable photorefractive gratings have recently been
realized as the materials for holographic media [3, 8]. The great stability of the
persistent gratings in these glasses makes them competitive candidates for optical
demultiplexers, filters and ROM-memories. There is also great potential for forming
these glass-based materials as integrated fiber optic devices.

The optical technique used to form the gratings is called the non-degenerate four-
wa‘ve'inix'iri.g (FWM).'ItS nature is in nonlinear miXing of fWo laser “write” beains a_nd
laser “read” beam to produce a fourth “signal” beam. This effect can be treated
theore’tica.l:‘lily as a third orde%nonlinear optical'proc‘ess or‘, altemé‘;ively as Bragg
scatteringlfr‘iorr'l a laser induced 'I'r;cfractive index vgréting. The experirﬁ‘ental setup
involves croésing of two Ar" write laser beams in the sample (Fig. 1) at 26, crossing
angle to forrn a constructive interference pattern in the form of sine wave [6].‘ The
light inteﬁéify ;in the peak regiohs of the pattern.‘mcj)‘dulates'the compiex refractive
index of the material compared to its value-in the valley regidns of the pattern. This
creates a laser induced refractive index pattern. A probe (or read) He-Ne laser beam
paséing through the isample in the presencé of a refractive index grating is diffracted

by the grating at 6, angle between the diffracted direction and the normal to the plane

of the glass sample. By measuring the properties of the diffracted (signal) beam using
a photo multiplier tube (PMT), all of the information about the physical properties of
the grating can be determined.

Laser-induced changes in the refractive index are used to create superimposed
transient population gratings and permanent structural gratings in Eu’"-doped soda

magnesium aluminosilicate (EDSMAS) glasses [6,7]. The grating strengths in these
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Fig.1. FWM experimental setup (Courtesy of A. Hamad).

glasses were improved by optimization of the composition apd processing parameters.
It was found that the éhange in nonlinear index of refraction An (the signature of the
FWM signal strength) in these glasses was proporﬁonal to the numb;er of the high
energy phonons [1,29], the population of the excited Eu’" jons [7] and Al atoms
present in the glass [6]. The results of this work in the form of dependence of
permanent change in the nonlinear index of refraction Anversus different individual
components: Eu;O; and Al,O3; in EDSMAS glasses are presented on Fig.2 and Fig.3,
respectively. The write and read beam laser powers (wavelengths) (waist) were kept

at 30 mW (465.8 nm) (70 pm) and 3.5 mW (632.8 nm) (95 pm), respectively, and the

crossing angle was fixed at5.0°. During FWM experiment, Eu’" jons of EDSMAS
glass are excited by the laser write beam to the °D, energy level. Radiationless

relaxation from this excited state to the *Do metastable level causes the multi-phonon



emission, i.e. several high energy vibrational excitations (phonons) on the order of

1000 cm™ (Fig. 4).
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Data is taken from Ref. 7.
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Fig. 4. Eu®*" energy level diagram

This produces local structural changes leaving the Eu’" ions in a different
configuration having a different index of refraction [1]. In this sense, the role of high
energy phonons (~ 1000 crn'l) is believed to be crucial, since they fill the energy gap
between the excited level and metastable 5D1 as well as SDO levels and provide the
activation energy for some light modifiers to migrate in the glass network during
FWM experiments. Thus, the permanent grating is formed due to the migration of

light modifiers (e.g. Na* and Mg*") from the bright towards the dark regions of the



grating. G.S. Dixon and co-workers [9] attributed the kinetics of the persistent
gratings in rare-earth doped silicate glasses by the long range diffusion of small
modifiers mediated by the hot-phonon field resulting from non-radiative decay of the
rare-earth sensitizers. They suggested that the photorefractive efficiencies of these
glasses might be improved through the increase of weakly bound modifiers or by the
introduction of larger modifiers that tend to stretch the glass network.

* Earlier investigations of aliimindsilicate | glasses were limited to the structure of
either glasses containing trivalent modifier ions [20-22, 27, 30, 31] or glasses
containing divalent and/or monovalent ions only [32—35]. The structure of Eu3+ doped
soda magnesia alﬁmina silica (EDSMAS) glass is expected to be more complicated
than that of binary, ternary and quaternary glasses. The 2-dimensional schematics of
EDSMAS system is shown in Fig.5. In the present dissertation we used Brillouin
light scattering (BLS), Raman light scattering (RLS) -and solid-state nuclear magnetic
resonance (NMR) spectroscopies to study the structure of EDSMAS glasses, i.e.
aluminosilicate disordered materials containing trivalent modifier (Eu®") ions,
divalent (Mg*"), and monovalent (Na") ions. Using RLS, we investigated the local
structure of the glass by probing high-, mid- and low- frequency optical phonons.
*TAl, *Si and *Na NMR spectroscopies will be used to provide information about Al,
Si and Na' coordination sites, respectively. The disappearance of the NMR signals
with increasing Eu content will be shown for *’Al and *°Si. The ultimate goal of this
comprehensive characterization study is to better understand the physical nature of
holographic grating formation in EDSMAS glasses Conclusions as well as

recommendations on improving holographic grating formation in these materials



Fig. 5. Two-dimensional schematic of EDSMAS glass.

versus concentration changes of different individual components (Eu,O3, Al,O3 and
Na;0) in EDSMAS glasses were presented. The composition of these three glass
families of Eu-, Al and Na- series under study are given in Table 1. In the estimation
of the relative NBO amounts given in Table 1 it was assumed that Na*, Mg** and Eu’*
ions in EDSMAS glass create one, two and three NBOs, respectively, and one Na' ion
is needed to compensate the charge of one [AlO4]" complex [36]. With the help of
BLS we will research elastic and photoelastic properties of these non-crystalline
materials and will discuss the implications of these studies on improvement of FWM
signal. The photoelastic (or elasto-optic) effect, being the coupling of the index of

refraction to the mechanical strain in the material [37], plays an important role in a



number of optical devices such as acousto-optic modulators [38], photo-optical
switches, opto-optical deflectors etc. The mechanical strain can be introduced m a
number of ways. It can be permanently frozen-in at the time of formation of the glass
or it can be caused by the acoustic phonons propagating in the material which are

induced by a transducer or laser light.

REu RTotal
Sample | Eu,0; | MgO | Na,O | SiO, ALO3 | Rya+mg
: NBO
ID
Eu0 - 0.00 |12.00 |15.00 |70.00 {3.00 0.273 0 0.273

Eu0.73 0.73 | 1191 |14.89 |69.49 |2.98 0.269 0.025 0.294

Eul.26 1.26 |11.85 |[14.81 |69.12 |2.96 0.267 0.043 | 0310

Eu3.90 390 | 11.53 | 1442 |6727 |2.88% |0.255 0.130 0.385

Eu5.26 526 |11.37 (1421 |66.32 |2.84 0.249 . | 0.173 0.422

Eu8.11 8.11 | 11.03 | 13.78 |64.32 |2.76 0.237 0.262 0.499

Table 1. The EDSMAS glasses composition (in mole %) of (a) Eu-series with the fraction
of NBOs due to: Na” and Mg** (Rxna+mg), rare earth ions (Rg,) and the total number of

modifier ions (Rrot1 NBO);



Sample ID ALO; | SiO, | MgO | Euw0; Na,O Reotat NBO
AlO 0 72.08 | 11.85 1.26 14.81 0.348
Al 2.96 2.96 69.12 11.85 1.26 14.81 0.310
Al 5.92 5.92 66.16 11.85 1.26 14.81 0.271
Al 8.88 8.88 63.20 11.85 1.26 14.81 0.235
Al14.81 14.81 57.27 11.85 1.26 14.81 0.165

(b) Al-series with the fraction of NBOs (Ryota NBO)
Sample
1D NaZO SlOz MgO Ell203 A1203 RTotal NBO
Na9.86 9.86 73.12 11.85 | 1.26 2.96 0.247
Nal4.81 14.81 | 69.12 11.85 | 1.26 2.96 - 0.310
Nal9.73 19.73 64.20 11.85 1.26 2.96 0.375
Na24.67 24.67 59.26 11.85 1.26 2.96 0.456

(c) Na-series with the fraction of NBOs (Rrota1nB0)

10



CHAPTER 11
THEORY
2.1. BRILLOUIN LIGHT SCATTERING (BLS)
BLS being the physical process of light scattering by the propagating fluctuations
in the dielectric constant of the material was first predicted by Leon Brillouin [39]
who suggested that light should be inelastically scattered by the acoustic (Debye)
modes of inSulating media. Mandelshtamm iﬁdepehdently predicted the éame effect in
1926. Among the techniques used for testing of variety of materials, optical methods
such as BLS and RLS play an important role since they are non-destructive. The mosf
significant advantage of BLS over ultrasonic techniques is that it requires only very
small samples and that it is mechanically non-contacting. BLS can be simply
imagined as the diffraction of the incident light by the “gratings” formed by the sound
waves} (acoustic phonons). These gratings are moving with the speed of sound;
causing the scattered light to be depler shifted.
The principle of light scattering‘ can be described by either a classical or quantum
mechanical point of view. Generally, BLS is produced by the creation (Stokes event) or

annihilation (anti-Stokes event) of a phonon as indicated in Fig. 6. An incident photon of

J—

wavevector E and frequency «j 1s scattered with wavevector kg and frequency ws

during the interaction a phonon of wavevector ; and frequency wp (also known as

Brillouin shift) created or annihilated. In case of no phonon involvement we deal with
Rayleigh (elastic) scattering. Typically, Brillouin shifts wp are on the order of lem™ or

smaller. It is generally accepted that the BLS is due to propagating fluctuations in the
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dielectric constant of the material under study, while the Rayleigh scattering is due to

existence of non-propagating diffusive fluctuations.

(a) q, wp | (b) .9, o8
o" 0".’
k. o k;, o ><
0 0 \\
kS L @ . e . . . ks , (s
Phonon creation (Stokes event) Phonon annihilation (anti-Stokes event)

Figure 6. Stokes and anti-Stokes events of BLS

The conservation of energy and momentum requires:

o, = o  wp (2.1.1a)

—_—

k =k +q ' (2.1.1b)
Since the energies of acoustic phonons is small compared to the energies of the incident
and scattered lights, i.e. wp~10""Hz << @y(w,)~10""Hz, then |E; | = lg} and a light
scattering experiment selects those modes for which

q = 2n|k, |sin(6/2) (2.1.2)

where 6 and » are the scattering angle and the refractive index of the scattering medium,
respectively. Sound velocity will be defined combining (2.1.1) and (2.1.2.) as follows:

) N S Y (2.1.3)

9 ~2nll€|sin(g) 4ﬂnsin(€)
2 2
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where @, is the Brillouin shift in cm” units to be measured by BLS experiment. Typical

value for the sound velocity is ¥ ~ 10° cmy/s.
Crystal lattice dynamics can be analyzed using the familiar harmonic approximation.

The stress is given by:
S = Citm — (2.1.4)

‘where C,,,is the elastic stiffness tensor. The equation of motion in harmonic
approximation is:

O’u, _0S, o’u

1

_c. 9t 215
P " ax, M ox.ox, @19)

Here p is the density, u is the displacement vector and x is the location of the equilibrium
point that is being displaced

Assuming the plane-wave solution:

u, =ule’er | » (2.1.6)

Substituting (2.1.6) into (2.1.5) we have

2

po’u] =Cy q,q,us (2.1.7)

For the long wavelength acoustic modesw, =Vgq, where V' is the appropriate sound

velocity. Thus, Z lC,.k,méké, ~pV?s, ]uf: =0 (2.1.8)

Kl

'a

gl

solutions only if the secular determinant vanishes. The number of non-zero elastic

where ¢, =-—is the k-component of unit vector §. Equation (2.1.8) has non-trivial

constants depends on the symmetry of the material. Elasticity is a centrosymmetric

property. This means that if the reference axes are transformed by the operation of a

13



center of symmetry the C,, components remain unaltered. From this, for isotropic

medium like glass, the form of the elastic constant (C”m) matrix is given by [37]:

¢, ¢, C, 0 0 0
C12 Cll C12 0 O
¢, C, C, 0 0 0
C)-| 0 0 0 S©G-C 0 0 (2.19)
o0 0 0 @Gy 0
0 0 0 0 0 %(Cl,—cu)

Thus, glasses, being isotropic media, as a result of the sfress produced by a small
strain can be described by just two independent elastic constants ”Cn and C,,. The third
elastic constant is related to the first two through the Cauchy relation C,, =C,, -2C,,
[40]. Using (2.1.9) and if ¢ is propagating along an arbitrary ¢ =[1,0,0] direction, then in

six-component notation equation (2.1.8) results in the following eigenvalues and

eigenvectors:
(PV*), =pV; =C,y, =100 (2.1.10a)
(PV?*), = pV7 =Cy, 1 =(0,1,0)and (0,0,1) (2.1.10b)

Where 7 is the unit vector of the displacement direction (oscillation) and § is the

direction of sound wave propagation. The first solution corresponds to the pure
longitudinal acoustic mode and the second solution corresponds to one degenerate pure
transverse acoustic modes. Thus, the typical Brillouin spectrum of glass consists of two
sets of doublets symmetrically shifted from the incident frequency. They are longitudinal
and transverse modes. The longitudinal BLS (corresponding to vibrations of # parallel to

the sound wave vector §) has been explained by adiabatic pressure fluctuations

14



propagating as a longitudinal (compressional) sound wave [41]. It corresponds to light
scattering with the same polarization as the incident light. The transverse BLS

(corresponding to vibrations # perpendicular to the sound wave vector g ) is related to the

existence of anisotropic fluctuations associated with transverse (shear) deformation [42].
It contributes to the depolarized scattered light, i.e. light scattered with a change of
polarization with respect to the incident light. The observed Brillouin splitting can simply
be related to the soﬁnd Veldcity of-the particﬁlar mode résponsi‘blé for the scattéring and
the widths of the shifted lines are related to acpustic attenuation (phonon lifetimes) [43].

With V,=6 x10° cm/sec and wy= 0.8 cm™ the wavelength of the acoustic phonon

vibrations is about 2000 A, which is much larger than inter-atomic distance (~ 1A).
Therefore, BLS probes the scattering medium as a continuous one.
The elastic constants for the longitudinal (C;;) and transverse (Cyy) acoustic

waves can be determined from Brillouin shifts directly using (2.1.3) and (2.1.10) by

2 IOCOLZ/L'2
Cy = p} =T (2.1.11a)
4n’ sin®| —
5)
242
2
C, =pv2=""0r"% (2.1.11b)

4n? sin’® (g)
2

Some other important elastic parameters characterizing the strength of materials
such as the Young modulus (), Poisson's ratio (o), and adiabatic bulk modulus (B)

based on the elastic constants, can be calculated as follows [40]:

E= C44 (3C11 ”‘4C44)
(Cll - C44)

(2.1.12a)
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B=C, —%CM (2.1.12b)

o= Cu _2C44
2(C11 _C44)

(2.1.12¢)

The intensity of the Brillouin peak is another important parameter in BLS
spectroscopy and is related to the Rayleigh ratio, i.e. flux scattered into a unit solid angle
per unit volume per unit incident light intensity. To obtain the Rayleigh ratio, we need to
consider a propagating sound wave in the material. This wave produces a local strain in

the material which in turn perturbs the local dielectric constant ¢ by an increment d¢ .

This perturbation will induce an additional polarization 6P = E,0¢/4x due to a plane

monochromatic wave traversing through the medium, and will scatter light at shifted
frequencies corresponding to the acoustic modes. For incident light polarized in the j-th
direction and scattered light polarized in the i-th direction, the Rayleigh ratio, or

differential cross-section per unit volume of the glass, is defined as

2 7i 270
0 S o

TTAQ-AIl AQ-LPJ

(2.1.13)

where 7* is the squared distance from the scattering volume to the detector, A is the
scattering volume from which light is being collected, AQ is the solid angle (in the air) at
which the scattered volume is collected, I, and I; are the scattering and incident

intensities, respectively. Since in laser scattering experiments the scattering volume

almost always has the form of a thin column, it is frequently more useful to replace Al/

by LP’ where P/ is the measurable incident power and L is the length of the scattering

column from which light is being collected. The relation between the change in the
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reciprocal dielectric constant A (e'l)ij and induced local strain tensor xy is governed by the

photoelastic constants (Pockel’s coefficients) p;, through the following linear relation:
A (6—1)0' =zpijklxkl ' (2.1.14)
K .

If we assume that the excitation of each acoustic mode is on an average in thermal
equilibrium at temperature 7, then the Rayleigh ratio is given as follows [44]:

2ns

kyTo! [A

R = 6,00 e[ s | (2.1.15)

32t pr? n,

1

where @, is the frequency of the scattered light, ¥ is the velocity of the ji;, acoustic mode,

A

é, and é, are the polarizations directions of the scattered and incident light, T . is the

Brillouin tensor for the j; direction. The factor [és T/ ~éi] defines polarization selection-

rules and allows one to determine which photoelastic constants are contributing to the

spectra under study; », and »,define the refraction indices of the propagation of scattered

and incident light, respectively. For isotropic glasses, these two quantities are identical.

Equation (2.1.13) gives the scattering cross section for each acoustic mode in terms of the

T - tensors. Cummins and Schoen [44] tabulated Brillouin tensors according to phonon
propagation for numerous crystal classes including an isotropic glass. The geometry of
right-angle Brillouin scattering along with the formation of Bragg grating by sound
waves in the glass are depicted in fig. 7. For this case the eigenvalues (sound velocities
V), eigenvectors (displacement # -vectors) defined by (2.1.10) along with Brillouin 7 -
tensors for acoustic phonon propagation in x-direction (¢ = (1,0,0)) are given in Table 2.
For the sake of convenience, one can assign vertical (V) and horizontal (H) polarizations

for propagating light.
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Bragg grating of
acoustic phonon waves

\

K;

(To sample)

7

A\ €
(to TFPI)

Fig.7. Right-angle BLS along with the formation of Bragg grating by sound waves in the

glass. Scattering light is monitored by TFPI.
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sz =Cy

# =(1,0,0) Longitudinal

A 00
T=¢0 P, 0
0 0 P

12

1
sz = E(Cn - ClZ) = C44
u =(0,1,0) Transverse

1
0 E(Pn_Plz) 0

1
sz :E(Cn _Clz) = C44

u =(0,0,1) Transverse

1
0 0 ‘2‘(P11 _PIZ)
T=¢? 0 0 0
1
E(Pll _Plz) 0 0

Table 2. Acoustic phonon velocities, polarizations and BLS tensors for glasses

19



Therefore, for the incident and scattered light there are total of four possible polarization

directions. Assuming that vertical polarization is in y-direction and horizontal

0
polarization is in xz - plane, then we have for vertically polarized incident light &, =| 1|,
0
1
horizontally polarized incident light ¢, = ﬁ 0|, vertically polarized scattered light
é, = (010) and horizontally polarized scattered light e, = VI_E(IOT) .

"The four combinations of polarization for incident and scattered light yield the

following values for [és T/ -éi]:

P, 0 0Y0
w0 1 0?0 P, 0 |1|=¢P,
o 0 2,\0
P00} (1
: = 1 2 1 _1 2 _1 2
HH:(l 0 1)=& 0 B, 0 |—|0|==&*(B,-P,)==¢P, (2.1.16)
V2 2 2 2
0 0 P, 1
1
1 1 0 E(‘Pll_‘Plz) 0 0 i 1
- &
(10 The’| SRR 0 o1 = (BB = =Ry
0 0 0\0
0 L -p)y o
. 1 2 11 12 1 , 1
& &
H7:(0 1 05| =(B,-P,) 0 olo|=-t—(,-P,)=—2&P
( )\/’5 2 110 12 O 0 1 2\/5 11 12 \/5 44
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Using a polarization rotator mounted to the laser head we can set the direction of the
incident polarization (¥ or H) while the analyzer placed before the Fabry-Perot
~ Interferometer selects V- or H-polarization for the Brillouin scattered light. In this way
we can make sure that all four polarization arrangements listed in (2.1.16) are verifiable
experimentally. We used BLS from the Eul.26 glass sample and checked that within
relative units of the Brillouin intensities we would match the resultant spectrum to the
theoretical results of Equation'(2>.1'.1‘6). The results are shown in Fig 8. It is seén that V¥
and HH polarizations represents pure longitudinal acoustic phonons, while VH and HV
polarizations define pure transverse acoustic phonons. Mixed VV+VH and HV+HH
polarizations in Figs. 8 and Fig. 9 represent the supefposition of VV plus VH modes, and
HV plus HH modes, respectively. Under ideal experimental conditions VH and HV

spectra are expected to be identical.
Substituting the polarization selection [és T/ -éi]-values from (2.1.16) into the

Rayleigh ratio (2.1.15), taking into account Eq. (2.1.11), right angle scattering

2
due to normal

geometry (0=90"), o, ~®,, £ =n’, transmission factor of D)
n+

incidence of the laser beam on a sample of finite thickness having two parallel

surfaces, effective solid angle g correction inside the medium [45, 46], we will get
n

the following relations for the absorption-free integrated Brillouin scattering

intensities (2.1.13):

6
) k T 10
I, =22prL, (-a’—J R R (2.1.17a)
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(b)
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Brillouin shift, cm™

Fig.8. Polarized BLS spectra of Eul.26 glass: (a) Vertical-Nonpolarized (or VV+VH)

(b) Vertical-Vertical (VV); (c¢) Vertical-Horizontal (VH)
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Fig.9. Polarized BLS spectra of Eul.26 glass: (a) Horizontal-Nonpolarized (or

HV+HH) (b) Horizontal-Horizontal (HH); (c) Horizontal-Vertical (HV)



6
AQ o, \ k,T n'
I, =—PL || 22 P.—-P)’ 2.1.17b
HH 27"2 i eﬁ( c ] 7[2 pa)z(n+1)4 ( 11 12) ( )

6
AQ w,\ k,T n'
Iy =1y, =—5PL || -2 — P2
VH HV 27"2 teﬁ(c) 72_2 pa);(n+1)4 44

(2.1.17¢)

It is usually very difficult to measure directly photoelastic constants using (2.1.17)
since they involve the absolute measurement of the scattering intensities, collection
-angles and the distances  from ‘scattering columns to the PMT. For practical
convenience one can measure Pockel’s photoelastic constants P;; and Py, using the
ratio of the measured absorption-free integrated Brillouin scattering intensities for the
longitudinal and transverse Brillouin components of the glass under study,

respectively, to that of the etalon glassy material [45, 47, 48]:

1/2 5 2
[, (VV o, (n° n+1
(201
pI,VV)) w, \n n +1
I (VH) v OV 1\
n n
p, =4 L1z o fn” ( 0 )33 (2.1.19b)
pi;(VH)) wp\ nj\n +1

for longitudinal (V'V) and transverse (VH) acoustic modes, respectively. The measured
values for the etalon glassy sample are labeled with superscript “0”. These formulas
are valid as long as the BLS measurements for all glass samples and etalon are

performed at the following fixed parameters: air temperature 7, laser frequency @,,

laser power P;, collection solid angle AQ, fixed scattering angle (8 =90°), effective
scattering »column length L.y defined by the spectrometer exit pinhole diameter D,
(Ley =D <L) and the distance » from the sample’s scattering column to the PMT.

A theoretical treatment of the Pockels elasto-optic constants P;, and Py for

amorphous solids was proposed by Carleton [49] and Matusita [50] as follows:
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-1y, M 2 8

P, = 7 ~———*3aG)=LLE + LE + AE (2.1.20)
n dmapN, 15 15
(n* -1)° 2 8
Py =-—7F—(0-3aG)=~-LE +- AE - (2.1.21)
~ Sn 3 3

where 7 is the index of refraction, « is the glass average polarization, p is the particle
density, M is the molecular weight of the glass, N, is the Avogadro’s number and the

correlation integral G is given by
y dr

G=| gu ()= (2.1.22)
; ,

where g,,(7)is a two-particle radial distribution function. As seen from equation (2.1.21)

P44 does not have a direct density dependence. This is because an average displacement
between neighboring atoms in the direction perpendicular to the direction of the
compressional sound wave is negligible compared to that in the direction collinear with
the propagating sound wave. The photoelastic constant P, displays the contribution of
three terms: (i) the change of refractiye index due to local density changes accompanied
by a light induced strain (Lorentz — Lorentz effect (LLE)), (ii) anisotropic correction to
the refractive index as a result of the elliptical distortion of the Lorentz cavity by the light
induced strain resulting in the deformation of the lattice with no changes at the individual
atomic sites (lattice effect (LE)), (iii) correlation term, reflecting an additional polarizing
effect of neighboring atoms on each other yielding the deformation of an individual
atomic sites with no changes in the lattice (atomic effect (AE)).

To discuss the significance of variations in the measured photoelastic constants P;;
and P4, in the light of Carleton-Matusita theory, we can solve the system of two linear

equations (2.1.20) and (2.1.21) to get two variables: polarizability « and correlation
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integral G using measured values of P;; and Py, the refractive index n, density p, and the

calculated glass molar mass M based on the glass composition (Table 1):

= : . M . > ' (2.1.23)
n : ‘
47pN , W(P”_gp‘“))rg}
4 4
G:47Z'pNA 1— 5721 Py h P, _§P44 +g. (2.1.24)
IM .(n _1)2 (n2__1)2 3 3 ’

2.2. RAMAN LIGHT SCATTERING (RLS)

Contrary to BLS where acoustic phonons are involved, RLS is the scattering of the
incident light by the optical phonons (atomic or molecular oscillations with vibrational
energy on the order of (10°-10%) cm™) occurring in the material under laser light
exposure. Raman effect is the inelastic scattering of light caused by the modulation of the
polarizability of the medium by the vibrations (and other excitations in solids, including
plasmons, excitons, magnons). This effect was first observed in Raman laboratory in
1928 [51]. The vibrational Raman effect was well documented and well understood by
Placzek 1n 1934 [52]. The development of laser, the improved optical spectrometer and
detection techniques have given a new impetus to RLS in the past 40 years. According to
classical treatment of the Raman effect, we assume that the electric field of the
electromagnetic radiation incident on the material is an oscillating function:

E =E,cos(wt) (2.2.1)
The induced dipole moment caused by the external electric field in the first-order
approximation is

u=akE =ak cos(wt) (2.2.2)
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For small displacements of the electron cloud a change in polarizability yields:

a=q,+ (%)Q+ (2.2.3)

where Q is the normal coordinate. Assuming the harmonic approximation for the normal

coordinate Q of oscillating atoms:
Q=0Q,cos(w,t) _ (224
' Then, the polarizability (2.2.3) becomes:
a=q,+ Qa—Qcos(a)t)+ (2.2.5)
o+ a0 /2 )+ | 2.
The corresponding dipole moment is given by sum of three terms:
oa |
p=E, cos(w;t)a, + ‘é’Q- 0, cos(w, 1)} =

o, E, cos(w;t) + (%J[—Qo—fo—] cos((w; —w, )t) + (%](%fi}cos((wi +m,)t)

(2.2.6)

.where the first, second and third terms stand for the Rayleigh (no phonon involvément),
Stokes (phonon creation) and anti—Stokeé (phonon annihilation) RLS, respectively.

In the quantum mechanical treatment of the RLS, the populations of atoms at higher
and lower states are not the same and they obey the Boltzman distribution, such that anti-

Stokes to Stokes intensity ratio is given by the ratio:

4
I . —h

as _ || Lt Dy exp w") (2.2.7)
I W, — o, kT

The induced transition probability matrix P,,, between my, and ny, levels is:

Pow=/¥a'F,dQ (2.2.8)
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where n and m are the ground state and excited states. In general, RLS intensity 7, is
given by
Lim=c(vp + v,,m)4 P’ . (229
The disordered structure of glasses causes the network vibrations to have a short
coherence length compared to the optical wavelength. This causes a beak-down of the
wave-vector selection rule which is present for crystalline Raman spectra and results
in the Raman spectra for 'glasses' which are directly reiliated to the vibrational density
of states [53]. In addition, the vibrational modes of a glass are more localized than
those of a crystal due to the lack of translational symmetry. This Stokes Raman

scattering intensity from glasses is given by [54]:

I(w,a0) = (hOE* 47 ) {( wot @) *{n(w,T)+1}/w}* D Cy (& ) go(w) (2.2.10)

where b refers to the different bands, Ey and wj are the incident light’s electric field

and frequency, respectively, @ is the frequency of the Raman shift, g,(w)is the

vibrational density of states for b-band, n(w, T)=1/[exp(havkT)-1] is Bose-Einstein

phonon population factor and Cp(w, @y) = / ZlPlu f’(a)) /2 is the coupling constant

for the b-band. Here P' is the electronic polarizability and u’ is the normal

displacement coordinate, where / refers to the 3N Cartesian coordinates of the atoms.
The Raman effect is a form of electronic (more accurately vibronic) spectroscopy,
although the spectrum contains vibrational frequencies. In classical terms, the
interaction can be viewed as a perturbation of the molecule’s electric field. In
quantum mechanics the scattering is described as an excitation to a virtual state lower

in energy than a real electronic transition with nearly coincident de-excitation and a
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change in vibrational energy. The time scale for the scattering event is on the order of
tens of femtoseconds or less. The virtual states description for the RLS of Stokes and

anti-Stokes events are shown in Fig. 10:

f ————— S S Viriual
A : State
Y 3 A o
Anti-Stokes
StOkBS SC atter
Energy . Scatter '
Incident Inadent
Photon Photon
Final PSd yiprational
fngaaf v chﬁ Lep 6’15'
{a) (h)

Figure 10. Energy level diagram for: (a) Stokes RLS (b) anti-Stokes RLS

The energy difference between the incident and scattered photons is represented by
the arrows of different lengths in Fig. 10. Numerically, the energy difference between the
initial and final vibrational levels, v , also known as Raman shift often measured in wave

numbers (cm™) as:

pot 1 22.11
-~ - 2.2.11)

incident scattered

in which Ajcigens and Ageanered are the wavelengths (in cm) of the incident and Raman
scattered photons, respectively. The vibrational energy is ultimately dissipated as heat.
Because of the low intensity of RLS (10 or 107 times intensity of the incident beam),

the heat dissipation does not cause a measurable temperature rise in a material. At room
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temperafure the thermal population of vibrational excited states is low, although not zero.
Therefore, the initial state is the ground state, and the scattered photon will have lower
energy (longer wavelength) than the exciting photon. This Stokes shifted scatter is what
is usually observed in Raman spectroscopy. Figure 10(a) depicts Raman Stokes
scattering. A small fraction of the molecules are in vibrationally excited states. RLS from
vibrationally excited atoms leaves an atom in the ground state. The scattered photon
- appears at higher energy,' as shoWn in Figure 10(b) This aﬁti-Stokes-shifted Raman
spectrum is always weaker than the Stokes-shifted spectrum at cryogenic temperatures
because of (2.2.7), but at room temperature it is strong enough to be useful for vibrational
frequencies less than about 1500 cm™. The Stokes and anti-Stokes spectra contain the
same frequency information. The ratio of the anti-Stokes to Stokes intensity (2.2.7) at any

vibrational frequency can be used to measure an ambient absolute temperature T.

2.3. SOLID-STATE NUCLEAR MAGNETIC RESONANCE (NMR)

Nuclear magnetic resonance (NMR) spectroscopy has been a standard tool for the
characterization of organic molecules in liquid solution since at least the late 1960s.
However its application to crystalline and then glassy silicates only began with the
development of high-field superconducting magnets, pulsed Fourier transform methods
and the application of the Magic Angle Spinning (MAS) technique which dates back to
1980 [55]. In general, in an NMR measurement a signal from a single isotope is
observed, and the information content of the signal is usually dominated by the local
structure of the element being studied, for example by coordination number, first and
second neighbor bond distances, bond angles and connectivity to the first few

neighboring atoms.
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Magnetic nuclei possess an intrinsic angular momentum known as spin, whose
magnitude is quantized in units of (#/27) is given by [I(I+1)]*’(h/2 7). The spin quantum
number 7 of a nucleus may have one of the following values: I = 0, %, 1, 3/2, 2, ...Space
quantization of the spin angular momentum provided by I, = m(h/27), where m is the
magnetic quantum number having 2/+/ values in integral steps between +/ and -I: M =
LI 12 .. -I+], —[ with quantum numbers greater than 4 being rare. In the absenpe of a
magné:cic field, all 21 + 1 orientatiéns of a spin — I nucleus héve .the same eknergyv. Thisj .
degenéracy is removed when a magnetic field is applied: the energy of a magnetic
moment g in a magnetic field B is minus the scalar product of the two vectors:
E=-pB=-u,B (2.3.1)

The magnetic moment of a nucleus is connected with its spin angular momentum:
u=vyl ' (2.3.2)
Thus, we have the resonance condition:

AE=-u, B =-I, B =-ym(h/27)B=hv (2.3.3)
so that the NMR resonénce frequency is given by v=-yB/2x (2.3.4)

Typical NMR magnetic strength Byyr = 9.47 = 94000 Gauss which is 1 0’ times
higher than Bggy. For H, we have v = 400 MHz. This falls in the radio-frequency
spectral range of the electromagnetic radiation. The radiation required to induce NMR
transitions is consequently referred to as the radio-frequency field. In reality the
resonance frequency depends not only on magnetic field strength but also on the position
of the nucleus in the molecule, or to be more precise, on the local electron distribution.

This effect is known as the chemical shift [56]. Namely this feature of NMR makes it so
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attractive for scientists. It allows one to distinguish, e.g., the three types of hydrogen
atom present in ethanol (Fig. 11).

Chemical shifts arise because the field, B, actually experienced by a nucleus in an
atom differs slightly from the external field By, i.e. the field that would be left by a bare
nucleus, stripped of its electrons. In an atom B is slightly smaller than B, because the
external field causes the electrons to circulate within their atomic orbitals; this induced
motion, much like an electric current paséfng through a coil of wiré; geﬁerétes a small
magnetic field B in the opposite direction to By (Fig. 12). The nucleus is thus shielded
frofn the externali field by its surrounding electrons (B = Bo - B ). B is proportional to By
(the stronger the external field, the more it “stirs up” the electrons) and typically 10%-10°
times smaller. Thus, the field at the nucleus niay be written as
B=By,~B=By(l -0 (2.3.5)
where o, the proportionality constant between B and B, is called the shielding
(screening) constant. As a result of nuclear shielding, ‘the resonance condition becomes

__yBo(-0)

o (2.3.6)

1.e. the resonance frequency of nucleus in an atom is slightly lower than that of a bare
nucleus, stripped of all its electrons (Fig. 13). The shielding constant ¢ is an inconvenient
measure of the chemical shift. It is common practice to determine the chemical shift in

terms of the difference in resonance frequencies between the nucleus of interest (v) and a

reference nucleus (., by means of a dimensionless parameter ¢

5=1001"Yre (2.3.6)
Vref
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Fig.11. "H NMR spectrum of liquid ethanol, CH;CH,OH

Fig. 12. An applied magnetic field
By causes the electrons in an atom
to circulate within their orbitals.
This motion generates an extra
field B at the nucleus in

opposition to By
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Fig. 13. Energy levels of a

spin — %2 nucleus
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0 values are quoted in parts per million, or ppm. The 6 value is related to o as follows:

5 =106‘1’—i—“;-z 108(Gre —0) (2.3.7)
Fe,

where o;,r <<I has been used. An increase in o (greater shielding) leads to a decrease in
0. Thus, O'1s the deshielding parameter.

The use of solid-state NMR spectroscopy to examine the structural nature, reactivity,
physical and chemical pfobeﬁies of these materials is based on the ability of NMR to
obtain nuclide-specific information about these solids. The most important criterion is the
presence of a nucleﬁs that possﬂesses a non-zero nuclear magnetic moment since only such
nuclei are observable by NMR spectroscopy. Because nearly all of the stable elements of
the Periodic table have at least one isotope with a non-zero magnetic moment, NMR can
be used to study a wide variety of inorganic substances. In particular, diamagnetic .
materials containing the nuclides such as 1, 1'B, 13C, N, YF, Na, Al *Si and *'P
~ have been extensively studied.

In morganic solids there are usually four types of spin interactions in diamagnetic
materials taking place in NMR experiment in addition to main Zeeman interaction (Hz):
chemical shift (CS) interaction (Hcs), direct magnetic dipole-dipole interaction (Hppp),
indirect dipole-dipole interaction (Hipp) and nuclear electric quadrupolar (Hgp)
interaction. The spin interactions can be described quantum mechanically in terms of the
appropriate Hamiltonians. The total Hamiltonian Hz,,, for calculating the NMR spectra
of a diamagnetic non-conducting solid is given by:

Hrowr = Hz + Hes + Hppp+ Hipp + Hp (2.3.8)

CS interaction is due to the screening of the applied magnetic field at a given nuclear

magnetic moment by surrounding electrons. The additional, internal magnetic field at the
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nucleus opposes the external magnetic field By and h;c’lS strength proportional to By. It is
also spatially anisotropic, known as chemical shift anisotropy (CSA). To account for this,
we include in the nuclear Zeeman Hamiltonian
"Hz=-yi 1By (2.3.9)
the term H¢s=- % IoB,, where ¢ is the second rank chemical shift tensor. Secular part of
the Hamiltonian is:
Hes= yha;ZfZBo M o - - (2.3.10)
Where 04, =0 +(=0cs )[3cos? @ —1+7cs sin? fcos® 2¢] - (2.3.11)
and ¢ is the isotropic shielding, ¢s is the anisotropy parameter and % is the asymmetry
parameter. At large magnetic fields, ¢ is symmetric and can be described by three
principal values, g;;, 022, 033, and the angles which define the orientation of the principal -
axis. It has been shown that when the sample is spun at magic angle 8 = 54.74° to the

magnetic field By the time-averaged value of the tensor component along By is given [57]

_ 3
by: oz =1.5 0sin’B + 0.5 (3cos’B — I)Zajj cos? y; (2.3.12)
J

where 0 = (1/3)(0;;+022+033) and y; is the angle between the spinning axis and each of

the thee principal axes. The overall effect is the reduction of g2z to the scalar isotropic
value g, and the shift anisotropy is removed from the NMR spectrum for every nucleus in
the sample.

The direct dipole-dipole interaction is a consequence of direct through-space

interaction between the magnetic moments ;4 ‘and ¥ A /of two nuclei. The

corresponding interaction Hamiltonian is:
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2 Lo YT -7
Hppp= Ty 3 LT )y 23.13)

where y;, 7, are gyromagnetic ratio of each nucleus, 7, is the inter-nuclear vector. For the

homonuclear case (y; = y; =y ), the secular dipolar Hamiltonian is given by:

2

2p N

HE =2, 7/:1,;;0 (3cos? G ~)(3I:1{ T o 1) (2.3.14)
' i

For the heteréhuélea% case (yi=y1#y;=7s) ,.thé secular Hamiltonian is:

h
Hphs = 2—7147;;3% (3cos® 5 ~1)I2Sz (2.3.15)
Ay

where 0;; is the angle between r; and the Zeeman field By, which is directed along the z -

axis in the laboratory frame of reference. I, and S, refer to the nuclei spin operators. It
should be noted that this type of interaction vanishes at magic angle 6;; = 54.7°.

The indirect dipole-dipole (scalar coupling), or J-coupling, arises from indirect spin-

spin coupling between two spins via the electronic surroundihgs [91]:

HIDD= Z[l.]l][] (2316)
ij

where J; is the coupling tensor for the two spins i and j. The scalar coupling occurs
because a bonding electron’s spin tends to correlate with the spin of its neighboring
nucleus. The electron has been influenced, and will thus influence other neighboring
spins. This type of interaction is very important in solution-state spectroscopy where the
motional averaging removes the effects of direct dipolar interaction on the positions of
the resonance. In solids the J-coupling is often neglected since it is typically much
weaker than direct dipole-dipole coupling, but it can be significant in highly crystalline

samples.
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Nuclei with a spin quantum number I = % treated as two-level system with states m =
- Y and m = + ', have been extensively studied by NMR. Some of the most widely
examined spin-% nuclides in inorganic materials are 21, H, Bc, PN, ¥p, PR, Byg,
"9Sn. The most imporfant interactions for spin-% nuclei in solids include Zeeman, the
dipole-dipole and chemical shift interactions. Over two thirds of the NMR active nuclei in
the periodic table have spin quantum number 7/ > //2 and are called quadrupolar nuclei.
Amdng them are “H (spin 1),"6Li (Spin 1), *N (spin 1); 0 (spinYS‘/Z), »Na (spih 3/2),
Mg (spin 5/2), Al (spin 5/2), *’K (spin 3/2), ”Nb (spin 9/2), ***Cs (spin 7/2), etc. Both
types, spin-1/2 and quadrupolar nuclei are listed in [58] together with some other
relevant parameters including natﬁal abundances, receptivities (relative to 'H), Larmor
frequencies (in MHz) at 11.7 T and examples of some important materials containing
these nuclides. As in case of spin-1/2 nuclei, splittings of the quadrupolar nucleus levels
are largest for Zeeman interaction, while chemical shift, direct dipole-dipole coupling and
indirect dipole-dipole coupling are treated as perturbation. Since there are now more than
two energy levels, multiple transitions [58], and hence multiple resonances for a single
nucleus are possible. A nucleus with 7 >1/2 also has a non-spherically symmetric charge
distribution and hence a non-zero nuclear electric quadrupole moment (eQ). Such a
moment will interact with an electric field gradient present in the sample due to an
asymmetric distribution of electrons around the nucleus. This interaction is known as the
nuclear electric quadrupolar interaction. As in case of chemical shift and direct dipolar
couplings, it is anisotropic, i.e. orientation-dependent. Electric field gradient is described

by the traceless symmetric tensor:

o
Ox;0x

V= (2.3.17)
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where V is the electric potential and x; and x; are Cartesian coordinates. In the principal
axis system of Vj;, in which the tensor is diagonal, the quadrupolar Hamiltonian for a

‘single spin is

) |
Hy =99 1312 .12 4 q2 - 12 (2.3.18)
AT (20 -1)

In the case of ’Al in aluminosilicate glasses the magnitude of Hp << Hz i.e. Hpcan
be treated as perturbation on the Zeerﬁan levels. For *’ Al which has a non-integral spin, I
= 5/2, only the central —1/2<> 1/2 transition is generally observed in single pulse
experiments, as the other transitions are spread over too wide a frequency range. If the
electric field gradient is axially symmetric (7o =0), the expressions for the first- and
second-order frequency shifts, are [59]:

i =—(1/2)ap (m —1/2)(3cos> 6 -1), (2.3.19) and
oy = (@) /16w, Ya—3/4)(1-cos® G)9cos® 6 1) (2.3.20)
where wg =3e%qQ /2hI 21 -1), w1 = yBo(1-0)/2z and a=I(I-1).

We can see that the rapid sample spinning at the magic angle eliminates the first-
order quadrupolar anisotropy. However, even at fast speeds, magic-angle spinning alone
does not average out the second-order quadrupolar effects, so that there is still a strong
orientation-dependence. From (2.3.20) second-order shift is inversely proportional to By
(through w;), therefore, we need to work at high magnetic fields to minimize second-
order effects. However, like the other anisotropic interactions, it also further complicates
the solid-state NMR spectrum, and special techniques must be used to isolate its effects.

In general, the quadrupolar interaction provides information about bond strengths, bond

angles and site symmetry in the vicinity of the quadrupolar nucleus.
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All techniques allowing studying NMR of inorganic solids are based on pulsed
Fourter transform spectroscopy. That is, a sequence of RF-pulses is applied to the sample
to manipulate the spins in the desired manner. The response of the spin system as a
function of time-is then recorded. This time-domain signal is known as free induction
decay with the decay being caused by the relaxation of the perturbed spin-system back
toward equilibrium. In NMR, relaxation of magnetization can be described by two
parameters: the Spin—lattice- relaxation time constant (T 1),‘ which is a measure of the rate
of recovery of magnetization back to its equilibrium state (parallel to the B, field), and
the spin-spin relaxation time constant (T;), which is a méasure of the decay of
magnetization in the plane perpendicular to the By field. Studies of NMR relaxation rates
can provide much physical insight and are rich subject in their own right. Performing é
Fourier transformation on the free-induction decay leads to a frequency spectrum. The
dependence of some relaxﬁtion parameters on nliclear—nuclear sepa_rations (bond lengths) |
allows one to use these parameters to assist in the determination of atomic structure. In
crystalline and glassy solids and in liquids, NMR can provide what is often unique
information on the dynamics of atomic or molecular motion that occur on time scales
ranging from seconds to nanoseconds or shorter. These time scales are much larger than
those of interatomic vibrations and are often of great interest in defining mechanisms of
displacive phase transitions, ionic conductivity, diffusion and viscous flow.

Suppose a group of nuclear spins are immersed in the static magnetic field By, so that
a small but measurable magnetization M, develops along the direction of By from a net

alignment of the individual nuclear magnetic moments. At equilibrium, when the
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populations of the spin-energy levels are given by the Boltzman distribution, the net

magnetization in the z - direction My is given by the Curie law:

_ NyRAEI(I +))
=2 B

M
0 3T

(2.3.21)

where N is the number of spins; yis the gyromagnetic ratio; % is the Plank’s constant

divided by 2 7 ; k is the Boltzman constant; and 7 is the absolute temperature. The rate at
which M, approaches M, is generally given by a first-order differential equation:

oM ,
ot

o, —my) (2.3.22)
T ,

where T} is the spin-lattice relaxation time. Integration of (3.2.2) yields
My—M,=Ce™'T (2.3.23)
where C depends on the initial conditions. If, initially, the macroscopic magnetization is
zero, C = Mj and at 5T, then M, = 0.9933M,. Taking the natural logarithm of both sides

of (3.2.3) gives

In(My— M,) :-:?rl + InC (2.3.24)
1

where T is, thus, a first-order time constant that characterizes the behavior of the z -
component of the macroscopic nuclear magnetization M, in a static magnetic field By.
The rate at which the spin system gives up energy in the establishment of spin
equilibrium, R; = I/T;, depends on the rate at which it can transfer energy to its
surroundings, historically referred to as the lattice. The process by which spin energy
is transferred to other modes of energy is referred to as a relaxation mechanism.
Spin-lattice relaxation process is often characterized by a single exponential

constant 77, although in solids this may often be only a rough approximation [60].
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NMR spectra are usually acquired by averaging data from many separate pulses in
order to increase signal-to-noise ratio. If pulses are given too rapidly relative to the
relaxation rate, the spin system will saturate and the signal will disappear. Different
sites in a material may have different relaxation rates, leading to non-quantitative
spectra. In contrast, very rapid relaxation can lead to peak broadening, which in
extreme cases can lead to unobservable NMR spectra.

On the other hand, measurements of "svpin-lattice relaxation can yield im‘p(l)rtant»
data on dynamical processes, as well as on short-range to intermediate-range
structure. Because the energies of nuclear spin transitions are relativeiy low,
relaxation must be stimulated by fluctuations in the local magnetic‘ field at the Larmor
frequency, or by fluctuations in the electric field gradient for quadrupolar nuclides.
These fluctuations may in turn be caused by motion of the atoms of the element of
interest, or of those around it, or, in some cases, by fluctﬁations in the state of
unpaired electrons on pdramagnetic ions such as transition metals and rare-earth
elements. If the relaxation process can be understood, then information on diffusion,
polyhedral motion, site exchange etc., may be obtainable.

When an isolated spin system is at equilibrium in a static magnetic field By, there is

no net magnetization in the xy plane [91]. If the spins are subjected to a (z/2), RF pulse

B,, the net z magnetization is rotated into the xy plane along the positive y axis. In
perfectly homogeneous magnetic field By, the decay of magnetization in the xy plane is
governed by the spin — spin or transverse relaxation time (73), thus

oMy _ My oM, M, (2.3.25)
ot T> ’ ’ ‘. '

and MY =Moe /T (2.3.26)
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Under these conditions, the rate of spin-spin relaxation, R, =1 / T», is related to the full
width at half-maximum;,, . For a Lorentzian line,

V== X2 : | ' (2.3.27)
7Z'T2 /A .

in practice, the magnetic field is not perfectly homogeneous; nuclei in different regions of
the sample experience slightly different applied fields, causing them to precess at slightly
: differeﬁtv frequencies. This reéults in an enhanced dephasing of the spins in the xy — plane;
and thus an effectively shorter spin-pin relaxation time 7,. The observed line width

results from both field inhomogeneity and the natural T, of nuclei. Under these

conditions: vq/2= 1* (2.3.28) -
7T
where T is sometimes called the effective spin-spin relaxation time, and
v1/2 (obs) = vy, (natural) + vy, (inhomo)
L _ 1 17 aB, . (2.3.29)
al, 7Ty 27 _

where Ey— ABy 1s the magnetic-field ihhomogeneity in Hertz. In practice, one finds 7,<T;
V3

since any mechanism that contributes to 7; relaxation will also contribute to 73

relaxation. For many solids, T, <<T7 [61].
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CHAPTER III
REVIEW OF LITERATURE

3.1. Genefal properties of oxide glasses

Tt is well accepted that the short range order or the large range disorder are inhérent
for the glass structure which are characterized by three structural parameters: the bond
~ length betwéf‘:nihe central atom arid the nearest neighboring atom, the bond angle and the
coordination number [62]. These three structural parameters for different glassy materials
are also different from those of the crystalline state. In comparison with the crystalline
state, the coordination numbers and the bond lengths -are the same, whereas the bond
angles have greater variation, which indicates that in the glassy state the presence of .
distorted tetrahedra takes place. For example, in most multi-component silicate glasses
the angle Si-O-Si bridges ranges from 120° to 180°, which provides freedom for the
vertex angle rotation and reflects the topological disorder of three dimensional structure
in the glassy state.

It is very hard to represent various kinds of glasses with a unique structural model
because each glass is different from others in structure and there is great variety of glass
forming systems. According to Gan Fuxi [62], the silicate glass systems are described as
random polyhedra packing systems. The tetrahedra are connected at the vertex points and
form three-dimensional structural networks. Some ions with greater radii, such as A’
can form tetrahedra and enter the network, or form octahedra outside the network; this is
random network model, which can be regarded as the random packing of tetrahedra. The
ions with even greater radii, such as alkali metals and rare-earth ions are located at the

vacancy of the polyhedron structure. In the study of variation rules of the dependence of
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optical and spectroscopic properties on the glass composition and structure, it is believed
that the effect of coordination is of utmost importance. In other words, it is of the greatest
- significance to study in what kind of polyhedra the major ions are located.

In multi-component silica-based glasses, S10; tetrahedra form the backbone of the
glass network with Si atoms being the network formers. Variable Si-O-Si combining
angles are present with mean values about 145° for fused silica. Alkali ions (M")
when ihtréduced into the vitreous s‘i1>ica netWork cause formatiiori of non-bridging’
oxygens (NBOs) and lead to the weakening of the glass structure. Although alkali
earth ions (M”") incorporated into the fused silica also form weak Si-O-M*"-O-Si
bridges, M*"-O bonds are stronger than M*-O bonds and the M*" jon must have two
neighboring NBOs. For soda lime aluminosilicate glasses the large field strength of
the calcium ion allows this divalent ion to act more like an intermediate ion and to
have a larger effect on the strength of the bonds connecting the vitreous network [63].
Furthermore, the divalent calcium ion acts as a link between neighboring NBO ions,
whereas the monovalent sodium ions tend to act simply to balance the charge
neighbdring NBOs, but also to act as structural links to maintain the connectivity of
the network (of course these links are significantly weaker than the Si-O-Si linkages
they replace).

Aluminum oxide Al,Os; is one of the most used components in many industrial
glasses. In pure Al,Os, the AI’* ions are adjacent only to O ions, through which the O
ions on different sides are firmly bound and show only a slight polarizability. For this
reason, to fill up the coordination, six O* ions are necessary. Then, the mutual combining

of the polyhedrons only at the corners is no longer possible, so that pure Al,O; occurs
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only in crystalline modifications normally as corundum. The relationships are similar if
Al,0; is introduced into pure SiO, glass. The slightly polarizable O* ions that are present
there force the AI’" ion into the [AlQg] coordination, which can longer be seen as
network forming. If Al;Oj3 is introduced into a soda-lime glass, the AT*" ions is given the
opportunity to construct [AlO,] coordinations with the more easily polarizable NBOs
through which it becomes a network former. Thus, the effect of cation is very much
dependent on the original glass co.mposvitibn.‘ The [AIO4] coordination resembles the
[SiO4] one, and in fact an AI’* jon can take place of Si*" atom in the glass structure [64].
One should note, however, that they possess different valences. The necessary valence
compensation is accomplished- through the lower valence modifiers (e.g. alkali ions)
which have led to the formation of the NBOs. The replacement of SiO, by Al,Os, the
places of separation due to previously incorporated alkali or alkali earth modifiers are
closed through which the glass structure is again strengthened. If however, in alkali
aluminosilicate glasses the molar ratio MjO:A1203<1, then there are no longer enough
alkali ions for valence compensation available to the AI*" ions during the construction of
the coordination of 4. The excess AI’* ions are then present in the glass as network
modifiers in octahedral coordination. Rare-earth ions entering the aluminosilicate glass

usually act as network modifiers, causing the formation of a wide distribution of silica-

based Q°, Q and Q' tetrahedra [19, 20, 30, 65].
3.2. BLS studies of oxide glasses

Using BLS spectroscopy one can study elastic and photoelastic properties of oxide

glass materials. Elastic moduli such as compressional Cy;, shear Cyy, Young's (E), and
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adiabatic bulk (B) moduli are particularly helpful in correlating structural changes in
glasses which are expected to occur as a function of content and/or composition. Since
the strength of materials increases with their elastic parameters, it is therefore possible to
evaluate materials strength directly from their elastic properties. Aluminosilicate glasses
are characterized by elastic properties in the hypersonic (V2 r> 10Vsound in air, @5~ 0.8cm™
= 24GHz) frequency range. Another elastic parameter called Poisson ratio ¢ is defined as
fhe broportionality c>orAls‘ta‘nt between teﬁsiie and létefal stainé.’For solid-state méteﬂéls
this parameter depends on the dimensionality of the structure [66, 67] and the cross link
density [68]. A three-dimensional network structure has a lower o value than that of a
two dimensional structure, which in turn, is less than that of a one-dimensional structure
since the number of bonds resisting a transverse deformation decreases in that order.
However, in glasses which are isotropic, the definition of dimensionality becomes less
rigorous. Typical three dimensional glasses like SiO; or GeO; have o ~ 0.17, whereas
As;S;, By03, P05 glasses have o ~ 0.30 which is an indication of a decrease in
dimensionality for the latter systems. Addition of modifier oxides results in an increase of
o due to the creation of NBOs and hence a reduction in dimensionality [66].

The Brillouin spectra of binary and ternary silicate and borate [45, 69-71], calcium
aluminosilicate [14, 72] glasses were investigated and absolute values for the elastic and
photoelastic constants were calculated from measured spectra. Recently we used BLS to
study rare earth (Eu’* and Pr3+')—doped soda magnesia aluminosilicate glasses [18] and
found that these glasses become more rigid and the bonding structure of the glasses
becomes more ionic with increasing of RE concentrations. Because of the larger field

strength of Eu’* ions compared to that of Pr’* ions, the elastic constants, Young's
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modulus, and bulk modulus of glasses in Eu-series are higher than those of Pr-series. The
analysis of photoelastic constants shows that the Lorentz-Lorenz and atomic effects
decrease slightly while the lattice effect increases with the increase of RE concentration.
"Early BLS work on Eu®"doped alkali silicate glasses [46] revealed that the glass becomes
softer as the size and mass of the modifying alkali ion increases by going from Li" to Cs".
E.G. Behrens and co-workers [73] attributed the decrease of the grating strength in these
glasses to the"decreasing stabilityiof the equilibrium conﬁgurations for'rrlligrating alkali
ions. Photoelastic constants for both LA (P;z) and TA (Ps) modes increased which is
partly due to the dilated distance in the M-O bond length, where M is an alkali modifying

ion [46].

3.3. RLS studies of oxide glasses

In crystals the atoms form lattices with definite symmefry, so the lattice vibrations
can be treated with group theory. Glass, however, has short-range order, so that its
vibrational properties have their own features; however the remnants of translational
symmetry always exist even in highly disordered solids, so some elements of crystal
structure can also be observed in glasses with similar compositions. In particular, high
wave-number modes arising from short distance scale structures which appear as sharp
bands in crystals are broadened into density of states distributions in glasses [74]. Among
the important features of the Raman spectra of glass we need to list the following: (1)
independence of the RLS intensity on the sample orientation to the incident light
direction due to the isotropy of the medium, (ii) disorder-induced broadened RLS peaks ~

(50-150) cm™ for glass compared to ~ (5-10) cm™ of crystals; (iii) break-down of the
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wave-vector selection rule because the coherence length of the normal modes is much
shorter than the light wavelength, normal vibrations are classified into various bands,
such as stretching bands, breathing, bending, rocking etc.; (iv) the presence of the low
frequency Boson peak typically at (40-130) cm™, attributed to the intermediate range
order and the increase in the vibrational density of state caused by localized excitations
[75]. This band appears as a result of the breakdqwn of the translational symmetry or
' from vibrations of structure Wifhin the Iglass larger than the 'pblyhedré.

There have been several Raman investigations of structural changes in silica-based
glasses containing various rare-earth ions. Raman spectral‘ studies indicate that the
structure of rare-earth alﬁminosilicate glass 1s more disordered than that of alkali or
alkaline earth aluminosilicate glasses due to the broader distribution of various types of
Si04 tetrahedra present in the glass [19, 20, 76]. These structural units are commonly
denoted as Q", with n being the number of bridging oxygens (BO) per tetrahedron. Si-
NBO vibrations with NBO coordinated to lanthanide lie at lower wave-numbers in the
Raman spectrum than those with NBO coordinated to ions of lower valence [77, 78]. The
high field strength of rare-earth ions has been proposed to be responsible for the reduced

force constant of the Si-NBO bond with NBO coordinated to rare-earths [79].

3.4. Solid-State NMR studies of oxide glasses

In an NMR experiment, the chemical shift of a nucleus is affected by the
screening of the applied field at the nucleus by surrounding electrons. The distribution
of the electrons around the nucleus of interest, and hence the chemical shift, depends

mainly on the position and composition of neighboring atoms [80]. Interpretation of
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the MAS-NMR results for glasses is based primarily on comparison with crystal data
from which empirical relationships between chemical shift and structure have been
established.

- *"Al NMR spectra of glasses give, in general, broad signals with chemical shifts
in the aﬁproximate range 50-75 ppm relative to Al(H,O)s ™ that .is typical of
tetrahedrally coordinated AlO4 groups. In a few calcium aluminosilicate glasses with
Al,04/Ca0>1 a further signal at chemical shifts of about -3 to +10 ppm has been
observed, which indicates the presence of six-fold coordinated AlOg octahedra in
these systems [81]. However, quantitative studies have shown that 2TAl NMR spectra
of glasses do not, in general, sample all the Al species present in the glass, and in
extreme case up to 90% of the total Al content does not contribute to the spectrum
[82]. The deficient NMR intensity reflects the presence of Al in highly disordered
environments, the 2’ Al lines of Which may be broadened beyond detection owing to
strong quadrupolar interactions and possibly to a large distribution of chemical shifts.
The *’Al NMR spectra therefore indicate that a considerable proportion of the
aluminum in aluminosilicate glasses occurs in a distorted state which cannot be
partitioned off with respect to four- or six-fold coordination.

Unfortunately the analysis of >’ Al chemical shifts is complicated by second-order
quadrupolar interactions. The magnitude of the quadrupolar shift depends on the
values of the asymmetry and quadrupolar coupling parameters which in turn are
related to the electric field gradient at the nucleus of interest. In the case of glass,
which has a large degree of disorder in the structure, these parameters are poorly

constrained and extraction of the isotropic chemical shift and quadrupolar
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contribution is not possible. Therefore, our discussion will be based on changes in the
position of the Al peak which is a combination of chemical and quadrupolar shift
variation.

»29Si MAS NMR spectra of alkali [32, 83], alkaline earth [33, 83], and yttrium .
[30] aluminosilicate glasses are poorly resolved and do not show distinct peaks for

different Q" species. However, some information has been derived from the position

of the résbnanée; ivndicating’ which of the Q" speéies is predominaﬁt (often Qz,' Q3 or

Q". Also informative are the shape and breadth of the resonance, which suggest the
range and relative amounts of different Q" species. 27Al MAS NMR spectra of glasses
have shown that the coordination of aluminum is usually four-fold in alkali
aluminosilicate glass [32, 34] and alkaline earth aluminosilicate glass [33].
Octahedrally coordinated Al has also been found in some rare earth doped
aluminosilicate glasses [20, 21, 30].

The *Na nucleus has spin I = 3/2 and, like ’Al, a large quadrupole moment and
100% natural abundance. Because the nuclear spin of *Na is smaller than that of 2TAl
(I =5/2), for the same quadrupole coupling constant sodium has a larger second-order
quadrupolar width and hence broader lines. This width can be reduced at higher
magnetic fields [84]. Therefore, the second-order quadrupolar doublet pattern is often
only narrowed but not reduced to a single line under MAS conditions. The #Na NMR
peak of albite glass [82] with the maximum at -18.3 ppm is quite broad and
featureless, indicating sites with a range of quadrupole coupling constants, asymmetry
parameters and/or chemical shifts. 2*Na isotropic chemical shift correlates well with

both the Na coordination and the degree of polymerization of the materials. The
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average Na coordinations in glasses of similar compositions vary little with Na
content (degree of polymerization). ?Na MAS NMR data for two series of mixed
alkali silicate and aluminosilicate glasses with varying K/Na and Rb/Na ratios [85,
86] show larger changes which may be attributed to changes in the average Na
coordination. These limited data suggest that the local Na coordination environments
in silicate glasses are more sensitive to the introduction of other network modifiers
than to the topoiogy of the tetr.ahe'dral network and warrant further studies on silicate
glasses containing mixed cations. The peak position on *Na MAS spectra of
éluminosilicate glasses moves toward higher frequencies with increasing Al/Si ratio,
implying that the average Na-O distance decreases [84]. The high-field 2Na NMR is
an effective probe of the Na' environment providing not only average structural
information but also chemically and topologically distinct chemical shift ranges

(distributioné) and their variation with composition.
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CHAPTER IV
EXPERIMENTS

4.1. Glass sample preparation

The melt-quenching technique was utilized to prepare EDSMAS glasses. The
glass samples were made in batches from sodium carbonate, magnesium earth
carbonate, europium carbonate, alumina and silica precursor powders of 99.997%,
99.996%, 99.99%, 99.999% and 99.999% purity respectively based on metals basis.
Non-oxide powders were utilized, whenever possible, to improve precursor
subdivision in the final melt. All powders were mixed in an automated mixer for
approximately one hour prior to being loaded into a platinum crucible and placed in a
furnace. For complete decomposition of the carbonates from the starting material the
temperature of the furnace was raised to 800°C and held for 18 hours, then raised to
1350°C to approach the melting point and again held for 18 hours. The te-mperature of
the furnace was then raised to 1650 °C, where it was maintained for 50 hours to
achieve full melting of the mixture (to dissolve high melting components). The melt
was stirred twice during this 50-hour period using a platinum rod. Finally, the
temperature of the furnace was lowered to 1550 °C at a rate of -50 °C/hour. Once at

1550°C, the glass was transferred to a 425°C annealing furnace to get rid of strains.

The temperature of the annealing furnace was then raised to 725°C (glass transition
temperature) to relieve large scale strains and the glass was maintained at this
temperature for at least 1 hour. The annealing furnace was then turned off, and the
glass was allowed to cool down to room temperature. Bubble-free samples with high

optical quality were made using this method.
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For the Brillouin and Raman studies, the high quality glass samples were cut into
a parallelepiped shape and polished using cerium oxide polishing material. For the
NMR studies EDSMAS glass samples were finely ground to powder with a ceramic

mortar and pestle.

- 4.2. BLS experiment and procedures

| Fig.14 illustrates BLS setup. The incident light was produéed by Ar' laser (Spéctra
Physics 2020) operating at 514.5nm wavelength in a single TEMy, mode. The scattered
light from sample (s) was analyzed at room temperature (~23°C) using piezo-electrically
scanned six-pass tandem Fabry-Perot interferometer (TFPI) with high contrast and
finesse. The principle of TFPI operation is explained in detail in [87, 88]. The intensity of
the filtered light was measured with Hamamatsu R-463 photomultiplier tube and
recorded on a 1024-channel multi-channel analyzer (Canberra, 35 plus). From this
instrument the obtained spectra are downloaded to PC for further curve-fitting. Since for
glasses L4 and TA peaks are well spaced from each other in frequency domain, then
using polarization rotator mounted to the laser head the direction of the incident
polarization was fixed as vertical (V) while the Brillouin scattered light entering the TFPI
was non-polarized (). This way we can get two pair of peaks corresponding to L4 and
TA acoustic modes by acquiring single VN spectrum having V¥V and VH polarization
components, respectively. The typical BLS (VN = VV + VH) spectrum from Eul.26

EDSMAS glass is given in fig. 8(a).
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The longitudinal and transverse acoustic peaks are curve-fitted separately using
Gaussian lineshape functions and the mean values for peaks shifts and integrated
intensities on Stokes and anti-Stokes sides were obtained by Peak Fit 4.0 Jandel Scientific
software. The Brillouin scattered light was collected at right angle (6= 90°) with respect
to the direction of the incident light. During the experiments the incident laser power was
fixed at 230 mW. The separation between first pair of mirrors of TFPI was set at 3 cm
correspohding tov 1.67 cm™ free -spbecbtr'al rénge (FSR) aﬁd ﬁnesse ~ 40. The most éccurate
method of measuring elastic constants is based on the use of ultrasonic sound velocity
measured by the Brillouin scattering experiment [ 66].

The EDSMAS glass is the medium where absorption at the 514.5 nm ié not negligible
due to "Fy — °D; transition of Eu®™ centered at ~ 529 nm [5]. Thus, the actual Brillouin
scattering intensities Iz for longitudinal and transverse acoustic modes will be

characterized by the known attenuation relation/, = I, exp(—-«,L), where the total

proi)agation distance passed by light inside the sample L = L,- + Ls is the sum of the
distance traveled by the incident L; and scattered L; light in the sample (see fig. 15), «, is
the absorption coefficient of the sample at 514.5 nm, Ij is the absorption-free scattering
intensity. Thus, taking into account the absorption, the absorption-free Pockel’s

photoelastic constants P, and P,, of (2.1.19) will be adjusted to:

P, =( oI, (VV)-exp(a,L) ]1/2 o (Lliﬂﬁii]z P, (4.2.1a)

P’y (VV)-exp(e, L)) @)\ n ) \n®+1
pl.(VH)-exp(a,L) o (Y n+1 Y
. . n n
P, =- OTO -—€ - ( 5 ] |P4(j1 ly (4.2.1b)
p 1;(VH) exp(a,L) wp\ n n° +1
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Fig. 15. Top view of the sample showing the distance traveled by the

incident and scattered light

The fused silica was chosen as a reference glass sample for which the values of
Pjand P, are taken from Ref. [46]. Integrated Brillouin intensity measurements at
fixed L, but variable L; were performed to determine the absorption-free scattering
intensity /y and the absorption coefficient «,. A linear regression routine was used to
extrapolate the intensity relation to obtain /p and «,. Fig.16 shows the experimental
data and linear fitting results of the Eu3.90 sample in a semi-log plot. By performing
HH- polarization BLS measurements we were able to deduce that P;; and P, absolute
values for all our glasses have positive and negative values, respectively, which is
taken into an account in (4.2.1). This observation takes place for most of the oxide

glasses [18, 45, 46, 69, 89].
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4.3. RLS Experiment and Procedures

Light of 457.9 nm wavelength from an Ar’ laser was chosen to be far from
resonance for Eu’" jons, thus lowering the absorption and making the effect of
fluorescence on the Raman spectrum negligible [90]. The samples under study were
cut into a parallelepiped shape and polished using cerium ’ox_ide polishing material. A
250 mW laser beam was directed into fhe’tfanspérerit glvas.s sarriple (s), placéd ona
horizontal adjustable holder, and scattered light was observed at right angles with
respect to the incident light beam direction. All unpolarized Raman scattering spectra
were taken at 0.3 cm™'/ sec scanning rate using Instrument SA, Inc. RAMANOR double
grating U-1000 monochromator. The spectrometer output signal was sent to PMT
cooled with thermoelectric cooler. The PMT output is processed with photo-counting
electronics consisting of a preampliﬁer-discriminatof (PAD) and a count réte meter.
The obtained Raman spectra are downloaded to PC for further curve-fitting using
Peak Fit 4.0 Jandel Scientific software. The RLS experiment block diagram is
displayed in Fig 17. At the laser excitation wavelength of 457.9 nm with U-1000
monochromator using holographic grating with 1800 grooves/mm and four slits with

the size of 200 um, the instrumental resolution of 2.27 cm™ was estimated.

4.4. Solid-State NMR Experiment and Procedures
All solid state NMR experiments were performed using a Chemagnetics CMX-I1
spectrometer probe (see Fig. 18). For Eu-series *’Al and 2Si NMR spectra were

obtained at 7.07 Tesla (78.434 MHz, 59.800 MHz) with a 5 mm triple-resonance
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magic-angle spinning (MAS) probe. 2’Al spectra were also obtained at 11.74 Tesla
(130.183 MHz) with a 2.5mm MAS probe. The results of peak positions and FWHMs
in the Al MAS NMR spectra were obtained by fitting Gaussian line shapes. to the
spectra with fitting error + 1 ppm. Finely ground powder samples were packed in
cylindrical zirconia rotors with plastic drive tip, spacer, and cap. For Eu-series the
pulse widths used to calculate the radiofreqliency field 'strerigths at 7.07 Tesla were
measured for *’Al on a liquid sample of 1M aqueous AI(NO;); and for *’Si on solid
sodium-3—trimethylsilylpropionate (TMS). Measurements of 2’Al spin relaxation time
constants (7; and T5) for the c:en'tral transition were made at 78.434 MHz on samples
spinning at 10.000 £+ 0.005 kHz using the inversion recovery (ms-t-(n/2) s-acquire)
pulse sequence for 7; and spin-echo ((n/2) s- T-ms-T—acquire) pulse sequence for 75,
where the subscript “sb” signifies a solid-state pﬁlse width. Following Haase and
coworkers [91, 92] a weak radiofrequency field strength (6.0 kHz) was used to
selectively excite the central transition. The (n/2); pulse width (14us) was 1/3 of the
liquid-state m/2 pulse width, demonstrating selective excitation of the central
transition [93]. A background ’Al MAS spectrum of Na,C,04 for each value of 7 (for
both sequences) was obtained, and these spectra were subtracted from the
corresponding spectra of the glasses. A delay of 1 s between scans was used, and
1200 scans were averaged for each 7 value for Al 7, measurements. Synchronous
sampling [94] was achieved by selecting 7 values such that the entire length of the
pulse sequence prior to acquisition corresponded to an even integral number of rotor

periods. 27 Al T; measurements were made with a delay of 2s between scans and 2000

61



scans averaged. Measurements of 2’Si T, utilized the spin-echo pulse sequence with
synchronous sampling and a 7/2 pulse width of 9us. Pulse delays depended upon the
sample and are provided in Section 5.1.4.

Fér Al- and Na-series the MAS NMR spectra were obtained at 7.07 Tesla’with a
with 5 mm diameter rotors packed with glass powder samples finely ground with a
ceramic mortar and pestle. ?TAl spectra (78.435 MHz) were measured using triple-
resonancevp.robe and épuﬁ at 8.000 i‘0.00S kHz. These speétré aré the resulf of 1024
averaged scans with a 0.5 s delay and 3.2 us pulse width, which is a 90° pulse width
measured on a solid sample. The spectra were external.ly referenced to 1M aqueous
Al(NO»);. *°Si spectra (59.8 MHz) were obtained with a double resonance probe and
spun at 6.000+ 0.005 kHz. These spectra are the result of 500 averaged scans for the
AlO, Al12.96 and Al5.92 samples, and 700 scans for the Al8.88 and Al14.80 samples
of Al-series. More scans were taken‘for the latter two sarriples because there was not
enough material to fill thé rotor. The resulting scans had 120 s delay and 10 us pulse
width, which is a 90° pulse width measured on TMS. *Na MAS NMR spectra
(79.618 MHz) are the result of 1024 averaged scans with a 0.5 s delay and 2.8 ps
pulse widths. All pulse widths represent 90° pulses measured on the solid samples.

»Na spectra were externally referenced to 1M aqueous NaCl.

4.5. Refractive index and density measurements
The refractive indexes of EDSMAS glasses were measured with the accuracy of less
than + 0.5 % using an enhanced version of the Brewster’s angle experiment [95]. The

technique requires one to have polished surfaces of glasses and can be done for both
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transparent and opaque samples. The density of each glass sample was measured using
Archimedes’s method with an error of less than £ 1 %. The samples were immersed into
the distilled water, the density of which is very well known. The density was determined

as the ratio of the glass sample mass to the volume of the displaced distilled. water.
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CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION .
5.1. Eu-SERIES
5.1.1. Elastic parameters

The results of BLS measurements for Eu-series are shown in Table 3. Measured
Brillouin shifts (wy, wy), refractive indices h, density p and aBsorptioh coefficients are
used to calculate elastic constants (Cy;, Cy) using (2.1.10), Young’s modulus E, bulk
modulus B and Poisson’s ratio ¢ using (2.1‘.12). The large decrease in such elastic
parameters as C;;, Cyq, E and B demonstrated in Fig. 19(a) with an initial introduction of
rare earth ions into our glass is attributed to the rapid decrease in the material’s density.
But the following increase of the doping level of europia up to 8.11 mole % yields
structural rearrangement so that tﬁe enhancement in the values of these elastic parameters
result in the increased hardness of the EDSMAS glass. This observation is in agreement
with the increase of the measured values of elastic moduli with the increasing rare-earth
ions for europium [26] and yttrium [96] aluminosilicate glasses.

The hardness of materials is not simply related to microscopic forces from the lattice
dynamics point of view. The coordination of atoms plays a very important role in the
elastic behavior of materials. Husson ef al. has studied the relationship of intermolecular
forces and elastic constants using a-quartz and a-alumina [97]. Their results show that
very rigid covalent Si-O bonds do not directly contribute to the elastic constants in o-
quartz, while the high coordination of Al sites presents a high weight to elastic constants

in a-alumina. This role of the coordination of atoms in material hardness is corroborated
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| Sample P (g/cm".') wr (cm™) or (cm™)
ID |
Eu0 2.72 £ 0.05 0.797 £ 0.003 0.479 + 0.002
Eu0.73 2.48£0.02 0.797 + 0.003 0.476 + 0.003
Eul.26 2.61£0.02 0.800 = 0.003 0.478 % 0.003
Eu3.90 2.94£0.03 0.807+ 0.003 0.476 % 0.003
Eu5.26 | 3.12£0.03 0.812 = 0.003 0.475 + 0.003
Eus8.11 3.33+0.03 0.812 £0.003 0.469 % 0.003
Fused 221 0.804 0.506
Silica
Sample | C;; (GPa) Cy4 (GPa) E (GPa) B(GPa) o
ID
Fuo |881x1.1 [318+04 [774=1.0 [457+06 [0.218%0.002
Fu0.73 | 81.8£0.7 [292+04 714208 429202 |0222%0.002
Ful26 |85.7+£0.7 [30.6+04 |748+08 [449£02 [0.222+0.002
Fu3.00 | 94411 [329£05 [81.1£09 [505+04 |0.233+0.002
Fus26 | 99711 [341£05 [846+1.0 [542=04 [0.240+0.003
Fus.11 ] 1009£1.0 [33.7£05 [842+1.0 [56.0+03 [0.249+0.003
Fused | 79.6 31.5 739 37.6 0.174
Silica

Table 3. Calculated elastic constants C;;, Cyy, Young modulus £, bulk modulus B
and Poisson ratio 0 of Eu-series based on the measured values of density p and

Brillouin shifts @y, @r.
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by the results of neutron scattering [98] and 2-D dynamic angle spinning NMR [99].
These studies indicate that in binary silicate glasses, the network modifiers (Mg, Ca**,
or K") are highly coordinated. Tanabe et al. [26] found that the coordination number of
- Eu*" ions in the Eu?* doped alumina silicate glass ranges from.10 to 12 depending on the
Eu’" concentration from 10 to 40 mol%. Husson’s model provides a possible explanation
to our results. When rare-earth ions are introduced into glasses, they break the Si-O-Si
and Si-O-Al covalent bonds and cause the formation of more Si-NBO links while
reducing the free space in the glass. The reduction of free space is due to the fact that the
rare-earth jon has the largest atomic size in our samples [100], i.e. 1(g) = 1.85 A >1(o) =
1.38 A > r1(n,) = 1.02 A > r(a)) = 0.39 A > r(pmg) = 0.34 A > 1(Si) = 0.26 A. Therefore, as
the rare-earth concentrations increase, more free space is captured and the average
coordination in the glass increases. Consequently, the elastic constants C;; and Cy
increase, as do the Young's and- adiabatic bulk moduli. Aé another proof, the activation
energy E, of sodium modifiers obtained from the ionic conductivity measurements of
EDSMAS glass samples is observed to increase with Eu®* doping [6]. E; is proportional
to the strain> energy E;, which in turn is proportional td the shear modulus Cy [101].
Therefore, E; and thus C,, should increase with increasing Eu’* content. The increase of
Es and Cy1s also in agreement with the decreasing of the doorway size between adjacent
interstices [101] due to doped europiums having largest ionic size in the glass and
blocking the diffusion of sodium ions. B.J. Porter [12] stated that although more
fragmental, the silica network is held together through strong mainly ionic interactions
with the lanthanide ions. Eu’* ions have higher binding energy with oxygen anions than

Na* and Mg®" modifier ions because rare-earth ions have higher field strength than their
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divalent and monovalent counterparts [17]. Thus, the effect of high field strength of Eu®*
ions overcomes the depolymerization .of the silica network, which results in increased
hardness of the material. The increase of the glass molar mass as will be seen later in
- Table 4 also supports the increase of the hardness and is in agreement with the previous
studies of rare earths as modifier ions in oxide glasses [102].

The larger values of the Poisson ratio 0, compared with fused_silica as shown in Fig.
19(b), imply that the overall bonding in the glass becomes more ionic [66, 103, 104]. The
Judd-Ofelt intensity parameters £2; and £ obtained from absorption measurements [105],
performed on the Eu** doped SMAS glass samples, increase as Eﬁ3+ concentration
increases. {2 increases with the enhélncement of the polarity or the asymméfry of Eu’*
sites. £ increases with the diminishing in the Eu-O bond covalence [106, 107]. Thus,
from the behaviors of €; and €, we can see that the bond polarizability of Eu-O
increases and the Eu-O bond becomes more ionic as the Bu*" concentration increases.
The eétimated total number of NBOs (see Table 1(a)) increases with the increase of rare-
earth doping level due to depolymerization of silica network characterized mostly by the
formation of larger number of number Si-NBO bonds. The increase of the refractive
index 7 also supports the enhancement of ¢. Thus, the unique combination of the increase
in hardness and ionicity take place simultaneously with Eu’* doping into soda magnesia
aluminosilicate glass. This combined effect is quite possible since doped Eu’" ions on one
hand - replace low valence modifiers (Na”, Mg®") and on the other — substitute high

valence glass network formers (Si, Al).
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5.1.2. Photoelastic constants

Based on calculated molar mass M of the EDSMAS glasses of Eu-series and
measured values of P;;, Py, n, p we calculated LLE, LE, AE, o and G using (2.1.20),
(2.1.21), (2.1.23) and (2.1.24). The results of .these calculations along with the measured
values of photoelastic constants P;, and Py, are listed in Table 4 and plotted in Figs. (20-
22) versus Eu,03 mole %. The values of the measured absorption coefficient ¢, used for
calculating P1 s and Py are listed in Table 4 as well. For coﬁéentrations up ;to 5.26 mole %
of Eu,O3, we observed a monotonic decrease of P;; Py, LE and AE because of the
increase in the polarizabilitya, the increase in density p and the increase in the
refractive index n. However, LLE gets stronger because the increase in molar mass of the
EDSMAS glass is predominant as compared to changes inp, n and « . The increase in
the polarizability is in agreement with Poisson’s ratio data shown in Fig. 19(b). The
correlation integral G diminishes because of the 'presence of a strong r* dependencé in
the integrand of this integral in (2.1.22). It has been shown that the Eu-O bond length is
larger than the bond length of each glass network former (Si, Al) and modifier (Mg, Na)
linked to an oxygen [108, 109]. Therefore, it is this difference in bond lengths which we

think is responsible for the decrease of the correlation integral G. From Fig. 22 we see
that|LE| <'AE| < LLE, i.e. the largest contribution to P;; values comes from the first
term, Lorentz-Lorentz effect (LLE), i.e. the term which accounts for the change of
refractive index due to local density changes accompanying the light induced strain. In

addition, the lattice effect (LE) is smaller than the atomic effect (4E) because it is easier

to distort individual atomic sites than the group of atoms (lattice). At 8.11 mole% of
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Fu,0O3 we have a rapid decrease of the LLE value which is attributed to the significant

enhancement of the polarizability.

Sample , o
ID a, Py, Py M n
(em™) (g/mole)
Eu0 0.59+0.10 | 0.251£0.009 | -(0.054+0.004) 59.251 | 1.528 +0.005
Eu0.73 | 0.38+0.10 | 0.251£0.009 | -(0.055+0.004) 1.515 £ 0.005
61.389 |
Eul.26 |0.76+0.10 | 0.251+0.009 | -(0.0560.004) 1.524 + 0.005
62.938
Eu3.90 |0.52+0.10 | 0.249+0.008 | -(0.056+0.004) 1.554 + 0.005
- 70.665
Eu5.26 |0.69+0.10 | 0.248+0.008 | -(0.057+0.004) 1.568 + 0.005
A | 74.645
Eu8.11 |0.83+0.10 | 0.188+0.005 | -(0.042+0.003) 1.610 £ 0.005
82.988
Fused 0.04 0.279 -0.078 1.462
Silica 60.086
Sample o G
ID 102 em®) | (107 em?) LLE LE AE
Eu0 0.153+0.007 | 3.98+0.20 | 0.615+0.007 | -(0.065+£0.001) | -(0.119+0.001)
Eu0.73 | 0.170+£0.008 | 3.66+0.18 | 0.613+0.007 | -(0.064+0.001) | -(0.119+0.001)
Eul.26 | 0.168+0.008 | 3.69+0.18 | 0.615+0.007 | -(0.065+0.001) | -(0.119+0.001)
Eu3.90 | 0-174£0.009 | 3.47+0.17 | 0.627+0.006 | -(0.069+0.001) | -(0.124+0.001)
Eu5.26 | 0-175£0.009 | 3.43+0.17 | 0.636+0.006 | -(0.070+0.001) | -(0.127+0.001)
Eu8.11 | 0.226+0.011 | 2.29+0.12 | 0,550+0.003 | -(0.076+0.001) | -(0.117+0.001)
Fused 0.150 5.270 0.678 -0.057 -0.134
Silica

Table 4. Calculated values of LLE, LE, AE, a and G of Eu-series based on the measured
values of absorption coefficient &, , photoelastic constants P;; and Py,

index of refraction n, density p and calculated molar mass M.
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5.1.3. RLS Spectroscopy

Unpolarized Raman spectra for the EDSMAS glasses with various Eu,O;
concentrations are shown in Fig. 23. The Raman peak intensities are a function of not
only the number of vibrating modes but also bond polarizabilities, therefore only the
relative changes in abundances of various Q" species with varying Eu content can be
deduced from changes in the Raman peak intensities. In the high-energy Raman spectrum
of the rare earth-free glaés (Eu0) we have partially resolved peaks at 1100 cm™ and 970
cm”, attributed to the existence of Si-NBO stretching vibrations in Q° and Q7 silicon
tetrahedrai groups, respectively [110]. The NBOs formed in Eu0 glass are due to Na* and
Mg** éations, i.e. Q’ and Q’ species in this case are represented by Q*-Mg, Q’-Na and Q*-
Mg, Q*-Na units. The 1100 cm™ band is dominant indicating preponderance of Q’-Mg,
and Q’-Na species in this glass sample. With the increase of the rare-earth content at the
expense of the glass host, the Ramaﬁ envelope at (900-1240) cm™ shifts toward lower
wave-numbers and the band at 970 cm™ gradually merges with thé band at 1100 cm™.
The shift toward lower Wave numbers and change in the shape of the (900-1240) cm™
band with increasing Eu,O3 content can be attributed to an increase in the Q3-Eu species
at about 1030 cm™ [118, 79] at the expense of Q°-Na and Q>-Mg species, as well as an
increase in the contribution from Q species and the development of contributions from
Q' (~ 900 cm™) and Q° (~ 850 cm™) [110]. Thus, the net effect of the increase of the rare-
earth ion content is the appearance and gradual increase of depolymerized SiO4 units in
EDSMAS glass. Rare earth ions incorporated in aluminosilicate glasses act as network
modifiers to form NBOs rather than AlOn/z(”'3)' macroanions [111]. We have estimated

the fraction of all NBO atoms (R no) and the fractions of NBOs associated with Na
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and Mg (Rna+mg) and with Eu ions (Rg,). These values are shown in Table 1(a). In the
estimation of the relative NBO amounts [36] it was assumed that Na*, Mg?" and Eu’"
ions in EDSMAS glass create one, two and three NBOs, respectively, and one Na' ion is
needed to compensate the charge of one [AlO4]” complex. Up to 5.26 mole % of Eu,03,
Rnatmg > Reu, but at 8.11 mole % of Euy03, Rp, exceeds Ryarmg. Below 8.11 mole % of
Eu,0s, the peak at ~ 1100 cm™ representing Q*-Na and Q’-Mg remains dominant, but at
8.11 mole % of Eu,0; this peak shifts closer to the expected position of Q3¥Ei1 at ~1030
cm™’. The trend in the estimated total ratio of NBOs vs. Eu,05 content (Rt NBo) 1N
Table 1(a) also agrees with the increase in amplitude of the Raman spectra at 970 cm™
and below, attributable to an increase in Q" with n <2. As the number of different Q"
species increases, the local structure of the EDSMAS glass becomes not only more
depolymerized but also more disordered, which is in agreement with previous studies of
rare—eaffh aluminosilicate glasses [20, 22, 30] and rare-earth alkaline silicate glasses
[112]. This interpretation of the spectra is also in agreement with the explanation given
by Brawer and White [113], who suggested that high field strength modifier ions lead to
highly disordered structures, with a broad distribution in the types of SiQO, tetrahedra.

The frequency increase of the 575 cm™ Raman band assigned to the bridging oxygen
breathing mode in both three-member pure silicate- [114] and (Si,Al)-rings [115, 34] with
increasing Eu’" resembles the one reported by Krol and Smets [79] with the increase of
high field strength ions (T1", In*", Sc**, Y*" and La3+) in sodium silicate glass. Since Eu®*
ions have larger ionic radii then Na" and Mg®" ions, the relative increase of Eu’"
concentration with respect to the concentrations of Na" and Mg?" ions leads to an

increase in the formation of three-member rings, as a result of the formation of larger

76



cages in the glass structure [34], explaining the increase in the height of the 575 cm™ with
respect to the height of 480 cm™ band. The latter band is similarly attributed to the
bridging oxygen breathing mode in both pure silicate- [114] and (Si,Al)-four member
ringé [115]. This peak shifts toward lower frequencies from 480 cm™ to 460 qm'l with the
increase of europium doping into the EDSMAS glass. The peak at 790 cm™ is assigned to
the tetrahedral Si cage motions [34, 110].

" The low frequency Raman spectrum exhibits a shoulder at around 240 cm™, which
can be reasonably attributed to modes involving Eu-O vibrations, since Eu ions form
rﬁuch weaker bonds with oxygen and the mass of Eu is much higher than that of Si or Al.
This Raman shift is consistent with that of Sm-O vibfatioﬁs in samarium aluminosilicate
glass [20] and various rare-earths in phosphate glasses [112]. From fluorescence
spectroscopic studies, the presence of different structural sites occupied by europium ions
was deduced for the EDSMAS glaésés [5] and for the europium lithium calcium
aluminosilicate glasses tl 16], which might explain the broadness of the 240 cm’ band.

The height of the Boson peak at ~ 85 cm™ gradually increases with respect to the
band at 480 cm™ band. It has been proposed that the polarizability and atomic mass of
rare-earth ions, as well as the ionicity of their chemical bonding, are the origin of the
Boson band amplitude enhancement with the increase of the rare earth (Pr’", Dy**, Nd**,
Ce’*) concentration [117]. Our BLS studies also indicate that the overall bonding in the
EDSMAS glass becomes more ionic with the increase of Eu;Os content [ref. 18, Chapter

5.1.1].
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5.1.4. Solid-State NMR Spectroscopy
Fig. 24 shows *’Al MAS spectra of the glasses, which display a single peak at ~ 55
ppm that broadens as the mole % of Eu,0; increases, the fitted peak positions @ and full

widths at a half of maximum (FWHM) @, , are shown in this figure as well. This single

peak can be assigned to aluminum coordinated with four oxygens, since the resonance
frequency is similar to that seen for AlO4 in lanthanum and yttrium aluminosilicate
glaséés [22]. The coo.rdir;atidn | of aluminurﬁ ‘is geﬁerally foﬁr;fbld n alkdli
aluminosilicate glass [32, 34] and alkaline earth aluminosilicate glass [33]. Both four-fold
and six-fold coordination of aluminum have been observed in rare-earth (La, Ce, Eu)
aluminosilicate glasses [21, 22, 26] and yttrium aluminoéilicate glass {22, 30]. In
comparing these observations to our detection of only Al(4) in the EDSMAS glasses, it
may be important to consider that our concentrations of europium are below the rare
earth or yttrium concentrations that yielded 'six-fc.)ld coordination (10 - 40 mole % of rare
earth or yttrium oxide). In addition, the overall concentration of aluminum is much higher
(10 — 40 mole % Al,Os) in the above mentioned glass systems compared to Al content in
the EDSMAS glasses. Al(6) sites may not form until a certain level of rare earth and Al
content is reached. Small spectral features in the region of the spectrum usually assigned
to octahedral Al species do increase with Eu content. However, these features are not
much above the noise level as seen in Fig. 24.

Quantitative analysis [19] of ’ Al by NMR showed that as the mole % of Eu,Q; in the
glass increases, the percentage of the >’ Al calculated from the glass composition that can
be detected by NMR decreases, going down to about 30% at 8.11 mole % of Eu,Os.

Listed in Table 5 are the relaxation time constants for >’ Al with magic-angle spinning for
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Sample ID T; (ms) T, (ms)
Eul 25+3 4.6+0.1
Eu1.26' | 31+£3 — 4.7+0.1 '
Eu3.90 26+3 42+0.1
Eu8.11 23+£2 39+0.2

Table 5. *’Al MAS NMR Relaxation Times using fitting equations y = A;(1 —
Asexp(-1/Ty)) for Ty and y = Alexp(-2‘c//T2) for T,, where =1+ (172)(tr2) + (1/2)(tr)

where 7; and 7, are the spin-lattice and spin-spin relaxation constants, respectively.

four of the glass samples. Both 7, and T, change very little with europium content. The
T, Valﬁes suggest homogeneous lline widths of 0.9 to 1.0 ppm, for the EﬁO sample and
those containing Eu;Os. Since Al MAS line wiciths (about 19-55 ppm) are much larger
than this, the line widths of the glasses are probably the result of a dispersion of chemical
shifts and/or second-order quadrupolar shifts due to a variety of local structures around
the Al(4), as might be expected for a glass. Considering that 7> decreases only a small
amount with Eu content, the observed broadening of the Al(4) resonances in the MAS
spectrum as Eu content increases must be mainly due to increased disorder of the
structure in the vicinity of aluminum, rather than enhanced relaxation by the
paramagnetic Eu®" ion.

°Si NMR spectra of Eu-series EDSMAS glasses along with fitted peak positions @

and FWHMs 6 @, ,, are shown in Fig. 25. Figure 26(a) shows how the observed S signal
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Normalized integral of °Si MAS NMR signal

Normalized integral of **Si MAS spin-echo signal
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varies with pulse delay for two of the glass samples. For the Eu0 sample, a delay of over
3000 s 1s necessary to allow for complete relaxation, while for the Eu8.11 sample a delay
of 45 s 1s adequate, suggesting that 7; decreases substantially as Eu enters the glass.
Spectra were taken at 59.8 MHz with a spinning rate of 8.000.& 0.005 kHz, and.a m/2
pulse width of 9.0 us. The number of scans averaged was 8 for 0 mole % Eu,O; and 1800
for 8.11 EuyO; mole %. Figure 26(b) demonstrates spin-echo data of #Si MAS spectra
“and provides T>; measurements for Eu0 sainple’ (36005 pulse delay, 8 scans average&) and
for Eu8.11 sample (45s pulse delay, 500 scans averaged). The parameter 7 is defined in
the legend of Table 5, along with the equation used in fitting. We can clearly see that
T>(Eu8.11) <T 5»(Eu0). The *°Si MAS spectra for tﬁese two samples in Flg 27 show a
single broad peak at -(98-100) ppm, which is broader in the sample with europium. The
ratio of the integrals of the two spectra, after division by the number of scans and number
of moles of Si, is 6 + 2 %. Althoﬁgh we have not presented quantitative ’Si NMR data
for the complete set of glasses, because of the long time required to obtain éuch data due
to the long 7} relaxatidn times, loss of *’Si signal with increasing europium concentration
is evident. In the spectra of Fig. 27 the Eu8.11 sample shows a signal-to-noise ratio
comparable to that of the Eu0 sample with a much larger number of scans averaged,
indicating overall poorer signal-to-noise. Weighing of the samples permitted the integrals
of the two spectra to be divided by number of moles of *’Si and number of scans
averaged. Assuming that all *’Si is observable in the Eu0 sample, the ratio of these
integrals shows that 6 % of the *°Si is observable in the Eu8.11 sample, suggesting that

the signal loss for °Si is greater than for ’Al
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Eu0 sample:
position = -100 ppm
FWHM =20 ppm

Eu8.11 sample:
position = -98 ppm
FWHM = 35 ppm
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Fig. 27. **Si NMR spectra of Eu0 and Eu8.11 samples
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As for 2’ Al, the width of the *Si MAS peak cannot be accounted for by T, relaxation
alone, since the 7, values imply 0.1 ppm and 0.5 ppm homogeneous widths for 0 mol %
and 8.11 mol % Eu,Os, respectively, while the actual widths are 20 ppm and 39 ppm.
Since, in contrast to the case for 27A1, T, decreases substantially with an increase. of the
mol % of Eu,0s, the broadening of the *’Si peak with increasing Eu concentration may be
due at least in part té enhanced relaxation by the paramagnetic Eu®* ion. An increase in
structural c'yiisofder,‘ such as a gr’eatér'variety of bond lehgths and bond ahglés, could also
contribute to the line broadening. The situation is more complicated than for *’Al,
Because the 2°Si MAS peak comprises a group of unresolved peaks representing Q’I1 units
with a seriés of values of n, each of which .has a dispersion of chemical shifts due to
structural disorder. Hence, both the width and position of this composite peak could -
change with the relative amounts of the different Q" species. Because the 28 line
broaderﬁng could originate from a few diffefent soufces, it is difﬁéﬁlt to make a definite
conclusion regarding its relationship to structure. Established *Si NMR resonance
assignments for a variety of silicate and aluminosilicate glasses with alkali and alkaline
earth modifiers are -76 to -88 ppm for Q%, -85 to -97 ppm for Q°, and -100 to -116 ppm
for Q* [32, 118-122]. Q“(1Al) species are probably present in our glasses in small
amounts because the Al;O; concentration is low; the resonances for these species are at
less negative frequency in comparison to those for the corresponding Q"(0Al) species. Q
species are the most prominent in both of the EDSMAS glass samples examined which is
general agreement with growth of Q*-Eu species deduced from Raman spectra. The
development of more depolymerized SiQy tetrahedra, i.e. Q" species with n <2 is not

well supported by the *’Si NMR spectra. However, the NMR results only monitor the
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observable subset of nuclei that are not too close to Eu®". It is probable that no shift in the
position of the %S peak is observed with europium content because there is a preferential
‘disappearance of Q" species with low n, which with their higher charge would have a_
greater propensity to. coordinate with Eu®”. .

The Na MAS NMR peaks for Eu-series EDSMAS glasses are shown in Fig.28 to be
increasing in the linewidth which can be due to the rare earth ion effect of paramagnetic
broadening. For Eu-free éample 23rNa -p'eak is at -27 ppﬁl. However upon initial
introduction of rare earth ions, the position of the peak rapidly increases to -21 ppm.
However; with further increase of Eu concentratidn, there is gradual shielding of Na
nuclei with the chexﬁical shift moving to more negativé values from -21 back to -27 ppm.
This anomalous behavior is probably due to the complex combination of both:
paramagnetic broadening and depolymerization. At highest Eu concentration we observe
small sharp peai( at ~ 6 ppm, which is probably dué to the presence of sbdium defect

influenced by the rare earth ions clustering [6, 123]

5.1.5. The relation to holographic grating strength

The increase of Eu;O; concentration from O to 8.11 mole % in soda magnesia
aluminosilicate glasses improved both the transient and permanent gratings (Fig. 2)
although reducing the ionic conductivity [6]. It is clear then, that the active role of the
Eu®" ions to drive the diffusion of small modifiers is more important in light induced
grating formation than is the passive role of Eu in altering the structure of the network for
this range of concentration. The saturation behavior of the grating strength at high Eu

concentrations can be partly due to the decrease of Na ionic conductivity due to passive
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Fig. 28. ®Na MAS NMR spectra of EDSMAS glasses of Eu-series
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role of Eu ions deduced from the measurements of the activation energy of Na ions with
the increase of rare-earth content [6]. Rare-earth ions alter the network either by
clustering or by beginning to block the diffusion channels in the network. Clustering of
. rare-earths at this concentration- is possible [6, 123]. The development of highly
depolymerized species, i.e. Q" with n<2 deduced from Raman spectra supports this
contention. This causes an inhomogeneous distribution of Eu in the glass network, which
in turn, leads to a decrease in the ability of Eu to effécﬁiiely influence the migration of |
light modifiers.

The increase of the EDSMAS glass hardness (elastic constants) measured by the BLS
spectroscopy implies that the stability of the traps [73] for the hoppiﬁgilight ions (Na"
and Mg”") can increase because europium modifiers tend to stretch the glass network [9].
This increased stability of the traps also contributes to the increased photorefractive
grating efﬁéiency [73]. “

As was mentioned in Chapter I; through the process of FWM experiment Eu®" ions of
EDSMAS glass are excited by the laser write beam to the off-resonance “D, — energy
level. Radiationless relaxation from this excited state to the “D, metastable level results
from the emission of several high-energy phonons on the order of 1000 cm™ [2]. This
affects the structure of the glass modulating the index of refraction. In this sense, the role
of high energy phonons (~ 1000 cm™) is believed to be crucial, since they fill the energy
gap between the excited level and metastable *D; as well as °Dy levels and provide the
activation energy for some light modifiers (Na and Mg atoms) to migrate from the bright
to dark region of the grating during FWM experiment, so that the permanent grating is

formed. These high energy phonons are provided through optical phonons in the form of
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Si-NBO stretching vibrations in various Q" species (n<4), with Q’-Eu tetrahedral units

becoming the predominant species.

5.2. AI-SERIES
5.2.1. Elastic parameters.

The results of BLS rﬁeasurements for Al-series are shown in Table 6. Measured
'Bﬁlloﬁin shifts (w L; wUT), refractive indices 7, density p and absérptiori coefficients are
used to calculate elastic constants (C11, Cy4y) using (2.1.10), Young’s modulus E, bulk
modulus B and Poisson’s ratio ¢ using (2.1.12)'. As shown in Fig. 29(a) the trend of such
elastic pa-r\ameters as Cj;, Cyu, E, B clearly show that the glasses become less
compressible with the increage of alumina concentration. However, the increase of
Poisson ratio ¢ in Fig. 29(b) indicates that the structure bonding becomes more
polarizable. These trends in eléstic parameters are 'in.. agreement with those iri calcium
aluminosilicate glasses [14] with the increase of Al,O; concentration.

When Al atoms are introduced into glasses, they substitute Si atoms in the tetrahedral
network causing the formation of more bridging oxygens (BO) (see Table 1(b)) while
capturing the free space in the glass because aluminum atoms have larger atomic radii
(Ra; =~ 0.39 A) than silicon atoms (Rs; ~ 0.26 A) do [100]. The NBO ions are used to form
the Al-O-Si bridging oxygen, where the AI’* jons are tetrahedrally coordinated.
_ Therefore, as Al,03/SiO; ratio increases, more free space is captured. The increase of the
glass hardness can also be understood from the schematics shown in Fig. 30. Substitution
of Si by Al is accompanied by forming stronger Si-BO bonds (Si-O-Al-O-Si bridges) via

transferring the network modifiers (e.g. M = Na*, Mg?" and/or Eu’") from Si-NBO
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Sample ID p (g/cm3) @ (cm'l) or(cm™)

Al 0 2.48+0.02 0.789 + 0.003 0.472 + 0.002
Al2.96 2.61+0.02 0.800 + 0.003 0.478 + 0.003
Al592 | 2.64+0.03 0.808 + 0.003 0.482 % 0.003
Al 8.88 2.69£0.03 0.824.1+ 0.003 0.489 % 0.003

Al14.80 2.74+0.04 0.843 + 0.003 0.498 + 0.003
Fused 2.21 0.804 0.506
Silica

Sample ID | Cy; Cu (GPa) E (GPa) | B(GPa) I
(GPa)

ALO 798£07 [28.6+04 [69.8+0.7 [41.7+0.2 [0.221+0.002
A12.96 |857+07 (30604 [748+08 [449+02 |0.222=0.002
Al5.92 188108 [31.4x05 [76.8=0.8 |462+0.3 |0.223 +0.002
AI8.88 1929+09 [327+05 [803x09 [493+0.3 |0.228=0.003

CAI14.80 |982%10 |343:05 [845+1.0 52504 |0.232+0.003
Fused 79.6 315 73.9 37.6 0.174
Silica ' :

Table 6. Calculated elastic constants C;;,Cyy, Young modulus £, bulk modulus B and
Poisson ratio 0 of Al-series based on the measured values of density p and

Brillouin shifts ay, or.
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(b) Poisson ratio o versus Al,O; mole %

........................... Si
Si——O Si Ol Na®
o)
/— O \—Na-}- 4”’
Si o . 1
~— O

Fig. 30. Si substitution by Al causes the formation of more strong Si-O-Al-O-Si bridges
while recovering Si-O-Si bridging oxygens by means of charge redistribution of Na* ion

from Si-O'Na link to compensate the charge of [AlO4] complex.
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weaker bridges to the vicinity of [AlO4] groups. In this way the recovering of Si-O-Si
bond, i.e. BO at the site of the removed modifier occurs. Besides, the molar mass M of
the glass increases with alumina/silica ratio which is also in agreement with the mass
incréaée upoh enha.nceinént of alumina con.;:eﬁtration in yttriuni aluminosilicate glét‘ss.
[96]. Consequently, the elastic constants C;; and Cyy increase, as do the Young's and
adiabatic bulk moduli. Sodium ions will be the most favorable candidates for charge
compensation due to their monovalency and abundance in EDSMAS glass.

Mysen et al [124] observed that in NaAlO,-S10, system the effect of pressure on
. T-O-T angle becomes more pronounced with increasing Al/(Al+Si). This increase is
associated with a greater effect of pressure on the viscosity with increasing
Al/(Al+S1) [125]. In contrast, in the system CaAl,04-Si0,, the inter-tetrahedral angle
becomes less sensi_tive to pressure with increasing Al/(Al+Si) of the melt. This
diminished effect [124] is associated with decreasing effect of pressure on the
viscosity of aluminosilicate melts on the join CaAl,04-Si0, [125]. The response of
the inter-tetrahedral angle to pressure can also be correlated with the compressibility
of aluminosilicate glasses. In the NaAl0,-SiO; system the melts become increasingly
compressible with increasing Al(Al+Si), whereas in the case of CaAl,04-S10; system
the compressibility decreases with increasing pressure. It is possible that EDSMAS
glass system demonstrates increasing compressibility due to the enhancement of
Al,03/S10; ratio because of important role played by high valence ions present in the
glass such as Mg*" and Eu’" ions. The large field strength of the Mg®* and Eu®" ions
allows them to act more like intermediate ions and to have a larger effect on the

strength of the bonds connecting the vitreous network. Furthermore the divalent
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magnesium and trivalent europium ions act as a link between neighboring NBO ions,
whereas the monovalent sodium ions tend to act simply to balance the charge on a
single neighboring oxygen ion. In other words, magnesium and europium ions do not
simply balance the charge on neighboring NBOs; but also act as structural links to
maintain the connectivity of the network (of course the links are significantly weaker
than the Si-O-Si linkages).

The lartger' values of thé Poisson ratio o for the EDSMASS glésses,‘ Compared with
those of fused silica as shown in Fig. 29(b), imply that the overall bonding in the
EDSMAS glass is more polarizable (softer lattice) [66, 103, 104] than in fused silicav
because of the presence of NBOs and the éverage glass bonding becomes even more
ionic with further increase of alumina-to-silica ratio. Besides, the activation energy of
Na" ions obtained ﬁom the ionic conductivity measurements of the EDSMAS glass
Sainples 1s observed t;) decrease with increasing alumina content [7]. This has been
attributed to the fact that Na” ions charge compensating the [A10,]” complexes are bound
more weakly that those sodium ions bound to NBOs [65]. Sodium ions are associated
with aluminum tetrahedron should have a higher ionicity than those associated with NBO
ions [126], i.e. the polarizability of [AlO4]Na" bond is higher than that of Si-O'Na’
bridges (see Fig. 31 with two types of Na™ ions). The Judd-Ofelt intensity parameters
and s obtained from absorption measurements on EDSMAS glasses [24], are also
observed to increase with Al,05/Si0; ratio. £2, increases by increasing the polarity or the
asymmetry of Eu’" sites. The formation of Al-O-Si bond lowered the covalency of Eu-O

bond and thus increased 25 value [105]. Based on the '°"Eu Mossbauer spectra [127], it
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has been shown that the covalence of the Eu-O bond decreases with increasing Al,Os

content. Thus, from

Na bound
strongly to
non-bridging O

substitutional Al
complex

Fig. 31. Two types of Na’ ions present in EDSMAS glass

the trends of €, and Qg values, we can see that the bond polarizability of Eu-O increases
and the Eu-O bond becomes more ionic as the concentration of Al atoms increases. The
ionic polarizability of soda aluminosilicate glass increases with the Al/Si ratio deduced

by high resolution x-ray photoelectron spectroscopy [128]. Thus, all these facts are

95



supportive of the increasing polarizability in the overall bonding structure of the

EDSMAS glass.

5.2.2. Photoelastic constants

Based on calculated molar mass M of the EDSMAS glasses of Al-series and
measured values of P, Py, 1, p we calculated LLE, LE, AE, a and G using (2.1.20),
(2.1'.21); (2.1.23) aﬁd (2..1.24). The resuits of these‘calculations aldng with the measuféd |
values of photoelastic constants P;, and Py, are listed in Table 7 and plotted in Figs. 32-
34 versus Al;O3 mole %. The values of the measured absorption coefficient ¢, used for
calculating P;; and Py, are listed in Table 7 as well. We observe that up to 5.92 mole %
of Al,Os, LLE and P;; (P44) decrease (increase) mostly because of the increase (decrease)
in polarizability . The opposite trend takes place at higher alumina concentrations, i.e.
LLE and Py, v(P44) increase (decr;aasej. mosﬂy becausezof the decrease (increase) in
polarizabilityer . Since all other parameters such as »n, M, p change monotonously
throughout the whole Al-series, they do not characterize the extreme behavior of P;, and
LLE. Although there is an extremum behavior in polarizabilitye, the average
polarizability obtained by the linear fit of the experimental points in Fig. 33(a) can be
approximated as increasing, which is in agreement with Poisson’s ratio data, Judd-Ofelt
intensity parameters obtained from the absorption measurements [24], and the
enhancement of sodium ionicity and dielectric constant in soda aluminosilicate glass with
the increase of Al/Si ratio [126].

The same approximation applied to correlation integral G values yields the

diminishing of G values shown in Fig. 33(b). In order to understand the significance of
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the decrease in the average G obtained by the linear fit of the experimental points in

terms of structural changes of the EDSMAS glass, we note the presence of »* in the

integrand of the integral indicating that the G values are very sensitive to the effective

Sample a, M
ID (cm'l) P;; Py (g/ mole) n

AI0  ]0.53£0.01 | 0.256+0.010 | -(0.058+0.005) | 61.701 1.518 + 0.005
AI2.96 |0.76+0.01 | 0.251+0.009 | -(0.056+0.004) | 62:938 | 1.524+0.005
Al15.92 |0.45+0.01 | 0.238+0.008 | -(0.055+0.004) | 64.181 1.527 + 0.005
Al8.88 |0.21+0.01 | 0.253+0.008 | -(0.060+£0.005) | 65.420 1.530 + 0.005
'Al14.80 | 0.2320.01 | 0.253+0.008 | -(0.062+0.005) | 67.899 1.537 + 0.005
Fused 0.04 0.279 -0.078 60.086 1.462
Silica
‘Sample
ID P G LLE LE AE

(10 %Pem® | (107 em’) :
Al 0 0.154+0.008 | 4.11£0.21 | 0,624+0.008 | -(0.064+0.001) | -(0.122+0.001)
Al2.96 |0.168+0.008 | 3.69+0.18 | 0.615+0.007 | -(0.065+0.001) | -(0.119+0.001)
Al5.92 |0.174£0.009 | 3.52%0.18 | 0.602::0.006 | -(0.065+0.001) | -(0.125+0.001)
Al18.88 | 0.167+0.009 | 3.83£0.19 | 0.631£0.006 | -(0.066:0.001) | -(0.127+0.001)
Al14.8 | 0.170£0.009 | 3.79+0.19 | 0.641+0.006 | -(0.067+0.001) | -(0.128+0.001)
Fused 0.150 5.27 0.678 -0.057 -0.134
Silica

Table 7. Calculated values of LLE, LE, AE, a and G of Al-series based of the

measured values of absorption coefficient &, , photoelastic constants P;, and Py,

index of refraction n, density p, calculated molar mass M.
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change in the bond lengths. It has been shown that in aluminosilicate glasses T-O (T = Si,
Al) bond length ranges from rs;.o = 1.62 A for pure SiO4 to 740 = 1.72 A for pure AlOy
tetrahedra [108]. Therefore, it is this difference in bond lengths of Al-O and Si-O which

-we think is responsible for the decrease of the correlation integral G. From Fig. 34 we see

thatlLE[ <[AE’ < LLE, i.e. the largest contribution to P;, values comes from the first

term, i.e. Lorentz-Lorentz effect (LLE). Besides, lattice effect (LE) is smaller than the
atomic effect (AE) because it is easier to distort atomic sites than the group of atoms

(lattice).

5.2.3. RLS Spectroscopy

Unpolarized Raman spectra for the EDSMAS glasses with various Al,Os
concentrations are presented in Fig. 35. High energy Raman spectrum of Al-free glass
(A0 sample) has two partially resolved bands at 1100 cm™ and 960 cm™, attributed to Si-
NBO stretching vibrations in SiOy4 tetrahedra with one and two NBOs, respectively [129].
The 1100 cm™ band is dominant indicating preponderance of Q° species in this glass
sample. With the increase of AlL,0/SiO, ratio, the whole (850-1240) c¢m™ Raman
envelope undergoes systematic spectral broadening with the eventual merging of the
1100 cm™ and 960 cm™ Raman bands. These effects occur bécause of the appearance and
successive height enhancement of the hidden bands corresponding to Si-BO stretches in
Si-O-Al bridges of Q"(mAl) structural units (m = 1,2,3 and possibly 4) and concurrent
height suppression of the bands corresponding to Si-NBO stretches in silicate Q" bands,
where n is the number of BOs per SiO4 and m is the number of AlO, tetrahedra placed

next to SiO4 tetrahedron [129, 130]. Fig. 36 schematically demonstrates the characteristic
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102



Si Si0O OAl OAl OAl
N NS J

SiO— Si >0Al /S\ Si0—— Si —>0Al Alo<—SL > 0Al
SiO/ SiOo 0Al \ 0Al Al

1140 em™, Q%(141) 1000 em™, Q%241 925 em™, Q*(341) 890 em™, Q*(4Al)

a) Q*(mAl) units (m =1-4) of aluminosilicate glasses

Si0

O O ’ \
SiO<S Si— O SiOel St—> 0Si Si0 é:‘Si—O' O lSl_O
s 6 ¢ ¢

1060-1100 cm™, Q°(0A41) 890 cm™, Q*(0A41) 900 cm™, Q'(0A41) 850 cm™, Q%041

b) O (0AD units (n =0-3) of silicate glasses
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structural units of aluminosilicate and silicate glasses. The concurrent (850-1240) cm’™
Raman envelope suppression with respect to the height of the band at 790 cm™ takes
place because Si-NBO links are decreased in their number and the polarizability of Si-
BO bonds formed with the increase of alumina are much less than that:of Si-NBO
bonds, i.e. Si-O stretching vibrations in Si-O-Al and Si-O-Si bridges have small Raman
activity. At 14.88 mole % of Al;Os, the maximum of (850-1240) cm’! Raman band is at
~ 1040 cm’, which implies, according to Fig. 36, that Q4(2A1) (~ 1000 cm™) and
Q*(0AD) (~ 1060-1100 cm™) species are the predominant ones for this glass sample.
These two bands are heavily overlapped, so it would be ambiguous to say which one
among them are really dominant species. However, since the majority of oxygens in this
glass sample are in the bridging form (see Fig. 1(b)), we would expect to have the
predominance of Q4(2A1) species in this material.

"fhe mid—frequency 790 cm™ band is traditionally assigned to the fnotion of silicon
on a tetrahedral cage of oxygen remaining the replica of vitreous silica [106]. With no
presence of aluminum atoms (AIO glass) the sharp peak at 560 cm” resembles a
symmetric oxygen “ring-breathing” mode of three-member siloxane ring ‘“defects”
similar to 606 cm™ D; line in fused silica [131]. Introducing aluminum atoms to the
glass network (Al2.96 sample) causes the appearance of a new band at 590 em™. It is
reasonable to assign this peak to a combination of oxygen “breathing” (O) modes
within three-member (Si,Al); and siloxane rings in the glass [114, 131]. Further
increasing of the Al,O3/ SiO; ratio leads to the slight frequency downshift from 590 cm’

"to 575 cm™ which may be due to the weakening of Si-O and Al-O bonds in (Si,Al);
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rings. The concurrent narrowing of this band occurs as well, indicating that the
aluminosilicate 3-member ring structural network undergoes ordering.

The relative height of 460 cm™ band significantly increases with respect to that of
590 cm™ band, suggesting that enhancement of Al population especially affects the
amount of 4-member (Si,Al)s rings [115] which increases relative to that of the three-
member (Si,Al); rings. This trend suggests that Al atoms form more polymerized
" network with broader T-O-T' an.gle“rathe'r than bfragm‘e.htal aluminosilicate network,
which is in agreement with the increase of C;;, Cyy, E and B deduced from BLS studies.
In addition, both peaks become narrower, sﬁggesting that (Si1,Al)s and (Si,Al); ring
structures become structurally distinct from each other and more ordered. The
fréquency of the 460 cm™ band increases from 460 cm™ to 495 cm™ due to the O,
mode frequency enhancement in these rings. Possible strengthening of Al-O and Si-O
bonds in four.—nvlember rings can be responsible for this, which is again in agreement
with increasing hardness of the glass deduced from Brillouin scattering studies. It is
necessary to note that opposite trends in the frequencies of the bands at 460 cm” and
590 cm™ were observed for the EDSMAS glasses by varying Eu,O; concentration [19].
Hence, it is likely that the effect of network formers (modifiers) on the EDSMAS glass
is characterized by the frequency increase (decrease) of 460 cm’ band and by the
frequency decrease (increase) of 590 cm™ band. This contention is also supported by the

! band with the increase of Na

increase of vibrational frequency of 590 cm’
concentration in EDSMAS glass (see Na-series section below). The Boson peak at ~ 90

cm™ and other portions of low frequency Raman spectra remain unaffected. A new
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Raman band at 650 cm™ can be assigned to Al-O stretching vibration [132] with Al

being in tetrahedral coordination.

5.2.4. Solid-State NMR .

The coordination of aluminum is four-fold in alkali aluminosilicate glass [32, 34,
64] and alkaline-earth aluminosilicate glass [33]. The study of the local structure of Sm-
dobed aluminosilicate glass're\}ealed more tetrahedral than octahedral aluminum sites
[133]. It is important to note that as we increase Al,O3/S10, ratio, the change in the
linewidth of our *’Al, 298i and Na NMR spectra of Al-series EDSMAS glasse.s is not
due to paramagnétic nature of Eu®" ions present in our glasses since for all these glasses
have a constant Eu,05 concentration (see Table 1(b)).

In Fig.37 the *’Al MAS-NMR results show a single peak at ~ 56 ppm providing
clear evidence that thé only coordination of aluminum in EDSMAS glasses of Al-series
is four. With the increase of alumina content the height of the peak at ~ 56 ppm
increases further with respect to background level showing further enhancement in the
amount of tetrahedrally coordinated Al sites. The *’Al peak position does not change
because aluminum atoms are not shielded by the next nearest Al neighbors or remotely
spaced Al neighbors.

%Si NMR spectra in Fig. 38 show single, broad and symmetric bands typical for
the variety of silicate and aluminosilicates disordered materials due to a wide
distribution of local structural environments around Si sites, i.e. the presence of
broad variety of Q"(mAl) units (0<n<4, 0<m<4) also shown in Fig. 36. For fused

silica SiO; it is known that *’Si resonance is at -109 ppm corresponding to the
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presence of Q*(0Al) species [81]. For binary alkali silicate glass the chemical shift is
at -89 ppm for Q*(0Al) species [134], while for binary alkaline silicate glass it is at -
93 ppm [119]. These chemical shift ranges suggest that for more complex system
like alkali alkaline rare earth doped silicate system, i.e. our AlO glass, the *’Si peak
would be centered at even more negative chemical shift value. This is indeed the
case: the ’Al peak is centered at -97 ppm for the predominance of Q*(0Al) species
tfor AlO glass sample; which is in agrevemeh”t with the predomiﬁéhc'e of the Q3(OA1)
speciés deduced from the héight of the Raman band at 1110 cm™ (Fig. 35). With the
replacement of silica by alumina the gradual shit;t of 2°Si band toward less negative
values of the peak position from -97 to -90 ppm, inciicating that the *°Si nuclei
become less magnetically shielded due to the appearance and successive height
enhancement of the Q"(mAl) bands with m =1 - 4 [55, 135, 136]. At 14.80 mole%
of Al,O; the 29Gi peak maxiinum‘ is a_t ~ -90 ppm. For alkéli and alkaline earth
aluminosilicate glasses with the concentrations of silica, alumina and modifying
oxides similar to those of Al14.80 EDSMAS glass, the calculated distributions for
Q"(mAl) units [136] suggest that there is significant contribution from Q*(2A),
Q’(0Al) as well as other aluminosilicate and silicate species which is in general
agreement with our Raman results. According to the estimation of the NBO fraction
(see Fig.1(b)), just 16.5% of all oxygens in this glass sample are actually non-
bridging. However, to deduce the exact percentage of Q’(0Al) species formed due to
this 16.5 % of NBOs, Q*(2Al) species formed due to 83.5 % of BOs as well as the

contribution from other specific Q"(mAl) units to the *Si NMR envelope usually

109



represents a challenge in studying the amorphous materials and requires additional
research.

The *’Si peak linewidth becomes steadily narrower from -25 to -19 ppm with the
increase of alumina-to-silica ratio which resembles the trend for *°Si peak linewidth
in Ca0-Al,0;-Si0;, glass [119] and other alkali and alkaline aluminosilicate glasses
[85], [33] with the increase of Al,03/SiO, ratio. The *Si linewidth decrease is in
agreement with the chemical shift variation for the ‘glésses due to an increase in the
number of aluminum next-nearest neighbors to silicon [137]. This trend also can
suggest a shift in reaction Q° + Q* = 2Q’ to the right, that is more ordered with
increasing Al content [33]. This is opposed to the resulté for Na- and K-
aluminosilicates [106, 138], and confirms that the alkaline earths Mg** [139] and
possibly rare earth Eu®>" present in the EDSMAS glass compete with Al for oxygens
more efficiently than alkali Na" ions do, and will stabilize Q’ tetrahedra with
neighboring Al [138]. The shift of the above reaction to the right is in agreement
with general reaction Q" + Q™! = 2Q" with 1< n < 3 [140] for a distribution of
species may be present in silicate glass. *°Si line narrowing also is in agreement with
the ordering of (Si1,Al); and (Si,Al)s ring structures in EDSMAS glasses deduced
from RLS spectroscopy.

»Na NMR spectra shown in Fig.39 demonstrate the presence of single broad
slightly asymmetric peak at ~ -23 ppm, indicating sites with a range of quadrupolar
coupling constants, asymmetry parameters and/or chemical shifts. The »Na
resonance of sanidine is centered at -21 ppm and that of albite glass NaAlSi;Os is

centered at -18 ppm [82]. For *Na, compositional effects such as the ratio of NBOs
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to tetrahedral cations are known to be important, probably in causing variations in
next neighbor cation populations. However, with the increase of Al,03/SiO; the
resonance peak shift appears to be constant, which is in general agreement with the
low sensitivity of the ?’Na resonance peak position to the variations in the topology
of the silicate tetrahedral network [86]. Thus, it would be impossible to resolve two

separate contributions from Na-O bonds in (i) Si-NBO and (ii) [A104] Na".

5.2.5. The relation to holographic grating strength

The permanent change in the index of refraction as well as the ionic conductivity,
increased linearly with Al,03 concentration [7]. This trend in photoréfracti?e efficiency
was attributed to the reduced activation energy for forced diffusion of small modifiers
bound to AlOy clusters rather than to Si-NBOs. We also note that with the increase of
Al amount, tﬁe concentration of Eu’" ions is kept coﬁstant, therefore, tI;e absolute
values of FWM strength signal as a function of Al ions (Fig. 3) is lower than those of
FWM strength signal as function of Eu ions (Fig. 2) by about a factor of 2. The increase
of the EDSMAS glass hardness (elastic constants) measured by the BLS spectroscopy
can contribute to the stability of the traps [73] for the hopping of weakly bound Na"
ions due to silicon replacement by tetrahedral Al atoms, and therefore to the increased

photorefractive grating efficiency.
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5.3. Na-SERIES

5.3.1. Elastic parameters

The results of BLS measurements for Na-series are shown in Table 8. Measured

Brillouin shifts (w;, w7), refractive indices #, density p and absorption coefficients are

. Sample ID p ar or
(g/ cm3) (cm'l) (cm'l)
N29.86 2.50+0.02 0.810 + 0.003 0.488 + 0.003
' Nal4.81 2.61 +0.02 0.800:0.003 | 0.478+0.003
Na19.73 2.64+0.03 0.794 + 0.003 0.469 + 0.002
Na24.67 2.68+0.03 0.791 <+ 0.003 0.463 + 0.002
Fused 221 0.804 0.506
Silica
Sample ID Ci Cus E B
(GPa) (GPa) (GPa) (GPa) o
N29.86 84.7+0.7 | 30.7+0.4 746+08 |43.8+02 |0216=0.002
Nal4.81 85.7+0.7 | 30.6+0.4 748+0.8 |449+02 |0.222+0.002
Nal9.73 849+07 | 29.6+0.4 73.0+ 08 |454+03 |0.232+0.003
Na2d.67 | 84.8+0.7 29.0+03 | 71.9+0.7 |46.1+03 |0.240 < 0.003
Fused 79.6 31.5 73.9 37.6 0.174
Silica

Table 8. Calculated elastic constants C;;, Cyy, Young modulus £, bulk modulus B and
Poisson ratio 0 of Na-series based on the measured values of density p and

Brillouin shifts @y, or.
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used to calculate elastic constants (C;;, Cyy) using (2.1.10), Young’s modulus £, bulk
modulus B and Poisson ratio ¢ using (2.1.12). The decrease of such elastic parameters
as Cy;, Cyy, E and the increase of Poisson’s ratio ¢ (Fig. 40) clearly show that the
B glasses. become softer with the increase of soda/silica ratio because Na™ ions when
introduced into the glass, substitute Si atoms in the tetrahedral network causing the
formation of larger number of NBOs. The estimated ratio of NBOs is shown in Table
i 1(c). The increase of ¢ was also observed with the increase of magnesiutn modifier jons
in aluminosilicate glasses [17]. However, the increase of bulk modulus in Fig. 40(a)
indicates that the structural bonding rather less compreésible in the volumetric sense. By
definition, bulk modulus is the constant ratio of hydrostatic pressure exerted on the
material to the volumetric strain which the sample undergoes. Such a behavior of bulk
modulus can be explained by dramatic reduction of the free space by Na' modifiers
substifuting Si formers in the glass because sodiums have a large ionic radius (Rna =
1.02 &) compared to atomic size of silicons (Rsj ~ 0.26 A) [100]. In addition, the
enhancement of the glass density is observed (see Table 8). Thus, the concurrent
appearance of weak Na'-O bonds and increasing volumetric incompressibility take

place in EDSMAS glasses with the increasing of soda/silica ratio.

5.3.2. Photoelastic constants
Based on calculated molar mass M of the EDSMAS glasses of Na-series and

measured values of P;,, Py, n, p we calculated LLE, LE, AE, a and G using (2.1.20),

(2.1.21), (2.1.23) and (2.1.24). The results of these calculations along with the measured

values of photoelastic constants P, and P4 are listed in Table 9 and plotted in
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Sample a, P]z P44 M n

ID (cm™) (g/mole)

Na9.86 | 0.30£0.01 | 0.204+0.007 | -(0.048+0.003) | ©62.844 1.519+0.005
Nal4.81 | 0.76£0.01 | 0.251£0.009 | -(0.056£0.004) | 62.938 | 1.52440.005
Nal9.73 | 0.55+0.01 |0.244+0.008 | -(0.052+0.004) | 63.031 | 152840.005 |
Na24.67 | 0.76£0.01 | 0.228+0.008 | -(0.049+0.003) | 63.124 1.535+0.005
Fused 0.04 0.279 -0.078 60.086 1.462+0.005
Silica

Sample a G

ID 10Pem®) | (10%em’) LLE LE AE
Na9.86 | 0.195£0.009 | 2.99£0.16 | 0.547+0.005 | -(0.064+0.001) | -(0.112+0.001)
Nal4.81 | 0.168+0.008 | 3.69+0.18 | 0.615+£0.007 | -(0.065+0.001) | -(0.119£0.001)
Nal19.73 | 0.169£0.008 | 3.55+0.17 | 0.610+£0.006 { -(0.065+0.001) | -(0.118+0.001)
Na24.67 | 0.178+0.008 | 3.25+0.17 | 0.579+0.006 | -(0.066+0.001) | -(0.115£0.001)
Fused 0.150 5.27 0.678 -0.057 -0.134
Silica

Table 9. Calculated values of LLE, LE, AE, a and G of Na-series based on the
measured values of absorption coefficient ¢, , photoelastic constants P;, and Py,

index of refraction #n, density p , calculated molar mass M.
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Figs. (41-43) versus Na,O mole %. The values of the measured absorption coefficient
~a, used for calculating P, and P4y are listed in Table 9 as well. Starting from 14.81
-mole % of Na,O we observe monotonous decrease’ (increase) of P and LLE (Pss)

because of the increase in polarizability & , the increase in density p and the increase in

the refractive index n. The increase in the polarizability is in agreement with Poisson’s
raﬁo data sﬁown in Flg 40(b); The magni‘t‘udev of the cc;rrelaﬁdn integral G dimiﬁiéhes
as seen in Fig. 42(b) because of the presence of strong r* dependence in the correlation
integral. It has been shown for Na,0-SiO, glasses that rg.0 = 1.62 A and 7y,0=2.40 A
[108, 109]. Therefore, it is this difference in bond lengths of Al-O and Si-O which we

think is responsible for the decrease of the correlation integral G. From Fig. 43 we see

that]LEI < [AEl < LLE, i.e. the largest contribution to P;, values comes from the first

term, Lorentz-Lorentz effect (LLE), i.e. the term which accounts for the change of
refractive index due to local density changes accompanying the light induced strain.
Besides, the lattice effect (LE) is smaller than the atomic effect (4E) because it is easier

to distort individual atomic sites than the group of atoms (lattice).

5.3.3. RLS Spectroscopy

Unpolarized Raman spectra for the EDSMAS glasses with various NayO
concentrations are shown in Fig. 44. The Raman peak intensities are a function of not
only the number of vibrating modes but also bond polarizabilities, therefore only the
relative changes in abundances of various Q" species with varying Na content can be

deduced from changes in the Raman peak intensities. The structure of EDSMAS glass
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Fig. 44. Raman spectra of EDSMAS glasses of Na-series

becomes more depolymerized with the increase of sodium concentration which is

observed in the high-energy Raman spectrum: two partially resolved peaks at 1100 cm™

and 975 cm™ increase in intensity compared to the intensity of 790 cm™ band. These

peaks attributed to Q’ and Q* species, respectively, become more distinct from each

other with the increase of Na,O/SiO; ratio, which implies that more narrow distribution
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of Q" species takes place, i.e. the overall structure tends to be more ordered. This
observation is in agreement with previous studies of rare-earth aluminosilicate glasses
[20, 22, 30] and rare-earth alkaline silicate glasses [112]. This interpretation of the
spectra is also in agreement with the contention of Brawer and White [113], who
suggested that low field strength modifier ions lead to more ordered structures. We need
to note that the height of 975 cm™ band increases gradually with respect to that of 1100
cm’! band, implying that the number of Q* species increases Slightly compared to that of
Q’ ones. However, throughout the Na-series Q® species still remain the predominant
silicon tetrahedral units.

Based on EDSMAS glass composition, the NBOs formed in Na-series are due to
Na®, Mg*" and Eu®" cations, i.e. Q* and Q° species in this case are represented by (Q’-
Mg, Q>-Na, Q*-Eu) and (Q*-Mg, Q*-Na, Q*-Eu) units. The 1100 cm™ band is dominant
" indicating the preponderance of Q’-Mg, Q3-Na and Q’-Eu species in these gIass
samples with Q*-Na being predominant tetrahedral unit. With the increase of the alkali
content at the expense of the silica content, the whole Raman envelope at (850-1240)
cm™ does not shift toward lower wave-numbers which is expected because the number
of alkali earth and rare earth modifiers is kept constant, i.e. the contribution of Q’-Eu at
~ 1030 cm™ [118] and Q*-Mg species at ~1060 cm™ [19, 118] will be small compared
to Q’-Na at 1100 cm™. The development of contributions from Q' (~ 900 cm™) and Q0
(~ 850 cm™) [110] will be considered negligible. In Table 1(c) we have estimated the
total fraction of NBOs (Rrota NBo) due to the presence of Na', Mg2+ and Bu>" ions. This
trend in the estimated total ratio of NBOs vs. Na;O content supports the increase in

amplitude of the Raman peaks at 975 cm™ and 1100 cm™.
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The pronounced intensity increase of the 580 cm™ Raman band assigned to the
bridging oxygen breathing mode in both three-member pure silicate (Si,Si); [114] and
aluminosilicate (Si,Al)s- rings [34, 115] with increasing Na' can be understood as
follows. The depolymerization of EDSMAS glass" due to sodium incorporatiori is
accompanied by the rapid growth of small ring structures: three-member pure silicate
and aluminosilicate: rings. The band -at 470 cm'l attributed to the bridging oxygen
‘breathing mode in both p{lre silicate- [114] and (Si,Al)-four member rings [115] is not
affected, probably because sodium ions entering into the glass cause the appearance of
small ring structure fragments rather than large ones. Thus, the height of the 580 cm™ is
very sensitive to the degree of depolymerization of EDSMAS glass as in the case of Eu-
series. The height of the Boson peak at ~ 90 cm™ is not affected by Na" ions as it in Eu-
series probably because Na' modifier ions have lower field strength and ionicity
compared to Eu>* ions [117]. It should be noted, however, that Boson peak is sensitive
to the identity of alkali jon in the family of Eu’" doped alkali alkaline silicate glasses

[141].

5.3.4. Solid-State NMR Spectroscopy

27Al NMR spectra of EDSMAS glasses of Na-series are shown in Fig. 45. There
is gradual shift toward more positive values of chemical shift from 53 to 62 ppm,
which is evidence for aluminum nuclei to become less shielded. Moreover, the width

of the *’Al envelope slightly narrows from 24 to 22 ppm. Since with the increase of
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Na,0/Si10, ratio, the Al,O;3 content i1s kept constant, therefore, we effectively
decrease Si/(Si+Al) ratio. The latter effect was observed in aluminosilicate glasses
[85] and parallels the variation for 2’ Al peak maxima in framework aluminosilicate
crystals [142]. The data for model crystalline aluminosilicates [143] indicate that the
progressive deshielding at Al with decreasing Si/(Si+Al) for our glasses is due to a
‘progressive decrease in the mean Al-O-Si angIe per tetrahedron, at least for
compositions with few Al-O-Al linkages. This decrease in the mean Al-O-Si angle
could simply Be due to a decreasing Si/(Si+Al) ratio, but is also fully consistent with
a decrease in the average number of tetrahedra per ring as observed from the
enhancement of the 580 cm™ Raman peak in Fig. 44 and as suggested by [144].

The *’Si NMR spectra of the framework Na-series EDSMAS glasses are the
progressively deshielding of the 'peak maximum (progressively less negative
chemical shifts from -102 to -89 ppm) with decreasing SiO,/Na,O ratio (see Fig.
46). This trend is in agreement with the less negative values of the chemical shift
ranges for Q"(0Al) species with higher n, i.e. in the glass with higher degree of
depolymerization. The range of shifts from -102 to -89 ppm corresponds to the
majority of Q*(0Al) species [55, 137] which fully agrees with our Raman high
energy data.

»Na NMR spectra of Na-series are shown in Fig. 47. *Na nuclei become less
shielded because the peak shift changes from -26 to -17 ppm. The resonance peak
shift and the number of NBO per tetrahedron (NBO/T) may actually be related to the

number of first neighbor network-modifiers. An increase in their number (and
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therefore an increase in NBO/T) may result in the decrease of the positive charge on
the central Na" (higher electron density) and thus an increase in its chemical shift
[86]. It is also worth noting the relatively tight correlations between the **Na
chemical shift, the mean Na-O distance and Na coordination: the less negative
values of chemical shift correspond to shorter mean Na-O bond lengths and lower

‘Na coordination [86].

5.3.5. The relation to holographic grating strength

The decay in the photorefractive grating strength was observed [145] for EDSMAS
glasses with Na,O with slight changes in Al,O; and MgO concentrations. The main
reason for non-increasing trend in nonlinear An was attributed to non-changing pumped
Eu’" ion concentration. Another reason can be the supply of holographicallly inefficient
Na' modifier ions (strongly bound sodiums available through formation of NBO at the
site of depolymerized silica tetrahedra). The number of holographically more efficient
light modifiers (weakly bound Na' ions bound to AlO, tetrahedra) will be small and
constnat since Al,Os; amount is fixed at 2.96 mole %. The decrease of the EDSMAS
glass hardness (elastic constants) measured by the BLS spectroscopy may also
contribute to the destabilization of the traps [73] for the hopping of Na" ions and

therefore to the decreased photorefractive grating efficiency.
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CHAPTER VI
CONCLUSIONS

In the present dissertation using laser light (Brillouin and Raman) scattering and
~ solid-state NMR spectroscopic studies we have studied structural, vibrational, elastic
and photoelastic properties of EDSMAS glasses as a function of content of
indjvidual oxide components: Eu203,‘A1203 and Na20‘ to provide new knowledge
related to the mechanism iihderlying the formation of holographic gratings in these
glassy photorefractive materials during FWM experiment. The acoustic and optical
phonon vibrations ranging from 0.4 cm™ to 0.9 cm™ and from 50 em’ to 1300 cm™,
respectively, were studied. 2°Si, ?’Al and >Na MAS NMR spectroscopies were used
to probe the environment of Si and Al glass network formers and Na' network
modifiers. The main characterization results of these studies are published in [18,
. 19] and reported at confefences [146-151].

The intermediate structural order in EDSMAS glass is determined in large part by
the distribution of NBOs and the partitioning of Al among the various Q" sites. Si and
Al atoms were found to be in tetrahedrally coordinated sites. No Al was observed in 6-
or 5- coordinated sites. The increase of the 580 cm” Raman band’s frequency was
found to be due to introduction of modifying ions, while the decrease of the Raman
mode’s frequency is due to addition of glass network formers. The overall bonding in
all three EDSMAS glass series becomes more polarizable compared to fused silica. The
depolymerization (polymerization) of the EDSMAS glass is mainly characterized by the
presence of NBOs (BOs) and three (four) member silicate and aluminosilicate rings.

Observed photoelastic constants described by Carleton-Matusita theoretical expressions
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are discussed in terms of such structural variations as average polarizability, density,
index of refraction, absorption coefficient, molar mass, bond lengths, Lorentz-Lorentz
effect, lattice effect and atomic effect. The Lorentz-Lorentz effect was the dominant
contribution to'the photoelastic constant P;,. The lattice effect was found smaller than
the atomic effect because it is easier to distort individual atomic sites than the group of
atoms. The decrease of the correlation integral related to radial distribution function was

attributed to the bond length dilation.

6.1. Eu-SERIES

BLS studies revealed that the EDSMAS glass becomes harder due to dbping of Eu’*
(ions with largest ionic radius), their high coordination and their enhanced field strength
with oxygens. In addition, the overall bonding becomes more ionic because Eu’* ions
~ cause fhe formation of larger number of NBOs and higher ionicity of Eu-O bonds.
Spectral changes in the Raman envelope at (840-1240) cm™ indicate that the number of
silica tetrahedra with more than one non-bridging oxygen (NBO) per tetrahedron and
the number of silica tetrahedra with one NBO associated with Eu increase with
increasing rare-earth concentration, so the overall structure becomes more
depolymerized and disordered. The depolymerization was also observed because of the
increase in the number of three-member silicate and aluminosilicate rings. *Si MAS
NMR spectra show a single broad peak with maxima at frequencies attributable to a
predomina.ﬁce of Q° species. *’Al and 2°Si NMR spectroscopies show that aluminum
and silicon species become less observable as Eu,O; content increases, presumably due

to interactions with paramagnetic europium. The >’ Al NMR spectra reveal the presence

130



of only tetrahedrally coordinated Al sites, with a gradual increase in the structural
disorder associated with these sites as the concentration of Eu,0; increases. 2Na sites
are affected by paramagnetic effect and depolymerization. The increased ionicity due to
rare-earth doping enhances the amplitude of the Boson Raman peak. The enhanced
relaxation by the paramagnetic Eu’" ions broadens the width of Si peak more than that
of Al

The increase of the photorefractive grating strength is attributed to the increased
number of pumped rare earth ions, the incregse in the amount of high-energy phonons
liberating light modifiers migrating through the network, the increase in the hardness
éausing enhancement in the stability of traps for'migrating ions. Slow growth of the
grating efficiency at higher Eu’" concentration can be due to passive role of introduced
rare-earths causing the increase in the light ions activation energy as well as due to the

formation of highly depolymerized SiO4 tetrahedra because of rare earth clustering.

6.2. AI-SERIES

From RLS and *’Si MAS NMR spectra we demonstrate the development of
Q"(mAl) species, i.e. the overall number of BOs increases due to formation of new Si-
O-Al bridges and recovering of Si-O-Si bridges by removal of modifying ions from Si-
NBO bonds to compensate the charge of [AlO4] sites. Even at highest alumina (14.88
mole %) content our glass connectivity is mostly governed by Si-O-Si linkages. These
processes are accoﬁlpanied by the development of more polymerized network in the
form of (Si,Al)s-member rings rather than fragmental structure in the form of (Si,Al)s-

member rings with Al in tetrahedral coordination. They are all supported by the
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enhancement of the glass hardness measured by BLS and attributed mostly to the
capturing of free space by Al replacing Si. Observed by BLS concurrent increase in
Poisson ratio and glass polarizability was attributed to the formation of more ionic
[AIO4]M bonds compared to those of Si-OM. Thus, Al concentration-induced transfer
of modifying ions from SiO, toward AlQO, tetrahedra plays an important dual role:
polarizing the structure of the EDSMAS glass and causing it to be harder. The trend in
the enhanced .pho;[brve‘frac;[(ive éfﬁciehcy was attributed bt'o the reduced activation ehergy
for forced diffusion of small modifiers bound to AlO4™ clusters rather than to Si-NBOs

and due to increased stability of the traps for migrating light modifiers.

6.3. Na-SERIES

Substitution of soda for silica bringing about a degradation of glass structure is
evidenced by the forfnaﬁon of structurally distinct Q° and Q* species as shown by RLS.
Q’ units remain predominant ones which is also supported by *°Si NMR data. The
increased depolymerization of the network is also in tandem with the concurrent
formation of more fragmental (three-member) pure silicate and aluminosilicate rings
and deshielding of *’Al nuclei. **Na nuclei are deshielded by the first neighbor network
modifier Na ions, which cause the shortening of Na-O bond length and lowering of Na
coordination for the probed Na ion. The unique feature about the EDSMAS glass is that
the structure becomes less incompressible from bulk modulus point of view, which is
explained by the larger leume occupied by Na' ions incorporated into the glass
compared to that of Si atoms, the increase of density and molar mass. Measured by

BLS, the increase in the polarizability of the EDSMAS glass structure is mostly due to
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formation of Si-ONa’' bonds which are more ionic than Si-O-Si bonds. The non-
increasing photorefractive grating strength was observed because of the non-changing
concentration of pumped Eu’" ions, the supply of holographically inefficient (strongly
bound) Na* ions and the decrease of the measured EDSMAS glass hardness

contributing to the destabilization of the traps for the hopping of Na ions.
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CHAPTER VII
RECOMMENDATIONS FOR FURTHER RESEARCH

RLS is a powerful tool for the analysis of glass structures. No other technique,
for instance, is as sensitive for distinguishing between bridging and non-bridging
oxygens or for detecﬁng small proportions of specific ring units in the structures of
" aluminosilicate glasses. However, Raman bands themselves do not constitute
unequivocal “fingerprints” of specific structural units in the spectra of EDSMAS
glasses. Because of this fact, and also the breadth and weakness of Raman bands in
these materials, many cont}oversies have arisen over band assignments. It is only by
consideration of all the available data, including Raman band polarization
characteristics, relative Raman cross-sections, spectral effects of isotopic and atomic
substituﬁons, comparison with model: calculations, comparisons with spectra of
crystalline polymorphs including the spectral changes at the melting point, changes
in band shape and position with temperature and pressure and supporting data from
other analytical techniques such as IR absorption and emission, hyper-Raman
scattering, EXAFS, NMR, BLS and Mossbauer spectroscopy, among others — that
such controversies may be satisfactorily resolved. It would be nice to have more
samples in all three series with larger content of Eu,O;, Al,O; and Na,O in each
series, respectively, to study extended effect of glass component concentration on
EDSMAS glass structure and properties. Higher resolution solid-state NMR with the
large field strengths (> 11 Tesla) is needed to get detailed picture on Al coordination

including possible existence of 6- and 5-fold coordinated Al sites. BLS studies from
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magnons at low temperatures will shed more light on the paramagnetic nature of
EDSMAS glasses.

During the photorefractive process each of the two incident write interfering

_ — —_— L —

beams k™ and k)¢ induce Brillouin scattered waves k™ and &}, respectively.

The latter ones are Bragg-diffracted from the moving acoustic waves a and 21; On

—_—

the other hand, k™ and k™ beams interference yields the refractive index grating

RS —

wave vector k. proportional to the vector difference between acoustic waves g,

and —q_; as follows: £k

arating = k?? —k_;”z oc Z —q_z. . Thus, such simple kinematics
wave vector relation implies that there should be structural correlation between
hologfaphically light-induced refractive index changes and acoustic wave induced-
strain éhanges due to Brillouin light scattering (BLS) process in isotropic glass. The
correlation between a propagating bulk acoustic wave and a stored volume hologram
has been achieved in LiNbO; [152]. For cubic photorefractive piezocrystals the
influence of photoelastic constants values on the light diffracted by holographic
gratings has already been demonstrated [153]. Further theoretical studies are needed
to reveal the detailed physics behind the structural correlation between the

holographically light-induced refractive index changes and acoustic wave induced-

strain changes due to BLS process in isotropic glass.
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