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General Introduction

General Introduction

It has been of interest what kinds of phenomena happen when pressure and/or

temperature become extremely high and/or low because pressure as well as temperature

is an important parameter that governs some natural phenomena. Pressure effect means

a decrease of volume in other word and it is the effect that shortens the distances

between molecules or atoms forming materials from the microscopic viewpoint. When

the distances between molecules decrease, the changes of interaction and state of

aggregation occur and then they are appeared as the structure, property, and changes of

reactivity. Therefore, pressure effect helps us to reveal the state of aggregation and

physical reactivity. It also can be available for the synthesis of new materials. The

synthesis of diamond by high-pressure and high-temperature treatments is one of the

famous examples.

The decrease of volume is accomplished by cooling, and it is said that the

cooling to zero Kelvin is match for the compression under 1.2 GPa. However, the usage

of high-pressure is significant because cooling accompanies not only the decreases of

distance between molecules but also the change ofthe state ofvibration. Needless to say,

a high-pressure apparatus is needed to obtain the adequate pressure effects and the

special techniques are required to generate high pressure. Many kinds of apparatuses are

developed, improved, and used for various experiments [1-31]. These high-pressure

apparatuses are divided into two different types, the one is an isostatic-type apparatus

[1-25], and the other is a shock-wave-type apparatus, which is compressed by

bombarding [26-31]. Bridgman made a development of the fonner type apparatus in the

early days [1,3] and the apparatuses we use today are developed based on his design.

Nowadays, the progress of high-pressure techniques has enabled us to carry out the
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General Introduction

experiments under about half a million GPa [21-25]. The shock-wave method can

generate the high-pressure of more than several million GPa [30,31], though it is an

instantaneous compression.

The experimental and theoretical investigations of substances and/or materials

under high-pressure were also undertaken by Bridgman [32]. So far, a number of data

related to the compression rate of substance [33-37], the high-pressure phase [3~0],

the structure of non-crystalline solids [41-46], transport phenomenon such as diffusion

and electrical conduction [47-50], optical properties [51-56], magnetism [50,57-59],

and mechanical properties [33,60,61] has been accumulated. In recent years, the

experimental results in these fields are conspicuous with the progress of techniques of

measurements under high pressure and the increase of the number of the researchers

studying in the field.

The high-pressure experiments concerned with glasses have also reported in

plenty until now. Bridgman and Simon made a first report in 1953 [62]. In the report,

they systematically investigated the high-pressure effect on two simple oxide glasses

such as Si02 and B203, and several silicate glasses by measuring the densities,

dimensions, and X-ray diffraction patterns. In the study, disc-shaped glasses (diameter:

5 - 8 mm, thickness: 0.15 - 0.25 mm) were compressed by uniaxial-pressing at room

temperature. The densities of compacted glasses increased by 6 - 8% with pressure

treatment up to 10 - 20 GPa. This fact is now known as "permanent densification

phenomenon of glass", which is observed only for glassy materials due to their

structural freedom. They also investigated the thermal annealing effects of densified

glasses and then determined the activation energies of thermal relaxation.

Cohen and Roy [63], on the other hand, investigated the applied pressure

dependence of refractive index of Si02 glass, which was powdered sample with particle

size of 40 - 80 ~. They obtained a quite different result from Bridgman and Simon
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General Inuoduction

[62], that is, the rates of increase in densities in the powdered samples are larger than

those of bulk samples, and the threshold pressure for permanent densification (plastic

deformation) becomes low (bulk: ~10 GPa, powder: ~2 GPa). Furthermore, the

increased refractive index by high-pressure treatment is stable and the decrease is

observed by the thermal annealing at 600°C at atmospheric pressure. Afterward,

Mackenzie [64], however, examined the pressure effects of densities of Si02 glass with

a piston-cylinder-type high-pressure apparatus, which was a different type apparatus

from Roy's. In the study, he confirmed the decrease of densities of densified glass due

to thermal annealing and explained the several different results as follows. In the high­

pressure treatments by Roy et al., the applied pressure was released during the heating

treatment and then the temperature was returned to room temperature. In the result, the

pressure effect became weak by annealing effect, therefore, no decrease of refractive

index was observed on densified glass due to thermal annealing at atmospheric pressure.

Afterward, Sakka and Mackenzie [65] made an experiment with the same high-pressure

apparatus as Roy's, and obtained the similar results to Mackenzie's. From these

investigations performed in the early years, it is widely known that the applied pressure

should be released after the temperature is returned to room temperature.

Another important point, which we have to keep in mind when we investigate

the high-pressure effects, is whether the generated pressure field is hydrostatic or not.

That depends on the methods of compression. Generally, hydrostatic pressure field is

obtained by using gases or liquids as a pressure-transmission medium [66-68], and non­

hydrostatic pressure field, which is involved with share-stress, is obtained by using a

solid substance such as powder as a pressure-transmission medium [62-64]. The rate of

increase of densities compressed with non-hydrostatic pressure field is larger than that

of hydrostatic pressure field, and, because of the share-stress, the local structure inside

the glass has large distortion and results in fragile. Furthermore, because the difference
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General Introduction

in the pressure field influences the density, structure, and physicochemical properties of

glass, it is necessary to take it into account in discussion.

Many kinds of pressure effects such as densities [62-68], mechanical

properties [60,61], optical properties [55,69-71], chemical properties [72-74], and the

relaxation behavior due to thermal annealing [64,75-77] on densified glasses have been

investigated so far. From these investigations, the permanent densification phenomenon

of glass is of great interest from the viewpoint of glass technology because the

physicochemical properties of glass can be changed largely without changing glass

composition. The phenomenon is also of interest from the viewpoint of glass science

because a part of changed structure is permanently kept even after removal of the

applied pressure. The developments of high-pressure experimental methods have

enabled us to investigate the structures of densified glasses and even those of the glasses

under high pressures.

More recently, materials processing technology by using femtosecond laser

irradiation has attracted tremendous interest from both the scientific and technological

communities. In particular, the use of femtosecond laser processing to write three­

dimensional structures in transparent materials is technologically attractive for

applications such as optical waveguides [78,79]. The refractive index changes can be

induced within various kinds of glasses such as silica, borate, phosphate, fluoride, and

chalcogenide glasses, by irradiating the glass with femtosecond laser pulses [80].

Although the mechanism of change in refractive index has not been cleared yet,

densification of materials by irradiating is considered to be one of the causes. Therefore,

the elucidation of the mechanism of densification by high-pressure treatment is helpful

and should be paid attention in order to clarify the irradiation effects in the materials.

Many kinds of studies on the structural analysis have been carried out for

Si02 glass and two-components silicate glasses because of their simple compositions
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General Introduction

and chemical stabilities. Raman scattering and infrared absorption are observed by the

change of polarizability and the vibration and rotation of molecules, respectively. So

these measurements are often used for investigating the glass structure because the

combined state can be revealed by these spectra (several hundred to several thousand

em-I). In the case ofSi02 glass, whose structure has three-dimensional random structure

composed of Si04 tetrahedra, the structural changes by applying high-pressure are

revealed as follows by in-situ Raman scattering spectroscopy and in-situ infrared

spectroscopy. At fIrst, the Si-Q-Si bond angle decreases, keeping the Si04 tetrahedron

unit, with increasing the applied-pressure [42,44]. Then the ring-structures composed of

5 - 8 members Si04 tetrahedra change into smaller ring-structures composed of 3 - 4

members Si04 tetrahedra [42,81]. Further increasing applied pressure, the increase of 0

coordination number of Si from 4 to 5 - 6 occurs [82]. The threshold pressure of

irreversible structural changes is around 8 GPa [82].

The number of studies for ionic glasses is not so many in comparison with the

covalent glasses such as silicate glasses. Park and Uhlmann made an experiment on

aluminate glass, which is an ionic glass and has less directional nature in the bonds

between the constituent elements than silicate glasses. From the results, they reported

that densifIcation of glass is not affected by the difference in chemical bond [83].

Aasland et al. investigated the formation of fluorozirconate glasses under high pressures.

In the study they made measurements of Raman scattering spectra and infrared spectra

on fluorozirconate glasses under high pressure and reported that the F- coordination

number increases with increasing applied-pressure [84]. In general, the structure

between the glass under high pressure and densifIed glass obtained by high-pressure

treatment is different. However, it has not been investigated on ionic glasses such as

fluorozirconate glasses in that viewpoint.

It has already passed about fIfty years since the discovery of permanent
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densification phenomenon of glass. However, the structural studies of densified glasses

are limited to oxide glasses and the densification mechanism has not been clarified

enough. In the present study, therefore, I investigate the permanent densification

phenomenon of several glasses with different chemical structures. The objectives of this

study are to discuss the densification behaviors in the viewpoint of chemical structures

of glasses and to elucidate the mechanism of permanent densification of the respective

glasses. Glasses employed in this study are fluoride, silicate, and chalcogenide glasses.

Fluorozirconate glass is one of the fluoride glasses and was discovered by

Poulain et al. during an investigation of crystalline laser host materials in 1975 [85].

Since then, intensive researches have been carried out in order to examine the structure

and properties of the glass. Fluorozirconate glass is highly ionic materials in the

chemical bonds between constituent ions and the packing density is extremely high

(-60%). The structural unit of the glass is ZrFn (n = 7 - 8) polyhedron and these ZrFn

polyhedra construct three-dimensional random network structure. Recently,

fluorozirconate glasses are paid much attention as a host glass for optical device

because of their high efficiency of emission of rare-earth ions doped in glass matrix and

their high refractive index.

Trap and Stevels have reported that some silicate systems such as the

SiOz-KzO-CaO-SrO and SiOz-KzD-CaO-BaO systems are easily vitrified even in

compositions below 50 mol% SiOz contents [86]. They demonstrated the dependences

of physicochemical properties such as dielectric and mechanical losses, viscosity, and

thermal expansion coefficient in these glasses. They presumed an inversion in the

structure role of glass-network modifying cations around 50 mol% SiOz contents and

they termed the silicate glasses containing less than 50 mol% SiOz contents as "invert

glass". The conventional silicate glasses are characterized by a random network

structure composed of Si04 tetrahedra, in the interstices of which a number of network
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modifier ions are situated. The physicochemical properties of these glasses are mainly

determined by the behavior of this network. However, with going to a rather low silica

content, the coherence of these glasses and their physicochemical properties can no

longer be determined by the spatial Si04 tetrahedra network, because of the short Si04

tetrahedra chains. The cations determine the behavior of the glass. Because these

systems can be vitrified in wide composition ranges, the chemical bond between glass

constituent ions can be changed widely.

Germanium disulfide, GeS2, glass is one of the single component compounds

which can be vitrified. Kawamoto and Tsuchihashi examined this Ge-S system glasses

in 1969 for the first time [87]. In the study, they investigated the structures and

physicochemical properties of this system with several techniques. The structure of

GeS2 glass is similar to that of Si02 glass, however, they are much different each other

in the chemical bond between the glass constituent ions. That is, the chemical bond

between Ge and S is strongly covalent compared to Si02 glass. Furthermore, the radius

ofglass constituent anion, S, is larger than that of O.

The present studies are concerned with the permanent densification

phenomenon ofvarious glasses with different chemical structures. The thesis consists of

two parts. In Part I (Chapters from 1 to 4), I describe the investigations of peculiar high­

pressure behavior in permanent densification, which was found for the first time in the

present studies. In Part II (Chapters from 5 to 8), I examined the permanent

densification behavior of GeS2 glass by structural analyses using several spectroscopic

methods. The contents of the respective chapters are as follows.

In Chapters 1 and 2, I describe the peculiar high-pressure behavior in

permanent densification observed in fluorozirconate glasses. I examine the local

structures around glass-constituent cations in the undensified and densifid

fluorozirconate glasses by means of Raman scattering spectroscopy, Eu3
+ fluorescence
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spectroscopy, and EXAFS spectroscopy. Then I propose the mechanism of peculiar

high-pressure behavior based on the results of the structural analyses.

In Chapter 3, I describe the permanent densification experiment in

Si02-K2D-CaG-SrO silicate glasses. At first, I clarify the structures of invert­

composition glasses, whose structure has not been cleared yet, by 29Si MAS NMR

spectroscopy. Then I investigate the composition dependence of the densification

behavior. Finally, I make an attempt to disclose the skeleton structure composed of Si04

tetrahedra in order to interpret of densification behavior on each glass.

In Chapter 4, I discuss the densification behavior of glasses having different

chemical-bond properties and structures. For the discussion, I employ ionic ZrF4-based

fluoride glasses, mixed ionic and covalent Si02-based oxide glasses, and a covalent

GeS2 sulfide glass as densification experiments. The discussion of pennanent

densification phenomenon of glass from this standpoint is a first report.

In Chapters 5 and 6, I clarify the structure of densified GeS2 glasses by means

of Raman scattering spectroscopy, XAFS spectroscopy, and X-ray radial distribution

analysis. I propose the densification mechanism based on the structures of GeS2

polymorphous and structural-changes in GeS2 glass with densification. I also discuss the

change of the bandgap energy with densification.

In Chapter 7, I investigate the local structural-change around Ge in GeS2 glass

through compression and decompression processes, i.e., densification process, by an in­

situ EXAFS method. I believe that investigating the structure of glass under high

pressures is important for an elucidation of mechanism of permanent densification.

From this measurement, I clarify the change of structural unit, GeS4 tetrahedron, in

GeS2 glass through densification process.

In Chapter 8, I describe the thermal relaxation behavior of densified GeS2

glass. The analyses of thermal relaxation give some information of densified glasses. I
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General Introduction

clarify the presence of two types of relaxation processes, that is, the fast and slow

processes, in the thermal relaxation in densified GeS2 glass. Then, I estimate the

activation energies of each relaxation process. I also examine the structural relaxation

during both processes by the measurements of Raman scattering spectra and EXAFS

spectra. Finally, I discuss the relationship between the red shift of visible absorption

edge and the structural change through thermal relaxation.
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Chapter 1

Peculiar High-Pressure Behavior •In

Permanent Densification of Fluorozirconate

Glass

1.1. Introduction

In general, it has been well established that glasses subjected to high-pressure

treatment undergo a significant increase in density that persists even after removal of

the applied pressure. Bridgman and Simon demonstrated this permanent densification

phenomenon of glass for the first time in 1953 [1]. Thus far this phenomenon has been

investigated using various kinds of oxide and chalcogenide glasses [2,3]. These

investigations have revealed that the permanent densification at a given temperature

promotes with increasing applied-pressure, though the degree of densification is

somewhat different, depending on both glass system and glass composition. The

permanent densification of glass is of interest from the viewpoint of glass science

because the change in glass structure is permanently kept. Also, it is of importance from

the viewpoint of glass technology because the optical, electrical, mechanical, and

magnetic properties ofglass are largely changed without changing glass composition.

Heavy metal fluoride glasses (HMFG), which are represented by

fluorozirconate glasses, have the following structural features: The chemical bonds
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between glass-constituting cations and fluoride ions have extremely high ionic character.

As a result, the packing densities of glass-constituting ions in HMFG reach about 65%,

compared with 20 - 40% in oxide glasses. The permanent densification in HMFG is of

much interest from the phenomenological point of view. Nevertheless, there have been

no reports except for a study on "formation of fluorozirconate glasses under high

pressures" [4]. However, even this study is not concerned with the permanent

densification of fluorozirconate glasses.

In this chapter, a permanent densification experiment on a fluorozirconate

glass is carried out and a peculiar behavior of permanent densification, which has not

been observed in any other glasses so far, is reported.

1.2. Experimental Procedure

A fluorozirconate glass employed for the permanent densification experiment

was a 60ZrF4·30BaF2·10EuF3 glass (ZBE glass). The glass was prepared from high­

purity ZrF4, BaF2, and EuF3 as starting materials. A batch of 5 g of the mixture with a

small amount of~F'HF added as a fluoridizing reagent was placed in a Pt crucible

and melted at 450°C for 15min and then at 900°C for 15 min in an Ar gas atmosphere.

The glass was obtained by pouring the melt into a brass mold maintained at about

200°C and then it was annealed at the glass-transition temperature for several hours.

The obtained glass was cut into a plate of 8 x 8 x 2 mm3in size.

The high-pressure and high-temperature treatment of the ZBE glass was

carried out with a 6-8 multi-anvil-type high-pressure apparatus [5]. The sample was

compressed up to desired high pressures, i.e., 1.5, 3.0, 4.5, 6.0, and 9.0 GPa, with a

0.033 GPa·min-1 ascending rate at room temperature. Then the sample was heated up to
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250°C within 5 min under each pressure and then it was kept at this temperature for 30

min. After the heating treatment, the sample was cooled to room temperature within 5

min and then the applied pressure was released with a 0.033 GPa·min-1 descending rate.

Densities of the glasses were measured by the Archimedes method using CC4

as an immersion liquid.

Raman scattering measurements were performed in the wavenumber range of

250 - 1000 cm-1 at room temperature with a Perkin-Elmer 2000NIR FT-Raman

spectrometer. ANd:YAG laser (Aemission = 1064 nm) with 500 mW power was used as an

excitation source.

Fluorescence spectra of Eu3
+ were measured in the wavelength range of 570 ­

670 nm at room temperature with a lllTACHI F-3020 fluorescence spectrophotometer.

The wavelength ofexcitation light was 395 nm ofaXe lamp.

1.3. Results and Discussion

1.3.1. Densities

In Figure 1.1, the densities of ZBE glasses before and after high-pressure

treatment are plotted against the applied pressure, together with the experimental error

bars. It can be seen from the figure that the density steeply increases with increasing

applied-pressure up to 3.0 GPa, and shows a maximum value at 3.0 GPa, then gradually

decreases with further increasing applied-pressure. Such a density variation with

pressure is a very strange behavior, which has not been reported previously. In order to

ascertain whether this strange behavior is due to a mistake in experimental procedures

or not, the experiments were conducted several times. The observed density-pressure

variations were almost the same as shown in Figure 1.1. Furthermore, no crystallization
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was confmned for the densified glasses in the X-ray diffraction measurements.
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Figure 1.1 Pressure dependence of density of60 ZrF4·30BaF2·lOEuF3 glass.
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1.3.2. Raman Scattering Spectra

Figure 1.2 shows the Raman scattering spectra of the undensified and

permanently densified ZBE glasses. The band at about 580 cm-l is assigned to the

totally symmetric stretching vibration of ZrFn polyhedra (n = 7 or 8) [6]. Figure 1.3

shows the pressure dependence of the peak position (the center of gravity in band area)

of the bands. As can be seen from the figure, the peak position shifted linearly to lower

energies up to 3.0 GPa with increasing applied-pressure. However, the peak positions

are approximate the same values with further increasing applied-pressure. Aasland et al.

[4] have mentioned that the low energy shift of the -580cm-1 Raman band is due to an

increase in the F- coordination number of zl+. Therefore, the Raman band shift

observed for permanently densified ZBE glasses indicates that, though the F­

coordination number of Zr4
+ increases up to 3.0 GPa, no subsequent increase in F"

coordination number takes place in glasses densified under pressures above 3.0 GPa.

However, an additional interpretation might be given. As the linkage manner of ZrFn

polyhedra connection, there exists comer-sharing and edge-sharing [6]. Thus, the

discontinuity at 3.0 GPa could be due to a change the linkage manner in ZrFn polyhedral

connectivity.
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Figure 1.2 Raman scattering spectra of undensified and permanently densified 60

ZrF4'30BaF2'lOEuF3 glasses.
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Figure 1.3 Pressure dependence of peak: position of totally symmetric stretching

vibration ZrFn polyhedra (n = 7 or 8) in undensified and permanently densified 60

ZrF4·30BaF2·10EuF3 glasses.
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1.3.3. Fluorescence Spectra ofE'/+

The Eu3+ fluorescence spectra of the undensified and permanently densified

ZBE glasses are shown in Figure 1.4. In the spectra, the 5Do ~ 7FJ (J = 0, 1, and 2)

bands give information about the P- coordination environments around Eu3+ [7,8]. The

peak position and the full width at half maximum (FWHM) of the 5Do ~ 7F0 band give

the P- ligand field strength for Eu3+ and the degree of a variety of Eu3+ sites,

respectively. On the other hand, a ratio of the integrated intensity of the 5DO ~ 7F2 band

to that of the 5Do ~ 7F1 band informs the degree of a deviation from inversion

symmetry in the F- coordination around Eu3+. As can be seen from the figure, the 5D1

~ 7F3band overlaps the 5Do ~ 7FJ (J = 0, 1, and 2) bands. Therefore, the separation of

the 5D1 ~ 7F3 band from the 5Do ~ 7FJ bands was performed by curve fitting with a

Gaussian-type function, as indicated in the figure. In Figure 1.5, the peak positions and

the FWHM of the 5Do~ 7F0 bands in the undensified and permanently densified ZBE

glasses are plotted against applied pressure. The figure indicates that both the F-ligand

field strength around Eu3+ and the degree of a variety of Eu3+ sites reach maximum

values at about 3.0 GPa and become constant values above about 3.0 GPa. On the other

hand, the degree of deviation from inversion symmetry in the F- coordination around

Eu3+ increases monotonically with increasing applied-pressure, as shown in Figure 1.6.

The increase in the P- ligand field strength around Eu3+is probably due to an increase in

the F- coordination number ofEu3+, though there is no definitive evidence at present. To

obtain information about the F- coordination environments around Eu3+ under high

pressures, a molecular dynamics simulation has been performed. The result revealed

that, when high pressures are applied to the ZBE glass, the Eu3+-F- inter-ionic bond

length barely changes, but the average P- coordination number of Eu3+increases under

high pressures. In high EuF3 content of 10 mol%, Eu3+may play an ambivalent role, i.e.,

that of a glass-forming ion and a glass-modifying ion. A change in the role under high
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pressures might be related to the pressure dependence of Eu3
+ fluorescence in Figures

1.5 and 1.6.
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Figure 1.4 Fluorescence spectra of Eu3+ in undensified and permanently densified 60

ZrF4·30BaF2·10EuF3 glasses.
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1.3.4. Mechanism of Peculiar Permanent Densijication

Behavior

The following is postulated to explain the peculiar pressure-density variation

observed in permanently densified ZBE glass, namely, a maximum density at about 3.0

GPa and then a gradually decreased density above about 3.0 GPa. The schematic

diagram in Figure 1.7 gives an interpretation, although speculative, for the peculiar

pressure-density variation. Pressure dependences of the density of ZBE glass and the P­

coordination environments around Zr4+, Eu3+, and Ba2
+ in the densified glass are

depicted in this figure. In the diagram, solid lines represent the observed pressure

dependences, broken lines represent the hypothetical pressure dependences, and a dotted

line represents the pressure dependence that should be observed for Ba2
+. As can be

seen from the figure, the densification for F- coordination around Ba2+ exhibits a

maximum value at about 3.0 GPa and progressively decreases above 3.0 GPa. By

assuming such a densification behavior of the F- coordination around Ba2
+, the

permanent densification behavior observed for the ZBE glass may be explained. To

ascertain the densification behavior assumed for the F- coordination around Ba2
+, XAFS

experiments ofBa2+ are planned.

The peculiar permanent densification behavior observed for the 60

ZrF4'30BaF2'10EuF3 glass may be attributed to a spontaneous structural-relaxation of

the F- coordination environments around Zr4+, Eu3+, and Ba2+, which takes place

instantaneously when the applied pressure returns to atmospheric pressure. The fact that

more than three-quarters of the glass volume are occupied by F- and, therefore, the P­

coordination geometry is ofmajor importance should be kept in mind.
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Figure 1,7 Schematic diagram showing pressure dependences of density of 60

ZrF4·30BaF2,lOEuF3 glass (a) and densification in F- coordination around Zr4+ (b), Eu3+

(c), and Ba2+ (d) in the glass.
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1.4. Conclusion

A 60ZrF4·30BaF2·10EuF3 glass was densified under 1.5, 3.0,4.5,6.0, and 9.0

GPa at 250°C with a 6-8 multi-anvil-type high-pressure apparatus. The densities of

permanently densified ZBE glasses exhibit a maximum value at the 3.0 GPa treatment

and then a marked decrease with increasing applied-pressure.

The local structural-changes around Zr4+ and Eu3+ ions were examined by

means ofRaman scattering spectroscopy and Eu3+ fluorescence spectroscopy.

In Raman scattering spectra, the peak position of totally symmetric stretching

vibration of ZrFn (n = 7 or 8) shifted linearly toward lower energies up to 3.0 GPa with

increasing applied-pressure. Above 3.0 GPa, however, the peak positions are

approximate a constant value. This fact indicates that the P- coordination number

around zl+ increases up to 3.0 GPa, and that the discontinuity in the change of ZrFn

polyhedron connectivity occurs at 3.0 GPa.

The Eu3
+ fluorescence spectroscopy revealed the following facts: The F­

ligand field strength around Eu3+ and the degree of a variety of Eu3+ sites reach

maximum values at about 3.0 GPa and become constant values above 3.0 GPa. An

increase in F- ligand field strength is due to an increase in the F- coordination number

around Eu3
+. The degree of deviation from inversion symmetry in the P- coordination

around Eu3
+ monotonically increases with increasing applied-pressure.

The spontaneous structural-relaxation, which takes place when the applied

pressure is released, is considered as a cause of a peculiar permanent densification

behavior observed for a 60ZrF4'30BaF2'lOEuF3 glass.
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Chapter 2

Structural Study on Peculiar High-Pressure

Behavior of Fluorozirconate Glass •In

Permanent Densification

2.1. Introduction

When glasses are treated under high pressures at ambient or high

temperatures, significant increase in density is observed. The increase in density

permanently remains even after removal of the applied pressure. Bridgman and Simon

demonstrated this permanent densification of glass for the first time in 1953 [1]. Thus

far, this phenomenon has been investigated on various kinds of oxide and chalcogenide

glasses [2-5]. This phenomenon is of great interest from the viewpoint of both science

and glass technology because the densified structure is permanently kept, and

consequently the optical, electrical, mechanical, and magnetic properties of glass are

largely changed without changing glass composition.

The permanent densification in heavy metal fluoride glasses is of great

interest from the phenomenological point of view, since these glasses have a highly

ionic bond character. Nevertheless, the study is limited to only one, that is, a formation

of fluorozirconate (ZrF4-based) glasses, which has been examined under high pressures

[6]. Even this study, however, has not concerned with the permanent densification of
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fluorozirconate glass. Recently the present author et al. found a peculiar high-pressure

behavior in the permanent densification of a fluorozirconate glass of a

60ZrF4·30BaF2·10EuF3 composition in mol%, as described in Chapter 1. That is, the

density of glass increased with applied pressure until exhibiting a maximum value

around 3.0 GPa and then gradually decreased with further increasing applied-pressure

[7]. In the study, it was postulated that the peculiar high-pressure behavior is attributed

to the structural changes around a glass network-modifying Ba2
+ ion during the release

of applied pressure. Later, such a peculiar high-pressure behavior was found to occur

more remarkably in a 55ZrF4·17BaF2·23NaF·5EuF3 fluorozirconate glass.

In the present study, therefore, the local structures around Zr4+, Eu3
+, and Ba2

+

in the 55ZrF4·17BaF2·23NaF·5EuF3 glass, permanently densified under high pressures

up to 9.0 GPa, are examined by means of Raman scattering spectroscopy, Eu3+

fluorescence spectroscopy, and Zr-K, Eu-LIIl, and Ba-Lm EXAFS spectroscopies. Then

the structural-changes, which may be a cause of the peculiar high-pressure behavior in

permanent densification, are clarified based on these experimental results.

2.2. Experimental Procedures

2.2.1. Sample Preparation

A 55ZrF4·17BaF2·23NaF·SEuF3 glass (ZBNE glass) in mol% was prepared by

using high purity reagents of ZrF4, BaF2, NaF, and EuF3 as starting materials. A 5-g

batch of the starting materials was melted in a Pt crucible at 900°C for 15min in an Ar

gas atmosphere. A small amount of a fluoridizing agent NItJF·HF was added to the

batch in order to remove residual water and also to convert very slight inclusions such

as oxides and oxyfluorides into fluorides. The glass was obtained by pouring the melt
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into a brass mold maintained at about 200°C and then annealed at the glass-transition

temperature (250°C) determined by DTA. The prepared glass was cut into pieces of 8 x

8 x 2 mm3 in size.

2.2.2. High-Pressure and High-Temperature Treatments

High-pressure and high-temperature treatments of the ZBNE glass were

carried out with a 6-8 multi-anvil-type high-pressure apparatus [8] using a high­

pressure cell, as shown in Figure 2.1. The ZBNE glass sample was wrapped with

platinum foil and then embedded in powder ofboron nitride, which works as a pressure­

transmission medium. A platinum thin plate was used as a heater. The temperature was

measured with a chromel-alumel thermocouple. The samples were compressed up to

desired pressures, i.e., 1.5, 3.0, 4.5, 6.0, and 9.0 GPa, with a 0.033 GPa'min-1 ascending

rate at room temperature. Subsequently, these glasses were heated up to 250°C within 5

min under each pressure and they were kept at this temperature for 30 min. After the

heating treatment, the samples were cooled to room temperature within 5 min and then

the applied pressure was released with a 0.033 GPa·min-1 descending rate.

2.2.3. Density Measurements

Densities of ZBNE glasses before and after high-pressure treatments were

measured by the Archimedes method using CC4 as an immersion liquid. The

experimental error in density measurements was about ±0.025 g·cm-3
•
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Figure 2.1 Schematic illustration of 6-8 multi-anvil-type high-pressure apparatus and

high-pressure cell assembly.
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2.2.4. Raman Scattering Measurements

Raman scattering spectra of the undensified and densified ZBNE glasses were

measured in the wavenumber range of 250 - 1000 cm-1 at room temperature with a

Perkin-Elmer 2000NIR FT-Raman spectrometer. An Nd:YAG laser (AemissioD = 1064 nm)

with 500 mW power was used as an excitation source.

2.2.5. EtI+ Fluorescence Measurements

The fluorescence spectra of the 5Do ~ 7FJ (J =0, 1, and 2) transitions of Eu3
+

in the undensified and densified ZBE glasses were measured in the wavelength range of

570 - 670 nm with a HITACHI F-3010 fluorescence spectrophotometer at room

temperature. A 395 nm light ofaXe lamp was used as an excitation source.

2.2.6. Zr-K, Eu-LII1, and Ba-L1II EXAFS Measurements

The EXAFS measurements in this work were performed under the approval of

Photon Factory Program Advisory Committee (PF-PAC Proposal No. 97G046).

The measurements were carried out on the undensified and densified ZBNE

glasses, and also on the ~-BaZrF6 and EuZrF7 reference crystals, which were

synthesized according to the procedures described in Refs. 9 and 10, respectively. For

the measurements the undensified and densified glasses, and the synthesized ~-BaZrF6

and EuZrF7 crystals were finely powdered under an Ar atmosphere in a glove box.

These powders were thinly and homogeneously sandwiched between polyethylene thin

films.

The EXAFS measurements of Zr-K, Eu-Lm, and Ba-Lm were performed at

BL-IOB at Photon Factory in The National Laboratory for High Energy Physics

(Tsukuba). The electron energy and the ring current of the storage ring were 2.5 GeV
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and 250 - 400 rnA, respectively. The monochromators of channel-cut Si(311) and

Si(111) were used for Zr-K and for Eu-Lm and Ba-Lm, respectively. The incident and

transmitted X-ray beam intensities were monitored by ionization chambers with flowing

gases of 100% Ar and (75% N2 + 25% Ar), 100% N2 and 100% N2, and (15% Ar + 85%

N2) and 100% N2, respectively. The measurements were made at room temperature. The

Zr-K, Eu-Lm, and Ba-Lm absorption data were collected in the energy ranges of 17649

- 19049 eV, 6623 -7603 eV, and 4897 - 5619 eV, respectively.

2.3. Results

2.3.1. Densities

Figure 2.2 shows the densities of undensified and densified ZBNE glasses,

which were plotted against the applied pressures, together with the experimental error

bars. In the figure, the previous result ofa 60ZrF4·30BaF2·lOEuF3 glass is also shown. It

can be seen from the figure that the density increases with increasing applied-pressure

until 3.0 GPa, shows a maximum value around 3.0 GPa, and then decreases with further

increasing applied-pressure.
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Figure 2.2 Pressure dependences of densities of permanently densified

55ZrF4'17BaF2·23NaF·5EuF3 (closed circles) and 60ZrF4,30BaF2'10EuF3 (closed

squares) glasses. Lines are drawn between data symbols as guides for eyes.

2.3.2. Raman Scattering Spectra

Raman scattering spectra of the undensified and densified ZBNE glasses are

shown in Figure 2.3, The peaks at about 580cm-1 are attributed to the totally symmetric

stretching vibration ofZrFn polyhedra (n = 7 or 8) [11]. In Figure 2.4, the peak positions

(the center of gravity in peak area) are plotted against the applied pressure, together

with the experimental error bars,
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Figure 2.3 Raman scattering spectra of undensified and densified
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stretching vibration in undensified and densified 55ZrF4·17BaF2·23NaF·5EuF3 glasses.

Line is drawn between data symbols as guide for eyes.
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2.3.3. Fluorescence Spectra ofE'/+

The Eu3+fluorescence spectra of the undensified and densified ZBNE glasses

are shown in Figure 2.5(a). As can be seen from the figure, 5Do --7 7Fo, 5D1 -7 7F3, and

5Do --7 7F1 emission bands overlap each other. Thus, the deconvolution of each band was

necessary in order to obtain the peak position and the full width at half maximum

(FWHM) of 5DO --77FO emission and also to calculate the intensity ratio of the 5Do

-7 7F2 emission to the 5Do --7 7F1 emission. The deconvolution was performed with a

Gaussian-type function by using a curve-fitting program of the least squares method. As

an example, the deconvolution features for the undensified glass are shown in Figure

2.5(b).

2.3.4. Zr-K, Eu-LIIb and Ba-LII1 EXAFSAnalyses

The Zr-K, Eu-LIIl, and Ba-Lm EXAFS oscillation curves, jj{k, 1trIIX(k), of

the undensified and densified ZBNE glasses are shown in Figure 2.6(a-c), together with

those of the ~-BaZrF6 and EuZrF7 reference crystals. The EXAFS data were analyzed

by using a "Xanadu" program [12]. Detailed procedures of the data analyses are

described in Chapter 7. The Fourier transform magnitude curves, ItKr)l, of the

undensified and densified ZBNE glasses, which were obtained from EXAFS oscillation

curves, are shown in Figure 2.7(a-c), together with those of the ~-BaZrF6 and EuZrF7

reference crystals.

In Figure 2.8(a-c), the F- coordination environments around Zr4+, Eu3+, and

Ba2+ (the Zr4+-p-, Eu3+-F-, and Ba2+-F- bond lengths and the F- coordination numbers

ofZr4+, Eu3+, and Ba2l in the respective glasses are plotted against the applied pressure,

together with the experimental error bars.
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Figure 2.5 Eu3
+ fluorescence spectra of undensified and densified

55ZrF4' 17BaF2'23NaF'5EuF3 glasses (a) and deconvolution features of Eu3
+

fluorescence spectrum of undensified glass (b).
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Figure 2.6 Zr-K (a), Eu-Lm (b), and Ba-Lm (c) EXAFS oscillation curves, If{k,
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BaZrF6 and EuZrF7 reference crystals.

2 345

r I A
o2 3

riA
o2 3 4 5

r I A
o

-- -- --::i ::i ::i
~ ~ ~

:s: s -c-
~ ~ ~

Figure 2.7 Fourier transform magnitude curves, ItPCr)l, of Zr (a), Eu (b), and Ba(c) in

undensified and densified 55ZrF4·17BaF2·23NaF-5EuF3 glasses, and ~-BaZrF6 and

EuZrF7 reference crystals.
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Pigure 2.8 Pressure dependences of Zr4+-p- bond length and P- coordination number

of Zr4+ (a), Eu3+-P- bond length and P- coordination number of Eu3+ (b), and Ba2+-F

bond length and P- coordination number of Ba2+ (c) in undensified and densified
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Lines are drawn as guides for eyes.
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2.4. Discussion

2.4.1. Local Structural-Change around Zr4
+

The local structures around Zr4+ in the undensified and densified ZBNE

glasses were examined by analyzing the totally symmetric stretching vibration peaks of

Raman scattering spectra and the Zr-K EXAFS spectra. As can be seen from Pigure 2.4,

the positions of the totally symmetric stretching vibration peaks shifted toward lower

energies with increasing applied-pressure until 3.0 - 4.5 GPa, exhibited a minimum

value around these pressures and then gradually shifted toward higher energies with

further increasing applied-pressure. The peak position of totally symmetric stretching

vibration is related to the force constant between Zr4+ and P-. Therefore, it is assumed

that the energy shift of the peak position is due to a change in the Zr4+-F- bond length.

As can be seen from Figure 2.8(a), the Zr4+-p- bond length shows a very slight increase

(about 0.005 A) in the pressure range of 1.5 - 4.5 GPa and then decreases beyond these

pressures. The ionic radii of Zr4+ at ambient pressure are 0.86, 0.92, and 0.98 A as the

coordination number increases from 6 to 7 and 8, respectively; the ionic radius of P- is

considered to be constant (1.33 A) [13]. If these values are referred to the present Zr-K

EXAFS results, an increase of about 0.005 A in the Zr4+-F- bond length corresponds to

an increase of about 0.1 in the P- coordination of Zr4+, being almost negligible.

Therefore, the pressure dependence of the peak position of totally symmetric stretching

vibration implies that, in the glasses permanently densified under 1.5 - 4.5 GPa, glass

network-modifying Ba2+ and Na+ ions locate near the ZrPn polyhedra, causing a very

slight elongation of the Zr4+-p- bond length. As a result, a decrease in the force constant

of the Zr4+-P- bond leads to a low energy shift of Raman peak. On the other hand, the

Ba2+ and Na+ ions in the glasses densified under pressures above 4.5 GPa become

slightly more distant from the ZrPn polyhedra, causing a recovery of the Zr4+-p- bond
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length and a high energy shift ofRaman peak.

2.4.2. Local Structural-Change aroundE'/+

The local structures around Eu3
+ in the undensified and densified ZBNE

glasses were examined by analyzing the Eu3+ fluorescence spectra and the Eu-Lm

EXAFS spectra. In the Eu3+ fluorescence spectra, the sDo ~ 7FJ (J = 0, 1, and 2) peaks

give infonnation about the F- coordination environments around Eu3
+. The ratio of the

integrated intensity of the sDo ~ 7F2 peak to that of the sDo ~ 7FI peak, I(sDo

~ 7F2)IIeDo~ 7FI), infonns the degree of the deviation from inversion symmetry in

the F- coordination around Eu3
+ [14]. The pressure dependence of the ICDo

~ 7F2)IIeDo ~ 7FI) value is shown in Figure 2.9, together with the experimental error

bars. The IeDo ~ 7F2)IIeDo ~ 7F1) value increased with applied pressure, indicating

that the degree of a deviation from the inversion symmetry monotonously increases

with pressure. On the other hand, the ligand field strength around Eu3
+ and the

inhomogeneous line-width of Eu3
+ fluorescence can be estimated from the spectral

profile of sDo ~ 7Fo transition [15]. Peak position and full width at half maximum

(FWHM) ofthe emission line of sDo~ 7F0 transition represent ligand field strength and

inhomogeneous line-width, respectively. The pressure dependences of the position and

FWHM of the sDo ~ 7Fo emission peak are shown in Figure 2.10, together with the

experimental error bars. The ligand field strength around Eu3+ increases with increasing

applied-pressure until about 3.0 GPa and then exhibits a maximum value around 3.0

GPa. However, it decreases with further increasing applied-pressure. As can be seen

from the figure, on the other hand, the FWHM of sDo~ 7F0 emission peak increases

with applied pressure until 3.0 GPa and then becomes roughly constant with further

increasing applied-pressure. This indicates that the degree of a variety of the Eu3
+ site

becomes constant around 3.0 GPa and keeps the constant value above 3.0 GPa. As can
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be seen from Figure 2.8(b), however, changes in the Eu3+-F- bond length and the P-

coordination number of Eu3+ are within experimental errors, meaning that no definitive

changes take place. Therefore, it is deduced that changes in the P- coordination

environments around Eu3
+ may be some distortion of the F- coordination polyhedra of

Eu3+.
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Figure 2.9 Pressure dependence of eDo ~ 7F2)/CSDo ~ 7F1) intensity ratio of Eu3
+,

ICSDo ~ 7F2)IICSDo ~ 7F1), in in undensified and densified 55ZrF4·17BaF2·23NaF·5EuF3

glasses. Line is drawn between data symbols as guide for eyes.
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Figure 2.10 Pressure dependences of peak position (filled circles) and full width at

half maximum (FWHM) (filled squares) of Eu3+: 5Do --7
7Fo emission peak in in

undensified and densified 55ZrF4·l7BaF2·23NaF·5EuF3 glasses. Lines are drawn

between data symbols as guides for eyes.

2.4.3. Local Structural-Change around Btl+

The local structures around Ba2+ in the undensified and densified ZBNE

glasses were revealed from Ba-Lm EXAFS spectra. As can be seen from Figure 2.8(c),

the Ba2+-F- bond length largely changed with applied-pressure, compared with those of

zl+ and Eu3+. The Ba2+-F- bond length exhibited a remarkable increase ofabout 0.03 A

in the pressure range of 1.5 - 4.5 GPa and then a large decrease in the pressure range

above 4.5 GPa. The ionic radii of Ba2+at ambient pressure are 1.36, 1.42, 1.47, 1.52,
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and 1.60, as the coordination number increases from 6 to 7, 8, 9, 10, and 12,

respectively; the ionic radius of F is considered to be constant (1.33 A) [13]. If these

values are referred to the present Ba-Lm EXAFS results, an increase of about 0.03 Ain

the Ba2+-F bond length corresponds to an increase of on the average 0.5 - 0.6 in the F

coordination ofBa2
+. It has been clarified that crystalline BaP2 with a cubic fluorite-type

structure at ambient pressure transforms to the orthorhombic cotunnite (PbCh) structure

above 3.5 GPa, and then to the NhIn-type structure above 12 GPa. These high-pressure

phases transformed by high pressure are quenchable at ambient pressure [16]. In the

first- and second-phase transitions, the Ba2+-p- bond length increases (0.07 Aand 0.10

A, respectively) and the P- coordination number of Ba2+ increases from 8 to 9 and then

11, accompanying an increase in the density. The following fact should be noted here: In

the present EXAFS result of the P- coordination number of Ba2
+, no observation of the

corresponding pressure dependence may be due to a difficulty in obtaining accurate

coordination number in an EXAFS analysis. The reason is because Iqxf)/ was so very

wavy and heavily overlapped, as can be seen from Pigure 2.7(c).

In order to investigate the local structure around Na+ in the undensified and

densified ZBNE glasses, the Na-K EXAFS measurements were performed. The EXAFS

spectra, however, overlapped with Eu-Mv EXAFS oscillation. Regrettably, therefore, no

information about the local structures around Na+ was obtained.

2.4.4. Mechanism of Peculiar Permanent Densiflcation

Behavior

Prom a comparison of the local environments of Zr4+, Eu3
+, and Ba2+ ions in

the present ZBNE glasses, the local structures around a glass network-modifying Ba2+

ion are more influenced by high-pressure treatments than glass network-forming Zr4+

and Eu3
+ ions. Therefore, the peculiar densification behavior observed for the ZBNE
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glass may be attributed to the structural changes around glass network-modifying Ba2+

and Na+ ions. That is, the following facts may be speculated. When high pressures are

applied to the ZBNE glass, changes in the P- coordination environments around Zr4+,

Eu3+, Ba2+, and Na+, and also the distortion of ZrPn and EuFn polyhedra occur at the

same time. Consequently, the in-situ densities are increased. As soon as the applied

pressures are released, however, a recovery of the P- coordination environments around

zl+ and Eu3+ and the distortion of ZrFn and EuFn polyhedra take place somewhat.

However, the structural relaxation in the P- local structures around Ba2+and Na+ largely

occurs, and consequently, the densities are remarkably decreased. In such a case, the

driving force of relaxation is proportional to the magnitude of applied pressure in

densification, so that the glasses treated under high pressures relax in higher magnitude

than those treated under lower pressures. As a result, a peculiar high-pressure behavior

in permanent densification is observed.

In closing, the following is mention. Tamai and Kawamoto [17-19] have

performed molecular dynamics (NID) simulation studies on the permanent densification

of a ZBNE glass. A peculiar high-pressure behavior observed for the real ZBNE glass

has been satisfactorily reproduced. Prom the MD simulation analyses, a mechanism of a

peculiar high-pressure behavior has been clarified on an atomic scale. For example,

changes in the P- coordination environments around Zr4
+, Eu3

+, Ba2+, and Na+ ions and

the connectivity of glass network-forming ZrPn and EuFn polyhedra with compression

and decompression processes have been examined in detail. Consequently, the same

mechanism as that mentioned in the present discussion has been proposed.
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2.5. Conclusion

A 55ZrF4·17BaF2·23NaF·5EuF3 glass was densified under 1.5, 3.0, 4.5, 6.0,

and 9.0 GPa at 280°C with a 6-8 multi-anvil-type high-pressure apparatus. The

densities of permanently densified glasses increased until 3.0 GPa, reached a maximum.

value around 3.0 GPa, and then decreased with further increasing applied-pressure.

The local structures around zl+, Eu3+, and Ba2+ ions of the undensified and

permanently densified glasses were examined by means of Raman scattering

spectroscopy, Eu3+ fluorescence spectroscopy, and Zr-K, Eu-Lm, and Ba-Lm EXAFS

spectroscopies.

In Raman scattering spectra, the peak position of totally symmetric stretching

vibration of ZrFn (n = 7 or 8) polyhedra shifts toward lower energies with increasing

applied-pressure. This fact indicates that the force constant of Zr4+-F- bond decreases

because of a slight elongation of the Zr4+-F- bond length. The Eu3+ fluorescence

spectroscopy revealed the following three facts: (1) The degree of a deviation from the

inversion symmetry in EuFn polyhedra monotonously increases with pressure. (2) The

ligand field strength around Eu3+ increases with increasing pressure until 3.0 GPa and

then decreases with further increasing applied-pressure. (3) The degree of a variety of

Eu3+ site reaches a maximum around 3.0 GPa and becomes constant above about 3.0

GPa.

The Zr-K and Ba-Lm EXAFS analyses gave a fact that the F coordination

environment around Ba2+exhibits a very large change in the pressure range of 1.5 - 4.5

GPa and that around ZrF4+exhibits a slight change with densification.

As a cause of a peculiar high-pressure behavior observed ill the

55ZrF4·17BaF2·23NaF·5EuF3 glass, a spontaneous structural relaxation in the F

coordination environments around Ba2+while releasing applied-pressure is considered.
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Chapter 3

Permanent Densification Behavior and 29Si

MAS NMR of Si02-K20-CaO-SrO Glasses

3.1. Introduction

Trap and Stevels [1] have reported that some silicate systems such as the

Si02-K2D-CaD-SrO and Si02-K2D-CaD-BaO systems are easily vitrified even in

compositions below 50 mol% Si02. They have demonstrated that, in these glasses, the

dependences of physicochemical properties such as dielectric and mechanical losses,

viscosity, and thermal expansion coefficient on the Si02-content reverse in going across

the 50 mol% Si02 composition. They have presumed an inversion in the structural role

of glass network modifying cations around about 50 mol% Si02 and termed the silicate

glasses containing less than 50 mol% Si02 as an 'invert glass' [1]. According to their

argument, glass network modifying cations in compositions above 50 mol% break

glass-network composed of Si04 tetrahedra, while the cations in compositions below 50

mol% Si02 stabilize the glass structure by ionic bonds between glass network

modifying cations and anions composed of small group of an Si04 tetrahedron.

Although Trap and Stevels have proposed a schematic structure-model of such an

'invert glass', no structural studies of the invert glasses have been performed so far.

In the permanent densification study of xSi02·0.4(IOO - x)K20·0.4(100 ­

x)CaO·0.2(100 - x)srO glasses (x = 42.1, 47.1, 50.0, 57.1, and 66.7) in mol%, more
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recently, the present author et al. found a peculiar behavior for the glasses of x below

50.

29Si magic angle spinning (MAS) NMR spectroscopy for silicate glasses is an

appropriate method to reveal the local structures around a Si nucleus. That is, five types

of Si04 tetrahedra with the bridging-oxygen number n, Qn (n = 0 - 4), can be

discriminated from the isotropic chemical shifts and, moreover, the Qn fractions can be

estimated from the respective peak areas. Owing to these advantages the structures of

many silicate glasses have been studied. For example, binary alkali-silicate glasses have

been examined by this technique by Maekawa et al. [2] and Grimmer et al. [3].

In the present work, 29Si MAS NMR spectra are measured for undensified

xSi02·0.4(lOO - x)K20·0.4(lOO - x)CaO·O.2(lOO - x)srO glasses (x = 41.2 - 66.7) in

mol% and the glasses of x = 42.1, 47.1, and 57.1,which were permanently densified

under 3 and 6 GPa. At first, the skeleton structures composed of Si04 units in the

undensified glasses are discussed and then the structures of the densified glasses are

discussed in comparison of those of the undensified glasses. The present glasses are

easily vitrified even in x = 41.2 and also are not hygroscopic, so that the NMR data are

probably more reliable than those of Na2Q-Si02 glasses which are hygroscopic in

compositions with low Si02 contents. On the other hand, 29Si MAS NMR studies of

permanently densified silicate-glasses have not been performed so far to our knowledge.
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3.2. Experimental Procedures

3.2.1. Glass Preparation

Glasses prepared in the present study have the compositions ofxSiOz·0.4(100

-x)KzO·O.4(lOO -x)CaO·O.2(lOO -x)srO, where the x values are 41.2, 42.1, 43.0, 44.4,

47.1,50.0,57.1, and 66.7 and the molar ratio ofKzO:CaO:SrO is fixed to 2:2:1.

Trap and Stevels [1] introduced a parameter 'Y' that means the average

number of bridging-oxygen ions per a Si04 tetrahedron. The parameter Y can be

calculated from

Y= 6 -200 Ix (3.1)

where x is SiOz mol%. Equation 3.1 means that the Y is independent of the kinds of the

glass network modifying ions. In the prepared glasses, the x-values of 41.2,42.1,43.0,

44.4,47.1,50.0,57.1, and 66.7 correspond to the :Y-values of 1.15, 1.25, 1.35, 1.5, 1.75,

2.0,2.5, and 3.0, respectively. Hereafter, therefore, these glasses are abbreviated as the

1.15, 1.25, 1.35, 1.5, 1.75,2.0,2.5, and 3.0 glasses by using their :Y-values.

In the present glasses, 0.2 mol% FeZ03 was added in order to shorten the

relaxation time of a Si nucleus with I = 1/2. Reagent-grade SiOz, KZ03, CaC03, SrC03,

and FeZ03 were used as starting materials. The 4-g batches ofwell-mixed reagents were

heated in a 95%Pt-5%Rh crucibles at 750°C for 15 min and then melted at 1400 ­

1550°C for 1 h. The melts were quenched by immersing the bottom of the crucible into

ice water. All the prepared glasses were annealed at the respective glass-transition

temperatures for 5 h.
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3.2.2. Permanent Densijication Treatments

Permanent densification treatments of the 1.25, 1.75,2.0,2.5, and 3.0 glasses

were carried out with a frS multi-anvil-type high-pressure apparatus [4]. The procedure

is the followings: At first the glasses were compressed up to desired high pressures, i.e.

3 and 6 GPa, with a 0.033 GPa'min-1 ascending rate at room temperature. Then these

glasses were heated up to temperatures of three-quarters of the glass-transition

temperatures in Kelvin within 5 min under each pressure. Then these glasses were kept

at these temperatures for 30 min. After the heating treatment the glasses were cooled to

room temperature and then the applied pressures were released with a 0.033 GPa·min-1

descending rate.

3.2.3. Density Measurements

Densities of the undensified and densified glasses were measured by the

Archimedes method using CCLt as an immersion liquid. The experimental error in

density measurements was about ±0.005 g·cm-3
•

3.2.4. NMR Measurements

29Si MAS NMR spectra were measured on powder glasses at 79.463 MHz

(9.4 T) with a Varian UNITY !NOVA 400 MAS FT-NMR spectrometer. A single pulse

sequence was used; a pulse length of 5 Jls, the accumulation of lOOO - 4000 scans and a

pulse delay of 1.0 s. A cylindrical zirconia rotor in which a glass sample was put was

rated at a speed of about 5 - 6 kHz. Polydimethylsilane was used as a secondary

standard whose chemical shift was 8 = -34.5 ppm from TMS.
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3.3. Results

3.3.1. Densities

The densities ofundensified and densified 1.25, 1.75,2.0,2.5, and 3.0 glasses

are shown in Figure 3.1. The densities of the 2.5 and 3.0 glasses increased with

increasing applied-pressure, while the 1.25, 1.75, and 2.0 glasses exhibited the

maximum values at 3 GPa and then gave the decreased values at 6 GPa. The permanent

densification behaviors observed for the latter glasses are peculiar and observed here for

the first time for silicate glasses to the best of our knowledge. These behaviors are

assumed to result from the structural characteristics of these glasses.

3.3.2. NMR Spectra

Figure 3.2 shows the 29Si MAS NMR spectra of the undensified 1.15, 1.25,

1.35, 1.5, 1.75,2.0,2.5, and 3.0 glasses. All the spectra consist of one broad peak with

no splitting in the range from -60 to -110 ppm. The peak positions shifted to higher

magnetic field with increasing y..value (increasing Si02-content).

All the spectra were satisfactorily reproduced by three to five peaks with

Gaussian functions. Peak deconvolution for the 1.15 and 3.0 glasses are shown in

Figure 3.3. The fractions of structural units were estimated from the areas of the

respective peaks. The results of peak separation are given in Table 3.1. For the 1.15,

1.25, and 1.35 glasses the peak deconvolution of Q2 was performed by assuming that

the Q2 consists of different two types of Q2' and Q2", since the spectra of these glasses

were not successfully reproduced by using only one Gaussian curve of Q2. As can be

seen from the Table 3.1, the isotropic chemical shifts ~o of Qo, Qh Q2', Q2", Q3, and Q4

are hardly shifted with y..value. This fact suggests that each Si04 unit in the glasses is
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defInitely distinguished by the isotropic chemical shift and also that the isotropic

chemical shifts corresponding to Q2' and Q2" (about -78 and -83 ppm, respectively)

reflect different structural states of Q2. In the 1.5 - 3.0 glasses, the spectra were

satisfactorily reproduced by only one Gaussian curve of Q2. The &so values of Q2 in the

1.5 - 3.0 glasses shifted from -79.9 to -87.0 ppm with increasing y..value. This shift is

considered to be caused by a change in the Q2' and Q2" fractions in Q2. By assuming

that one Gaussian curve of Q2 in the 1.5 - 3.0 glasses consists of two Gaussian curves of

Q2' and Q2", peak deconvolution of these glasses was performed. The results are also

given in Table 3.1. Because the biso values of Q2 in the 2.5 and 3.0 glasses are smaller

than those of Q2" in the other glasses, the Q2'S in the 2.5 and 3.0 glasses are concluded

to be composed of Q2" alone.

As an example, simulated and experimental 29Si MAS NMR spectra of the

undensified 1.25 glasses are shown in Figure 3.4. The peaks of the glasses become

shaper with increasing applied-pressure, whereas the peak positions are almost

unchanged. All the spectra in this figure were well reproduced by five peaks with

Gaussian functions. The peak deconvolution for the densified 1.75 and 2.5 glasses were

also performed in a similar manner. The results are listed in Table 3.2.
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Figure 3.1 Densities of undensified and densified xSi02·0.4(l00 - X)K20·0.4(l00 ­

x)CaO·O.2(lOO -x)srO glasses ofx = 42.1, 47.1,50.0,57.1, and 66.7 (i.e. Y= 1.25, 1.75,

2.0, 2.5, and 3.0, respectively). Lines are drawn between data symbols of each type as

guides for eyes.
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Figure 3.2 29Si MAS NMR spectra of undensified xSi02·0.4(l00 - x)K20·0.4(l00 ­

x)CaO·O.2(lOO -x)srO glasses ofx = 41.2,42.1,43.0,44.4,47.1,50.0,57.1, and 66.7

(i.e. Y = 1.15, 1.25, 1.35, 1.5, 1.75, 2.0, 2.5, and 3.0, respectively).
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x)srO glasses ofx = 41.2 and 66.7 (i.e. Y= 1.15 and 3.0, respectively).
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Table 3.1 Isotropic chemical shifts (~so), full widths at half maxima (FWHM) and Qn

fractions detennined from 29Si MAS NMR spectra ofxSi02·0.4(l00 - x)K20·0.4(l 00 -

x)CaO·0.2(l00 - x)srO glassesa.

x Ynotation Qn ~so/ppm FWHM/ppm Qn fractions (%)

41.2 1.15 Qo -65.0 10.0 4.1
QI -73.0 6.9 24.7
Q2 61.5

Q2' -77.9 4.4 34.0
Q2" -83.3 7.0 27.5

Q3 -89.5 10.0 9.7

42.1 1.25 Qo -65.0 10.0 2.8
QI -72.9 7.8 23.1
Q2 63.4

Q2' -77.8 5.8 34.6
Q2" -83.5 6.8 28.8

Q3 -89.5 10.0 10.7

43.0 1.35 Qo -65.0 10.0 2.2
QI -72.9 7.8 20.8
Q2 65.3

Q2' -77.9 5.9 34.4
Qz" -83.5 6.8 30.9

Q3 -89.5 10.0 11.7

44.4 1.5 Qo -65.0 10.0 1.9
Ql -73.6 9.5 15.6
Q2 -79.9 9.7 68.3

Q2' -77.2 7.8 34.8
Q2" -82.6 7.6 33.5

Q3 -89.2 9.6 14.2

47.1 1.75 QI -72.4 11.0 9.1
Q2 -80.6 10.0 73.2

Q2' -78.0 7.9 36.6
Q2" -83.3 7.8 36.6

Q3 -89.6 10.0 16.4
Q4 -101.0 15.9 1.3

50.0 2.0 QI -72.0 13.0 7.5
Q2 -81.6 10.0 67.5

Q2' -77.9 7.7 23.0
Q2" -83.4 8.5 44.5

Q3 -90.1 10.0 22.0
Q4 -101.0 15.9 3.0

57.1 2.5 QI -72.0 14.3 3.6
Q2 (Qz") -83.6 9.9 49.4
Q3 -91.5 9.9 39.7
Q4 -101.7 15.9 7.3

66.7 3.0 Q2 (Q2") -87.0 12.7 23.5
Q3 -92.2 10.5 55.4
Q4 -102.3 12.5 21.1

aErrors in Qn fractions are ±2%
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Figure 3.4 Simulated and experimental 29Si MAS NMR spectra of xSi02·0.4(100

X)K20·0.4(l00 - x)CaO·0.2(l00 - x)srO glasses ofx = 42.1 (i.e. Y = 1.25).
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3.4. Discussion

At fIrst the structures ofSi04 units, which reflect Q2' and Q2", are considered.

The Si04 tetrahedra in both a-CaSi03 (pseudo-wollastonite) and ~-CaSi03 (~­

wollastinite) crystals belong to Q2 [5,6]. Three-ring silicate ions in a-CaSi03 (Si-Q-Si

bond angle = 130°) [5] exhibit the ~o value of -83.5 ppm [7], whereas chain silicate

ions in ~-CaSi03 (Si-Q-Si bond angle = 143°) [6] exhibit the ~o value of -89.0 ppm

[7]. The Si04 tetrahedra in these two CaSi03 polymorphs have very similar Si-Q bond

length. Therefore, a difference in the Si-Q-Si bond angle between these two Si04

tetrahedra is one of main factors that affect the 29Si chemical shifts. The influences of

Si-Q-Si bond angle on 29Si chemical shifts have been already discussed [8-10]. Based

on these experimental facts, a difference in ~o between Q2' and Q2" in the present

glasses may be considered to be mainly caused by the Si-Q-Si bond angle. Since Q2's

in the 2.5 and 3.0 glasses containing more than 50 mol% Si02 is Q2", Q2" probably

shows Q2 which is for the Si-Q-Si bond angle found in conventional silicate glasses

and takes part in chain-formation seen in the ~-CaSi03 crystal. Since the £\so value of

Q2' is larger than that of Q2", on the other hand, the Si-G-Si bond angle of Q2' is

considered to be smaller than that of Q2", suggesting that a part of Q2' takes part in ring­

formation seen in the a-CaSi03 crystal. The peaks of the 1.15, 1.25, and 1.35 glasses in

Figure 3.2 have shaper line-profIles than those of the other glasses, indicating that the

Si-Q-Si angles in both Q2' and Q2" in these glasses have a narrow distribution than

those of the other glasses. This suggests that the flexibility of glass structure decreases

with decreasing .Y-value.

Plots of the fractions of Qn (n = 0 - 4) against .Y-value in the undensifIed

Si02-K2G-CaO-SrO glasses are shown in Figure 3.5, together with plots of the

absolute quantities of Qn. With decreasing .Y-value, the fractions of Qo and QI increase
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and those of Q3 and Q4 decrease. The Q2 fraction exhibits a maximum value at Y = 1.75

(Le. 47.1 mol% Si02) and then decreases with decreasing .Y-value. The Q2' fraction is

0% in the 2.5 and 3.0 glasses (Le. Si02 contents above 57.1 mol%). With a decrease in

.Y-value, the Q2' fraction increases in .Y-values of 2.5 - 1.75 and then slightly decreases in

y..value < 1.75. On the other hand, the Q2" fraction exhibits a maximum value at Y= 2.5

and then decreases with decreasing y..value.
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Figure 3.5 Plots of (a) Qn fractions (n = 0 - 4) and (b) Qn absolute quantities against

Y(x)-value in undensified xSi02·0.4(100 - X)K20·0.4(lOO - x)CaO·O.2(lOO - x)srO

glasses.
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In Y below 2.0 (i.e. 50 mol% SiOz) the Q2 fraction exceeds 60% and

considerable amounts of Q2' are present, indicating that the glasses of Ybelow 2.0 are

mainly composed of Q2 and consist of not only silicate-chains but also silicate-rings.

The Q2" values in Yless than 1.75 decrease with decreasing y..value, whereas the Q2'

values are almost constant. This suggests that a decrease in y..value results in a decrease

in the number and length of silicate chain, i.e. the formation of isolated and short

silicate-chains and/or silicate-rings, and that the glass structures of Y below 2.0

approach the structure model proposed by Trap and SteveIs.

Plots of the Qn fractions in the 1.25, 1.75, and 2.5 glasses against the applied

pressure are shown in Figure 3.6. In the 1.25 glass, the fractions of Qo, Q), and Q2'

increased and those of Q2, Q2", and Q3 decreased with increasing applied-pressure. The

Q4 fractions were 0% for all the applied pressures. In the 1.75 glass, the fractions of Ql

and Qz' increased and those of Q2, Q2", Q3, and Q4 decreased with increasing applied­

pressure. The Qo fractions were 0% for all the applied pressures. In the 2.5 glass, the

fractions of Ql and Q2 (Q2") increased and those of Q3 and Q4 decreased with increasing

applied-pressure. The Qo fractions were 0% for all the applied pressures. The fact that

the fractions of Qn with small n-values increase with an increase in the applied pressure

as a whole indicates that a part of Si-0-Si bonds in the glasses is broken by the

application of high-pressure. The changes are in the order of Y = 1.25 > Y = 1.75 > Y =

2.5, being proportional to the amounts of glass-network modifying cations in the

glasses.

64



Chapter 3. Permanent Densification Behavior and 29Si MAS NMR of ...

70

65

60

I ! J i j ;

! 1v=1.25 (x ='42.1)1 I' I !

:--I-- I I-I ! i -;~Q2
I

80

75

70

)
J. 1 \
Y = 1.75 (x =47,1
I I I

J I ! !
I I Iei i i ! v 2

i i I I , i

== == == ==
40 40

2

'i l.... 35.. ... I

0 0
II II 30

oS oS == ==c c
a a

15

10

5

0 2 3 4 5 6 7
Pressure I GPa Pressure I GPa

(a) (b)

55

~ = 2.
1
5 (x =1 57.1)1

eft I I I I

I
I I I

I o~ 02')
I i

45 ;

i

I

!

!i
!
!

An j ! ,..,

35

.-.
t..

I

o
II

oS
ca

5f---+-+---+--+--!-----+---=-----1

n
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As can be seen from Figure 3.4, the peaks of the 1.25 glass become sharper

with increasing applied-pressure, indicating that the distribution of Si-D-Si bond angles

in silicate ions decreases with increasing applied-pressure. The Q2'/Q2 ratio increases

with an increase in the applied pressure, indicating that Si-0-Si bond angles decrease

with increasing applied-pressure. When high pressure is applied or released, therefore,

the following structural changes are presumed for glasses: When high pressure is

applied to the glasses, both the reduction of Si-0-Si bond angles and their distribution

and the compression between glass-network modifying cations and silicate anions

composed of Si04 tetrahedra occur at the same time. When the applied pressure is

released, on the other hand, the Si-o-Si bond angles and their distribution are retained,

but a spontaneous structure-relaxation between glass-network modifying cations and

silicate anions takes place. That is to say, changes in the local structure around Si ions

cannot be related to the peculiar behavior in permanent densification observed for the

1.25 - 2.0 glasses. Probably the peculiar behavior seems to be related to changes in the

local structures around glass-network modifying cations. Thus, changes in the local

structures around glass-network modifying cations with permanent densification should

be elucidated. Such experiments are necessitated and are in plan in the near future.

3.5. Conclusion

Glasses of compositions xSi02·0.4(l00 - x)K20·0.4(l00 - x)CaO·0.2(l00 ­

x)srO glasses (x = 42.1, 47.1, 50.0, 57.1, and 66.7) in mol% were prepared. In these

glasses the x values can be related to the Y parameter that means the average number of

bridging-oxygen ions per an Si04 tetrahedron according to an equation Y = 6 - 200/x.

Thus, glasses of the x values of 41.2, 42.1, 43.0, 44.4, 47.1, 50.0, 57.1, and 66.7
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correspond to those of the :Y-values of 1.15, 1.25, 1.35, 1.5, 1.75, 2.0, 2.5, and 3.0,

respectively. The 1.25, 1.75, and 2.5 glasses were permanently densified by the 3 and 6

GPa high-pressure treatments. The following phenomenon was observed: The densities

of the 2.5 and 3.0 glasses increased with increasing applied-pressure, while the 1.25,

1.75, and 2.0 glasses exhibited the maximum values at 3 GPa and then gave the

decreased values at 6 GPa.

29Si MAN NMR spectra were measured for the undensified and densified

glasses. From 29Si MAS NMR measurements of the undensified glasses the following

two facts were found: (1) With decreasing :Y-value the peaks become sharper, suggesting

a decrease in the distribution of Si-0-Si bond angles and the flexibility of glass

structure. (2) In glasses of the :Y-values below 2.0 the Q2 fraction exceeds 60% and

considerable amounts of Q2' are present, indicating that the glasses are mainly

composed of Q2 and consist ofnot only silicate-chains but also silicate-rings.

From 29Si MAS NMR measurements of the densified glasses the following

three facts were found: (1) The peaks of the glasses become sharper with increasing

applied-pressure, indicating that the distribution of Si-0-Si bond angles becomes

narrower with increasing applied-pressure. (2) As a whole the fractions of Qn of small n­

values increased with an increase in applied pressure, indicating that a part of Si-0-Si

bonds is broken under the applied pressures. (3) When high pressure is applied or

released, the following structural changes are considered: When high pressure is applied

to the glasses, both the reduction of Si-0-Si bond angles and their distribution and the

compression between glass-network modifying cations and silicate anions composed of

Si04 tetrahedra occur at the same time. When the high pressure is released, Si-0-Si

bond angles and their distribution are retained, but a spontaneous structural-relaxation

between glass-network modifying cations and silicate anions takes place.
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Chapter 4

High-Pressure Densification

GeS2' and Silicate Glasses

4.1. Introduction

of Fluoride,

Glasses subjected to high-pressure treatments increase their densities. The

effect persists even after removal of the applied pressure [1-4]. This permanent

densification of glass is of great interest from the viewpoint of glass science and

technology because the changes in glass structure are permanently retained and

consequently the optical, electrical, mechanical, and magnetic properties of the glass

can be changed without changing glass composition.

Although permanent densification experiments have been performed on

silicate and sulfide glasses [5,6], no experiments of fluorozirconate glasses have been

reported. Especially there are no studies exist from the standpoint of the chemical-bond

properties and packing density (defined as the fractional molar volume occupied by the

ions assuming them to be perfect spheres) to our knowledge.

In fluorozirconate glasses the chemical bonds between cations and fluoride

anions are ionic [7] and consequently the packing densities ofthe ions are over 60% [8].

On the other hand, the Ge and S atoms in GeS2 glass that is a typical sulfide glass are

covalently bonded. The packing density of Ge and S in the glass is about 20% (value

calculated from the measured density and the covalent radii in Ref 16). Silicate glasses
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have both ionic and covalent bond-character and the packing densities of glass

constituents range 20 - 50% (value calculated from the measured density and the

covalent radii in Refs. 15 and 16) depending on the glass composition.

In the present study the permanent densification of ionic ZrF4-based fluoride

glasses, mixed ionic and covalent Si02-based oxide glasses, and a covalent GeS2 glass

are examined and discussed based on the chemical-bond characters and the packing

densities.

4.2. Experimental Procedures

4.2.1. Glass Samples

Fluorozirconate glasses of the 60ZrF4·30BaF2·lOEuF3 (ZBE) and

55ZrF4·17BaF2·23NaF·5EuF3 (ZBNE) compositions, silicate glasses of the

xSi02·0.4(l00 - x)K20·0.4(100 - x)CaO·0.2(l00 - x)srO composition (x = 42.1, 44.4,

47.1, 50.0, 57.1, and 66.7), and a sulfide glass ofa GeS2 composition were prepared and

annealed at the respective glass-transition temperatures. The preparation procedures of

the respective glass samples have been described in Chapters 1, 2, 3, and 5, respectively.

4.2.2. Permanent Densijication Treatments

Densification of the glass samples was carried out with a 6-8 multi-anvil-type

high-pressure apparatus [10]. Specimens were compressed up to desired pressures of 1.5,

3.0, 4.5, 6.0, and 9.0 GPa with a 0.033 GPa·min-1 ascending rate at room temperature.

After that, the glasses were heated to temperatures of 270°C and 250°C for ZBE and

ZBNE fluoride glasses, respectively, 355°C, 340°C, 355°C, 370°C, 386°C, and 422°C
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for silicate glasses with 42.1,44.4,47.1,50.0, 57.1, and 66.7 mol% Si02, respectively,

and 270°C for a GeS2 glass within 5 min under each pressure. Then the glasses were

kept at these temperatures for 30 min. After the heating treatments the specimens were

cooled to room temperature and then the applied pressure were released with a 0.033

GPa·min-1 descending rate. The experimental errors in the pressure and temperature

regulation in densification treatments are ±2.23 x 10-8 GPa and ±O.3°C, respectively.

4.2.3. Density Measurements

Densities of the undensified and densified glasses were measured by the

Archimedes method using CC4 as an immersion liquid. The experimental error in

density measurements was about ±0.005 g·cm-3
•

4.3. Results

In the present silicate glasses the average number of bridging-oxygen ions per

Si04 tetrahedron, Y, can be calculated from an equation Y = 6 - 200/x, where x is a

molar ratio of Si02 content [9]. Therefore, glasses of x = 42.1, 44.4, 47.1, 50.0, 57.1,

and 66.7 mol% have Y's of 1.25, 1.5, 1.75,2.0,2.5, and 3.0, respectively. In the glasses

with smaller Y's the connectivity of Si04 tetrahedron units is less. Hereafter, glasses

with x = 42.1, 44.4, 47.1,50.0,57.1, and 66.7 are abbreviated as the 1.25, 1.5, 1.75,2.0,

2.5, and 3.0 silicate glasses, respectively.

The densities of the ZBE and ZBNE fluoride glasses before and after

densification are plotted against the applied pressure in Figure 4.1. The densities of the

1.25, 1.5, 1.75,2.0,2.5, and 3.0 silicate glasses before and after densification are plotted

against the applied pressure in Figure 4.2. Changes in densities of the GeS2 glass on
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pressurization are shown in Figure 4.3. In the figure the densities of crystalline a-GeSz

(high-temperature modification) [11], ~-GeS2 (low-temperature modification) [12], and

II-GeSz (high-pressure modification) [13] are plotted for reference.
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Figure 4.1 Pressure dependence of densities of undensified and densified ZBE (closed

squares) and ZBNE (closed circles) fluoride glasses. Lines are drawn between data

symbols as guides for eyes.
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Figure 4.2 Pressure dependence of densities of undensified and densified silicate
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ofeach type as guides for eyes.

74



Chapter 4. High-Pressure Densification DIFluoride, GeS2, and Silicate Glasses

3.4

3.3 • II-GeS2

Ct) 3.2I

E
0 3.1........
>.

3.0
~-GeS2

.~ ...en •c
(J) 2.9
C

2.8 a-GeS2

2.7
0 1.5 3.0 4.5 6.0 7.5 9.0

Pressure / GPa

Figure 4.3 Pressure dependence ofdensities ofundensified and densified GeS2 glasses.

Line is drawn between data symbols as guide for eyes.

4.4. Discussion

4.4.1. Densijication ofRespective Glass Systems

The followings can be observed in Figures 4.1,4.2, and 4.3. The densities ofa

GeS2 glass and the 2.0, 2.5, and 3.0 silicate glasses of higher contents than 50 mol%

Si02 increase with increasing applied-pressure. In two fluoride glasses and the 1.25, 1.5,

and 1.75 silicate glasses of lower contents than 50 mol% Si02, on the other hand, the

densities increase until applied pressures of about 3.0 GPa, and then decrease with

further increasing applied-pressure. Here it is noted that the pressure dependencies of

densities observed in the latter glasses are a permanent densification that has not been

reported so far to our knowledge.
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Figure 4.4 shows the relationship between the ionicity and the packing density

in the ZBE and ZBNE fluoride glasses, the 1.25, 1.5, 1.75, 2.0, 2.5, and 3.0 silicate

glasses, and the GeSz glass. In the figure a SiOz glass is also given for reference. The

ionicity in the respective glasses was calculated from a difference in electronegativity

between two elements using the Pauling equation [14]. On the other hand, the packing

densities of the fluoride, silicate, and GeSz glasses, which were obtained from the molar

volumes calculated from the densities and the ionic [15] and/or covalent [16] radii of

elements, are given in Table 4.1. From the ionicity and packing density relationship in

the figure it is deduced that glasses with ionicity larger than 64% and with packing

densities higher than 39% (a hatched area in the figure) have a different permanent

densification behavior in the pressure-density relationship.

100
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~
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~
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Ionic character (0/0)

Figure 4.4 Relationship between ionicity and packing density in ZrF4-based, SiOz­

based, and GeSz glasses.
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Table 4.1 Ionic and/or covalent radii of elements in fluoride, silicate, and GeS2 glasses

[15,16].

Covalent radius / nm

GeS2 glass

Ionic radius / nm

Fluoride glass Silicate glass

Zr4+ 0.084 K+ 0.137

Ba2+ 0.142 Ca2+ 0.100

Eu3+ 0.107 S?+ 0.118

Na+ 0.116 02-,b 0.140

y- 0.133

aO in Si02.

bO in K20, CaO, and srO.

Silicate glass

Si 0.104

Oa 0.066

Ge

S

0122

0.104

Figure 4.5 shows the relationship between the connectivity of glass-network

forming tetrahedra and the packing density in the 1.25, 1.5, 1.75, 2.0, 2.5, and 3.0

silicate glasses and the GeS2 glass. It is noted here that the ZBE and ZBNE fluoride

glasses are composed of the ZrF7 and/or ZrFg polyhedral units [17-19], so that this

relationship is inapplicable. However, these polyhedra have -100% ionicity. Tentatively,

therefore, the connectivity of these polyhedra was assumed to be zero and plotted in

Figure 4.6. The figure indicates that glasses with smaller connectivity of glass-network

forming polyhedra have higher packing densities and that glasses with Y < 2.0 and

packing densities> about 39% (a hatched area in the figure) have a different permanent

densification dependence on pressure.
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Figure 4.5 Relationship between connectivity of tetrahedron and packing density in

ZrF4-based, Si02-based, and GeS2 glasses.

4.4.2. Structures ofPermanently Densijied Glasses

Changes in the P- coordination environments around zl+, Eu3+, and Ba2+ of

the ZBE and ZBNE fluoride glasses with permanent densification have been examined

by Raman and Eu3+-fluorescence spectroscopies and extended X-ray absorption fme

structure (EXAFS) analyses, as described in Chapters 1 and 2. In the 1.25, 1.75, and 2.5

silicate glasses, the changes in silicon-oxygen network structure with permanent

densification have been examined by 29Si magic-angle-spinning nuclear magnetic

resonance (MAS NMR) spectroscopy, as described in Chapter 3. The structural studies

of permanently densified GeS2 sulfide glass have been performed by means of EXAFS
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and Raman spectroscopies and an X-ray radial distribution (XRD) analysis, as will be

described in Chapters 5 and 6. On the other hand, the reason for the pressure

dependence of densification for a ZBNE fluoride glass has been also analyzed with a

molecular dynamics (MD) simulation technique [20-22].

The MD simulations have revealed a mechanism for the densification as

follows: Under pressures> 3.0 GPa the connectivity of the network-forming ZrFn and

EuFn polyhedra partially transforms from comer-sharing type to edge-sharing one. The

change in the connectivity causes a contraction of interstices around the network­

modifying Ba2
+ and Na+ ions, around which the coordination numbers increase to those

in the high-pressure polymorphs of the BaF2 and NaF crystals [23,24]. After

decompression the structural relaxation occurs in the ZBNE glass. The extent of the

relaxation depends on temperature and pressure because of the 'fragility' of this glass

[25]. The high-pressure network structures are fully or partially preserved after

decompression at temperature < Tg. The partial preservation of the connectivity of

network-forming polyhedra causes a maximum in the pressure dependence of structural

relaxation in the F- coordination environments around the network-modifying ions. This

is responsible for the pressure dependence of permanent densification; the density

maximum appears in the pressure dependence.

4.5. Conclusion

Permanent densifications was examined on ionic 60ZrF4·30BaF2·10EuF3 and

55ZrF4·17BaF2·23NaF·5EuF3 fluoride glasses, mixed ionic and covalent xSi02·0.4(100

- X)K20·0.4(100 - x)CaO·O.2(lOO - x)srO silicate glasses (x = 42.1 - 66.7), and a

covalent GeS2 glass. The densified glasses were obtained by combined treatments of
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heating at temperatures about three-quarters of their respective glass-transition

temperatures and compression up to 9.0 GPa. In the GeSz glass and the SiOz-based

glasses of x ~ 50, which have higher covalency and lower packing densities, the

densities increased with increasing applied-pressure. This pressure dependence of

densification has been observed for a variety ofglasses so far.

In the ZrF4-based glasses and the SiOz-based glasses of x < 50, which have a

higher ionicity and higher packing densities, the densities showed the maximum values

at a pressure of -3.0 GPa. Such a pressure dependence of permanent densification is

peculiar and a permanent densification that has not been reported to our knowledge.
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ChapterS

Structural Study of GeS2 Glasses

Permanently Densified under High Pressures

up to 9 GPa

5.1. Introduction

In general it has been well established that glasses subjected to high-pressure

treatments undergo a significant increase in density that persists even after removal of

the applied pressure. Bridgman and Simon demonstrated this permanent densification

phenomenon of glass for the ftrst time in 1953 [1]. Thus far this phenomenon has been

investigated on various kinds of oxide and chalcogenide glasses [2,3]. The permanent

densiftcation of glass is of great interest from the viewpoint of glass science and

technology because the changes in glass structure are permanently kept and

consequently because the optical, electrical, mechanical, and magnetic properties of the

glass can be largely changed without changing glass composition.

On chalcogenide glasses the high-pressure effects on the various properties

have been extensively investigated and the results have been reviewed in Ref. 3 in detail.

However, almost no structural study of permanently densified chalcogenide glasses has

been performed. On the structure of densified GeS2 glass there is only one report [4], in

which the presumed structure is based only on a change of the optical absorption-edges
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measured in-situ under high-pressures.

On the structure of GeSz glass at atmospheric pressure, i.e. undensified GeSz

glass, a nwnber of studies have been reported so far. The first contribution to the

structure of GeSz glass was made by Kawamoto and Tsuchihashi who have examined

the detailed glass-forming regions in the Ge-S system and various physicochemical

properties of the glasses [5]. However the structure proposed by them was a schematic

one based on the structure of a GeSz crystal that has been known as only one

modification at that time [6]. Later Rowland et al. [7], Lucovsky et al. [8], Kawamoto et

al. [9,10], and Ibanez et al. [11] have investigated the structure of GeSz glass by using

various experimental techniques such as an X-ray radial distribution analysis, Raman

spectroscopy, a reverse Monte-Carlo simulation, and an EXAFS analysis.

On the polymorphism of GeSz crystal, on the other hand, three modifications

have been found so far and their crystal structures have been determined; II-GeSz (a

high-pressure modification) [12], (X-GeSz (a high-temperature modification) [13], and ~­

GeSz (a low temperature modification) [14].

In the present study the structures of GeSz glasses permanently densified

under high pressures up to 9.0 GPa are examined by means of Raman spectroscopy, an

X-ray radial distribution analysis, EXAFS and XANES spectroscopies, and optical

absorption spectroscopy. Then the structural changes with permanent densification are

discussed based on the structures of (X-, ~-, and II-GeSz crystals.
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5.2. Experimental Procedures

5.2.1. Sample Preparation

Germanium disulfide glass, GeS2, was prepared from metallic Ge (5N purity)

and elementary S (nS special reagent grade) as starting materials. A 5-g batch was

melted in an evacuated silica ampoule at 1000°C for 10 h using a rocking furnace and

then it was rapidly quenched in air. Detailed procedure was described in Ref. 5. The

prepared glass was annealed at the glass-transition temperature (about 490°C)

determined by a DTA analysis.

Crystalline ex-GeS2 was obtained by the crystallization of GeS2 glass by heat­

treating it in an evacuated silica ampoule at about 700°C for 5 d. Crystalline ~-GeS2

was synthesized from crystalline GeS (5N purity) and elementary S according to the

procedure reported by Viaene and Moh [15].

The X-ray powder diffraction pattern of the GeS2 glass proved no inclusion of

GeS2 crystals. The diffraction patterns of the synthesized ex- and ~-GeS2 crystals agree

entirely with those reported by Viaene and Moh [15].

5.2.2. Permanent Densification Treatments

Permanent densification of the GeS2 glass was carried out with a 6-8 multi­

anvil-type high-pressure apparatus [16]. The specimens were compressed up to desired

high pressures, i.e. 1.5, 3.0, 4.5, 6.0, and 9.0 GPa, with a 0.033 GPa'min-1 ascending

rate at room temperature. Subsequently these were heated up to 270°C within 5 min

under each pressure and were kept at this temperature for 30 min under each pressure.

After the heating treatment the specimens were cooled to room temperature and then the

applied pressure was released with a 0.033 GPa'min-1 descending rate.
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5.2.3. Density Measurements

Densities of the undensified and densified GeS2 glasses were measured by the

Archimedes method, using CCl4 as an immersion liquid. The experimental error in

density measurements was about ±0.013 g·cm-3
•

5.2.4. Measurements ofX-ray Absorption Spectra

The X-ray absorption measurements were performed under the approval of

the Photon Factory Program Advisory Committee (Proposal No. 99G054) and the Joint

Studies Program ofthe Institute for Molecular Science (Proposal No. 11-553).

In order to obtain the EXAFS and XANES spectra of Ge-K and S-K, the X­

ray absorption-edge spectra of Ge-K and S-K were measured at Beam Line lOB in

Photon Factory, the National Laboratory for High Energy Physics (Tsukuba) and at

Beam Line 7A in UVSOR Facility, the Institute for Molecular Science (Okazaki),

respectively. In the former measurements, two flat channel-cut Si (311)

monochromators were used and absorption data were collected in the energy range of

10859 to 12409 eV. In the latter measurements, a Ge (111) monochromator was used

and absorption data were collected in the energy range of 2102 to 3457 eV. The

measurements were made for the undensified and densified GeS2 glasses and also for

the a-GeS2 and ~-GeS2 crystals as references. The measurements were carried out three

times for the respective specimens in order to evaluate experimental errors. These

measurements were carried out at room temperature.
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5.2.5. X-ray Diffraction Measurements

In order to obtain X-ray radial distribution functions of the undensified and

densified GeS2 glasses, X-ray diffraction measurements were performed on the

undensified glass and the glasses densified under pressures of 1.5 and 6.0 GPa at room

temperature. Detailed procedures of the measurements have been described elsewhere

[10].

5.2.6. Raman Scattering Measurements

Raman scattering spectra of the undensified and densified GeS2 glasses were

measured in the wavenumber range of 200 to 600 cm-1 at room temperature with a

Perkin-Elmer 2000NIR FT-Raman spectrometer. A Nd:YAG laser (A emission = 1064 nm)

with 500 mW power was used as an excitation source.

5.2.7. OpticalAbsorption Measurements

Optical absorption spectra of the undensified and densified GeS2 glasses were

measured in the wavelength range of 400 to 800 nm at room temperature with a

HITACHI U-3500 spectrophotometer. For the measurements each specimen was

polished into optical finish and then the thickness was measured.
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5.3. Results and Discussion

5.3.1. Densities

Figure 5.1 shows the treated-pressure dependence of density of GeS2 glass,

together with those of a-GeS2 [13], P-GeS2 [14], and II-GeS2 [12]. The density value of

II-GeS2 is that reported for a sample, which was synthesized at 1100°C under 6 to 6.5

GPa for 2 to 3 h. In the figure the rates of increase in density are also shown.
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Figure 5.1 Pressure dependence of density of GeS2 glass in permanent densification.
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Figure 5.2 Ge-K EXAFS oscillation curves of undensified and densified GeS2

glasses and ~-GeS2 reference crystal.
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Figure 5.3 Absolute (solid lines) and imagmary (broken lines) parts of Fourier

transforms of Ge-K EXAFS oscillation curves of undensified and densified GeS2

glasses and ~-GeS2 reference crystal.
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5.3.2. EXAFS Spectra andAnalyses

Figures 5.2 and 5.3 show the Ge-K EXAFS oscillation curves and the

absolute and imaginary parts of the Fourier transforms of the undensified and densified

GeS2 glasses, together with those of a ~-GeS2 reference crystal. The Ge-EXAFS data

were analyzed by using a 'Xanadu' program [17]. Detailed procedures of the data

analyses will be described in Chapter 7.

The S coordination environments around Ge in the respective glasses, i.e. the

Ge-S bond length and the S coordination number of Ge, obtained for the respective

glasses are plotted against the applied pressures in Figure 5.4.
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Figure 5.4 Pressure dependences of Ge-S bond length (closed circles) and S

coordination number of Ge (closed squares) in GeS2 glasses
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5.3.3. XANES Spectra

Figure 5.5 shows the 8-K XANES spectra of the undensified and densified

GeSz glasses and those of (X- and P-GeSz reference crystals. The combined S-K

XANES spectra of (X- and p-GeSz with given ratios are also shown in order to compare

the spectra of undensified and densified GeSz glasses with those of (X- and p-GeSz

reference crystals. In the figure, the combined S-K XANES spectra of (X- and p-GeSz

(the broken lines) are calculated by the following equation:

X(E) = xxaCE) + (1 - x)X/3(E) (5.1)

where Xa and X/3 are the S-K XANES spectra of (X- and p-GeSz, respectively, and x is

the fraction of (X-GeSz. Mean square deviation between the experimental spectra and the

calculated spectra was below 0.018.
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Figure 5.5 Experimental S-K XANES curves (solid lines) of undensified and

densified GeSz glasses and (X- and P-GeSz reference crystals, and S-K XANES curves

(broken lines) obtained by combining S-K XANES spectra of (X- and P-GeSz with given

ratios.
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The Ge-K XANES curves of the undensified and densified GeS2 glasses are

shown in Figure 5.6.
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Figure 5.6 Ge-K XANES curves ofundensified and densified GeS2 glasses.

5.3.4. X-ray Distribution Functions

Detailed procedures of obtaining radial distribution functions from X-ray

diffraction curves have been described elsewhere [10]. The differential radial

distribution curves of GeS2 glasses undensified and densified under 1.5 and 6.0 GPa are

shown in Figure 5.7.
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Figure 5.7 Differential radial distribution curves of GeS2 glasses undensified (solid

line) and densified under 1.5 GPa (broken line) and 6.0 GPa (dotted line).

5.3.5. Raman Scattering Spectra

The Raman scattering spectra of the undensified and densified GeS2 glasses

are shown in Figure 5.8. As indicated in the Raman scattering spectrum of the

undensified GeS2 glass in the figure, all the Raman bands are composed of four peaks

which are attributed to the totally symmetric stretching and asymmetric stretching

vibrations of a GeS4 tetrahedron and the asymmetric bending vibration of Ge-S-Ge [8].

Therefore the peak deconvolution of the respective Raman peaks was performed using

four Gaussian functions, as illustrated in the figure.

The peak position and the full width at half maximum (FWHM) of the totally

symmetric stretching vibration peak obtained by peak deconvolution are plotted against

the applied pressure in Figure 5.9.

95



Part /1 Permanent Densification Behavior ofGeS2 Glass

6.0 GPa

9.0 GPa

4.5 GPa

3.0 GPa

1.5 GPa

-~'''ndensifiedTotally symmetric
stretching vibration

-

200 250 300 350 400 450 500 550

Raman shift / cm-1

Figure 5.8 Raman scattering spectra ofundensified and densified GeS2 glasses.
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Figure 5.9 Pressure dependences of position (closed circles) and FWHM (closed

squares) of totally symmetric stretching vibration peak in undensified and densified

GeS2 glasses.
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5.3.6. OpticalAbsorption Edge

Figure 5.10 shows the color change of GeS2 glass with densification. The

optical absorption spectra of the undensified and densified GeS2 glasses are shown in

Figure 5.11. The optical absorption-edge energy of each glass was obtained according to

a manner illustrated in the figure. The obtained values are plotted against the applied

pressure in Figure 5.12.
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Figure.5.10 Color change of GeS2 glass with densification.
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Figure 5.11 Optical absorption spectra ofundensified and densified GeS2 glasses.
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Figure 5.12 Pressure dependence of optical absorption-edge energies in undensified

and densified GeS2 glasses.

5.4. Discussion

Before entering discussion, the structural features of a-, ~-, and II-GeS2

crystals are summarized, together with the structure of GeS2 glass at atmospheric

pressure, which has been proposed based on various experimental results.

A high-temperature modification of GeS2, a-GeS2, has a two-dimensional

network structure (layer structure) with a monoclinic unit cell of a = 6.720 A, b =

16.101 A, c = 11.436 A, and f3 = 90.88° [13], as shown in Figure 5.13. The layer

structure in a-GeS2 consists of chains formed by edge-sharing of corner-linked GeS4

tetrahedra and cross-linked GeS4 tetrahedra to form a two-dimensional network. The

presence of edge-shared tetrahedra means that there are pairs of Ge connected by two S
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bridging exist. The two kinds of linkage manners produce both six- and four-member

ring-structures in a ratio of2: 1.

A low-temperature modification of GeS2, ~-GeS2, has a three-dimensional

network structure with a monoclinic unit cell of a = 6.875 A, b = 22.55 A, c = 6.809 A,

and f3 = 120.45° [14], as shown in Figure 5.14. In the structure, there are no edge-shared

GeS4 tetrahedra like that of Si02. This three-dimensional network structure is notable in

containing large hollows surrounded by twenty-four-member rings composed of comer-

shared GeS4 tetrahedra, together with six-member rings.

A high-pressure modification of GeS2, II-GeS2, has a three-dimensional

network structure with a tetragonal unit cell of a = 5.420 A and c = 9.143 A [12], as

shown in Figure 5.15. The network structure consists of six-member rings composed of

comer-linked GeS4 tetrahedra only. This structure is analogous to that of a BP04 crystal

with a silica-like structure.

Figure 5.13 Crystal structure of a-GeS2 (high-temperature modification).
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Figure 5.14 Crystal structure of ~-GeS2 (low-temperature modification).

x

y

Figure 5.15 Crystal structure ofII-GeS2 (high-pressure modification).
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The Ge-S, S-S, and Ge-Ge average distances and the S-Ge-S and Ge-S-Ge

average bond angles in the a-, ~-, and II-GeS2 crystals are summarized in Table 5.1.

At the present stage, on the other hand, the structure of GeS2 glass at

atmospheric pressure has been concluded to be an intermediate between the structures

of a-GeS2 and ~-GeS2' In more detail, the structure is closer to the a-GeS2 structure,

judging from a variety ofexperimental results performed so far [6-11].

Table 5.1 Ge-S, S-S, and Ge-Ge average distances and S-Ge-S and

Ge-S-Ge average bond-angles in a-, ~-, and II-GeS2 crystals.

Distance or a-GeS2 ~-GeS2 II-GeS2

bond angle

Ge-S (A) 2.2b 2.224 2.2h
S-S (A) 3.7b 3.631 3.613

Ge-Ge (A) 2.91g (in edge-sharing) 3.444 3.568

3.399 (in comer-sharing)

S-Ge-S CO) 109.5 109.4 111.7

Ge-S-Ge CO) 95.7 101.5 107.5

5.4.1. Pressure Dependence ofDensity

As can be seen from Figure 5.1, the density of GeS2 glass increases

monotonously with increasing applied-pressure until 6.0 GPa. Above 6.0 GPa, however,

the density appears to approach a constant value in a pressure range from 6.0 to 9.0 GPa.

Here it is noteworthy that a tie-line connecting the densities of a- and/or ~-GeS2

crystals and that of a II-GeS2 crystal has roughly the same slope as that in the pressure­

density dependence in densification of GeS2 glass.
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5.4.2. Changes in

Densijication

GeS4 Tetrahedra with Permanent

The pressure dependences of the Ge-S bond length and the S coordination

number of Ge in Figure 5.4 indicate the following facts: The Ge-S bond length

increases very slightly but defmitely with increasing applied-pressure. On the other

hand, the S coordination number of Ge seems to be almost constant and four, judging

from the inherent uncertainty in coordination number evaluation by EXAFS analysis. A

slight increase in the Ge-S bond length is supported by the results of X-ray radial

distribution analysis and Raman scattering spectra. In the differential radial distribution

functions in Figure 5.7 the fIrst peaks around 2.2 A are due to the Ge-S pairs. As can be

seen from the fIgure, the peak positions shift very slightly to longer distance sides with

densification. The pressure dependence of the peak position of totally symmetric

stretching vibration in a GeS4 tetrahedron in Figure 5.9 indicates that the force constants

of Ge-S bonds become weaker with densification, proving that the Ge-S bond length

becomes longer with increasing applied-pressure.

On the other hand, the FWHM of totally symmetric stretching vibration peak

in a GeS4 tetrahedron may be regarded as an indication of an increase in the distribution

of Ge-S bond length and/or Ge-S-Ge bond angle. The pressure dependence of FWHM

in Figure 5.9 indicates that the distribution of Ge-S bond length and/or Ge-S-Ge bond

angle increases with increasing applied-pressure.

From the experimental facts mentioned above, it may be concluded that, in

the permanent densification of GeS2 glass, the tetrahedral GeS4 structures are kept,

though they are slightly distorted. However the linkage manner of GeS4 tetrahedron

may be considered to change with densification.
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5.4.3. Changes in Linkage Manner ofGeS4 Tetrahedra

In the linkage of a GeS4 tetrahedron there are two kinds of manners; comer­

sharing (linkage by one S bridge) and edge-sharing (linkage by two S bridges), as

mentioned at the beginning of Discussion. The former linkage exists in all GeSz

modifications; a-, ~-, and II-GeSz, while the latter one is present only in a-GeSz. As

given in Table 5.1, the comer-sharing gives the Ge-Ge average distance of about 3.40A

and the edge-sharing gives that ofabout 2.92A.

In the differential radial distribution curves in Figure 5.7, small peaks around

2.9 A arise from Ge-Ge pairs between two GeS4 tetrahedra edge-shared by two S

bridges. As can be seen from the figure, the magnitude of peak height of 2.9 A

decreases in the order of glass at atmospheric pressure, glass densified under 1.5 GPa

and glass densified under 6.0 GPa. This fact indicates that, in the two linkage manners

of two GeS4 tetrahedra, the fraction of edge-sharing decreases with increasing

densification, implying a decrease in the a-GeSz-like structural region. As can be seen

from Figure 5.5, the S-K XANES spectral profile changes from almost a-GeSz like one

to mixed a- and ~-GeSz like one, indicating that the local symmetry around S changes

from a-GeSz like one to mixed a- and ~-GeSz like one, that is, a decrease in the fraction

of edge-sharing. This result supports the above consideration. As can be seen from

Figure 5.6, on the other hand, changes in Ge-XANES spectral features with

densification are hardly discernible, indicating that the GeS4 tetrahedra structural units

are tightly kept and the linkage manners of two GeS4 tetrahedra give no effects to

Ge-XANES spectra.
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5.4.4. Changes in Network Structure Composed of GeS.,

Tetrahedra

In the differential radial distribution curves in Figure 5.7, peaks at around 3.5

and 5.5 A increase in both peak-height and peak-area with increasing densification.

Such a phenomenon clearly discloses that structural densification in intermediate-range

proceeds in high-pressure treatments, causing an increase in density with densification.

Then a possibility of the structural densification in intermediate-range is

considered. As mentioned in Section 5.4.3, the short-range structures of densified GeS2

glasses are suggested to progressively change from a mixed a-GeS2-like and ~-GeS2­

like structure to a ~-GeS2-like structure. However the density of ~-GeS2 is only about

0.055 g'cm-3 higher than that of a-GeS2 [13,14]. This density difference gives no

explanation for densification from 2.76 g·cm-3 in GeS2 glass at atmospheric pressure to

3.16 g'cm-3 in GeS2 glass densified under 9.0 GPa. Here it should be remembered that

the structure of ~-GeS2 has large hollows surrounded by twenty four-member rings

composed of comer-shared GeS4 tetrahedra, together with six-member rings. If these

large hollows are collapsed (reorganized to smaller ring structures) and, at the same

time, the two-dimensional network structure composed of GeS4 tetrahedra approaches a

three-dimensional network structure, then the density of glass of such a structure would

be close to that (3.30 g'cm-3
) ofII-GeS2 of a network structure consisted by six-member

rings of comer-linked GeS4 tetrahedra In order to confirm this speculation, the

crystallization behavior of GeS2 glass under the treatment of 6.0 GPa and 600°C was

examined. Consequently the GeS2 glass was found to be phase-transformed to a II-GeS2

crystal. This fact supports the above explanation for a change in differential radial

distribution curve of GeS2 glass with densification.
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5.4.5. Changes in OpticalAbsorption Edge

As shown in Figure 5.12, the optical absorption edge in the visible region in

GeS2 glass shifted toward lower energies with increasing densification. A similar

phenomenon has been observed in optical reflection band in the densification of

amorphous Si02 [18]. Xu et al. have investigated a relationship between the optical

reflection band and the Si-O bond length, Si-O-Si bond angle, and molar volume in

several Si02 polymorphs. They have concluded that there is a correlation between the

optical reflection band and the Si-O bond length and molar volume, but there is no

correlation between the optical reflection band and the Si-O-Si bond angle [19]. In the

present GeS2 glass, successive elongation of the Ge-S bond in a GeS4 tetrahedron with

densification was demonstrated, as mentioned in Section 5.4.2. It is noted that the

pressure dependence of the optical absorption-edge energy is the same as that observed

for density. Therefore the same explanation may be given for the red shift of optical

absorption edge of GeS2 glass with densification. However, the shift with densification

in GeS2 glass is much larger than that of Si02 glass. Thus it is doubtful whether the

structural changes such as the change in Ge-S bond length induces such a large shift in

absorption-edge energies, Le. bandgap energies, or not. Ar the present stage, therefore,

the following mechanism is presumed: The electronic states at the bottom of the

conduction band and the top of the valence band in GeS2 glass are the Ge-S anti­

bonding states and the S lone-pair electrons states, respectively [20]. However, it has

been known that there exists an imperfection such as E'-center in a GeS2 glass structure

[21], though the electronic state has been cleared yet. By taking into consideration that

the imperfection is much affected by pressure treatment, the electronic state of

imperfection may be strongly related to the large energy shift with densification in

absorption spectra.
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5.5. Conclusion

Germanium disulfide glass, GeS2 glass, was densified under 1.5, 3.0,4.5, 6.0,

and 9.0 GPa at 270°C for 30 min using a 6-8 multi-anvil-type high-pressure apparatus.

The densities of permanently densified glasses increased monotonously with increasing

applied-pressure until 6.0 GPa and reached a constant value in the pressure range from

6.0 to 9.0 GPa. The structures of undensified and permanently densified GeS2 glasses

were examined by Raman scattering spectroscopy, an X-ray radial distribution analysis,

Ge-K EXAFS and XANES spectroscopies and S-K XANES spectroscopy. The

structural changes in GeS2 glass with densification were analyzed from the above

experimental results and the structures of0.-, ~-, and II-GeS2 crystals.

The following facts were derived: All the densified GeS2 glasses are

composed of GeS4 tetrahedral units and the Ge-S bond length in the GeS4 tetrahedra

becomes long, though the magnitude is very slight. The structure of GeS2 glass at

atmospheric pressure is situated between that of a-GeS2 and that of [3-GeS2. With

increasing densification the glass structures progressively converted into a II-GeS2-like

structure in which large hollows in ~-GeS2 are collapsed by reorganization of ring­

structure.

In densification the red shift of optical absorption edge in the visible region

was observed. Changes in both Ge-S bond length and the molar volume are considered

to relate to a change in the optical absorption edge. Consequently the mechanism related

to an effect of imperfection with densification in GeS2 glass structure was also

presumed.
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Chapter 6

High-Energy X-ray Diffraction Study of

Permanently Densified GeS2 Glass

6.1. Introduction

Because an X-ray diffraction study is one of the powerful tools to obtain

infonnation on the structure and properties of non-crystalline materials, a number of

studies have been performed by many researchers so far. The structures of binary

chalcogenide glasses including GeS2 glass also have been extensively investigated in

the 1970's and 1980's using various diffraction techniques [1-3]. However, the

resolution in real space of conventional diffraction methods was not sufficient because

of a limited range of scattering vectors, Q. To obtain a reliable structural model,

diffraction data of high quality in a wide Q range is required, especially for X-rays. In

recent years, high-resolution neutron diffraction on a spallation source, anomalous

wide-angle X-ray scattering, and high-energy X-ray diffraction on the third generation

synchrotron source allow more structural features to be distinguished. Over the past ten

years, the structural studies for stoichiometric chalcogenide glasses were carried out

using these light sources [4-7].

Structural study on permanently densified GeS2 glass was carried out by

several techniques including a conventional X-ray diffraction method, as described in

Chapter 5. As a result it was found that further high-resolution in real space is required
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in order to clarify the structure of densified glass in more detaiL

In the present study, therefore, measurements of high-energy X-ray diffraction

for the undensified and densified GeS2 glasses are carried out and the structure of each

glass are revealed. Then, the mechanism of permanent densification of GeS2 glass by

high-pressure treatment is proposed based on the structural changes.

6.2. Experimental Procedures

6.2.1. Sample Preparation

Germanium disulfide glass, GeS2, was prepared from metallic Ge (SN purity)

and elementary S (JIS special reagent grade) as starting materials. The 5-g batch was

melted in an evacuated silica ampoule at 1000°C for 10 h using a rocking furnace and

then it was rapidly quenched in air. Detailed procedure was described elsewhere [8].

The prepared glass was annealed at the glass-transition temperature (about 490°C)

determined by a DTA analysis.

Permanent densification of the GeS2 glass was carried out with a 6-8 multi­

anvil-type high-pressure apparatus [9]. The specimen was compressed up to 6 GPa with

a 0.033 GPa·min-1 ascending rate at room temperature. Subsequently the glass was

heated up to 270°C within 5 min under 6 GPa and was kept at this temperature for 30

min. After the heating treatment the glass was cooled to room temperature and then the

applied pressure was released with a 0.033 GPa·min-1 descending rate.
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6.2.2. X-ray Diffraction Measurements and Data Analyses

X-ray diffraction measurements were performed with the approval of the

Japan Synchrotron Radiation Research Institute (Proposal No. 2002AB035l-ND1-np).

In order to obtain X-ray radial distribution functions of the undensified and

densified GeS2 glasses, the X-ray diffraction measurements were performed with a

horizontal two-axis diffractometer installed at SPring-8 bending magnet beamline

BL04B2, operated at 8 GeV electron energy. The measurements were carried out in

transmission geometry and with an X-ray energy of 61.7 keY obtained by Si(220)

reflection. The collected data were corrected using standards programs. In the

corrections and normalizations, Ref 10, 11, 12, and 13 were used for the absorption

cross-sections, the incoherent scattering functions, the atomic scattering factors, and the

anomalous scattering factors, respectively. Fully corrected data were normalized to

Faber-Ziman total structure factor S(Q) [14].

6.3. Results and Discussion

Normalized X-ray scattering intensities I(Q) of GeS2 glasses undensified and

densified under 6 GPa are shown in Figure 6.1. Both of the scattering intensities exhibit

significant oscillation that the maximum Q values ofapproximately 25 A-I reaches. This

value is 9 A-I larger than that of conventional diffraction carried out in Chapter 5. The

coherent scattering intensity of independent atom, <Jf{Q)I~, which was calculated based

of the atomic scattering factor, is also shown in the figure.
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Figure 6.1 Normalized X-ray scattering intensities, I(Q), (solid lines) of undensified

and densified GeS2 glasses and coherent scattering intensities of independent atom,

<If(Q)I2>, (broken lines)
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Total structure factors, Q(S(Q) - 1), for GeS2 glasses undensified and

densified under 6 GPa are shown in Figure 6.2. As can be seen from the figure, distinct

oscillations in the SeQ) can be observed up to 25 A-I. A remarkable decrease in intensity

of the first diffraction peak (FSDP) at 1.03 A-I occurred. This peak is indicative of a

significant intermediate-range order mainly caused by Ge-Ge correlations at 6 - 7 A

[15]. This result is agreed with the structural change model proposed in the previous

chapter, that is, the reorganization from large hollows composed of GeS4 tetrahedra to

smaller ring-structures. The high Q-range oscillation is similar to each other, compared

with low Q-range oscillation, indicating that the intermediate-range structure is largely

changed with densification, while the short-range structure is similar to each other.

The X-ray total correlation function, T(r) , which is obtained through the

Fourier transformation, is

T X,N(r) = 4npr+ 3.. J Q ISX, N(Q)-1I sin(Qr)dQ
n Q...

where r is the total number density.

The X-ray total pair-correlation function, g(r),

gX.N(r) =TX,N(r)/4npr

(6.1)

(6.2)

for each glass is shown in Figure 6.3. The effective radial distribution functions, N(r),

derived from

NX.N (r) =rTX,N (r)

are shown in Figure 6.4.
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Figure 6.2 Total structure factors, Q(S(Q) - 1), for GeS2 glasses undensified (solid

line) and densified under 6 GPa (dashed line).
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Figure 6.3 X-ray total pair-correlation functions, g(r), for GeS2 glasses undensified

(solid line) and densified under 6 GPa (dashed line).
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Figure 6.4 Effective radial distribution functions, N(r), for GeS2 glasses undensified

(solid line) and densified under 6 GPa (dashed line).

In the Figure 6.4, the peak at 2.22 A corresponds to the Ge-S first neighbor

correlation in a GeS4 tetrahedron. This peak position shifted longer side with

densification, indicating that the Ge-S bond becomes longer with densification. This

result agrees with the results obtained from the Ge-K EXAFS analyses in Chapter 5.

The second peak at 2.9 Acorresponds to the Ge--Ge correlation connecting edge-shared

GeS4 tetrahedra The peak decreased in intensity and becomes broad with densification,

indicating that the correlation between Ge--Ge becomes weak. This means that the

linkage manner in edge-shared GeS4 tetrahedra becomes disorder with densification.

The third broad peak at 3 - 4 A corresponds to the Ge-Ge and S-S second neighbor

correlations in the comer-shared GeS4 tetrahedra. This peak is composed of two

correlations, but it can be considered to be attributed to be mainly Ge-Ge correlation

because the atomic scattering factor of Ge is two times larger than that of S [16].

Therefore, the peak shift indicates that the Ge-Ge distance in comer-shared GeS4
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tetrahedra becomes long. The elongation between the Ge-Ge distances can be

considered to occur due to a increase of Ge--S-Ge bond angle. This result also agrees

with that of the S-K XANES analysis performed in Chapter 5.

From the above results, it seems that the structure of densified GeS2 glass has

open-structure compared with undensified one. Although this seems a little strange, it

can be explained based on the GeS2 crystal structures. As mentioned in Chapter 5, a

GeS2 crystal has three modifications, i.e., high-temperature modification (a-GeS2), low­

temperature modification (~-GeS2), and high-pressure modification (II-GeS2). The

structural features of each crystal are summarized in Table 6.1.

Table 6.1 Structural features of GeS2 crystals.

a-GeS2 ~-GeS2 II-GeS2

Crystal system Monoclinic Monoclinic Tetragonal

Density (g·cm-3
) 2.95 2.99 3.30

S coordination number of Ge 4 4 4

Ge coordination number ofS 2 2 2

Ge-S bond length (A) 2.219 2.223 2.212

Ge-Ge distance (A) 3.39/2.91 3.44 3.56

Linkage manner Comer and edge Comer Comer

Number of tetrahedron 4 and 6 6 and 24 6

composing ring structures

Ge-S-Ge bond angle ( 0 ) 95.7 101.5 107.5

S-Ge-S bond angle ( 0 ) 109.5 109.4 111.7
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The structure of GeSz glass is considered to be a random structure of mixing

(X- and ~-GeSz crystals and the densities of GeSz glass undensified glass and densified

under 6 GPa are 2.76 g·cm-3 and 3.15 g·cm-3
, respectively. As given in Table 6.1, the

Ge-Ge distance ofthe II-GeSz crystal is longer than those of the (l- and I3-GeSz crystals.

On the other hand, the Ge-S-Ge bond angle ofII-GeSz crystal is larger than those of the

(l- and I3-GeSz crystals. Nevertheless, the II-GeSz crystal is a dense structure composed

of only six-members ring structure, while the cx- and I3-GeSz crystals are open-structures

due to the two-dimensional layer and the large hollows composed of twenty-four­

member ring structure, respectively. These facts mean that, in case of GeSz compounds,

the short-range structure including the linkage of tetrahedral GeS4 should be somewhat

open when the network structure is reorganized to dense structure.

In order to clarify the intermediate structural changes such as the

reorganization of ring structure, the computer simulation experiments (reverse Monte

Carlo method) using both the present diffraction data and the neutron diffraction data is

required. Therefore the neutron diffraction measurements are now proceeding.

6.4. Conclusion

The high-energy X-ray diffraction study was carried out in order to investigate

the structural change with densification on GeSz glass using third generation

synchrotron radiation as a light source. The total structure factors, Q(8(Q) - 1), for Ge8z

glasses undensified and densified under 6 GPa were obtained up to 25 A-I in the Q­

range. The intensity of the first sharp diffraction peak, which corresponds to the Ge-Ge

correlation at around 6 - 7 A in real space, largely decreased with densification,

assuming that the reorganization of the ring structures composed of Ge84 tetrahedra
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occurs.

The X-ray total pair-correlation functions, g(r), and the effective radial

distribution functions, NCr), for GeS2 glasses undensified and densified under 6 GPa

were derived from the total structure factors, Q(S(Q) - 1), of each glass. From these

functions, the following facts were found: (1) The first neighbor Ge-S bond length.

becomes long with densification. (2) The linkage manner in edge-shared GeS4

tetrahedra becomes disorder with densification. (3) The Ge-Ge distance in the comer­

shared becomes long, indicating that the Ge-S-Ge bond angle increased with

densification.

The densification mechanism in GeS2 glass by high-pressure treatment was

proposed based on the present results and the structures of three modifications of GeS2

crystal.
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Chapter 7

In-situ EXAFS Study on GeS2 Glass under

High-Pressure

7.1. Introduction

In general, when glasses are treated by high-pressure at room temperature or

at high temperature, densities of the glasses increase and some extents of the increased

densities are kept even after removal of the applied-pressure. Bridgman and Simon

found this permanent densification phenomenon of glass for the fIrst time in 1953 [1].

The phenomenon is of great interest from the viewpoint of glass science and technology

because changes in glass structure are permanently kept and consequently the optical,

electrical, mechanical, and magnetic properties of the glass are largely changed without

changing glass composition. So far the phenomenon has been investigated on various

kinds of oxide and chalcogenide glasses to develop vitreous materials with new

functions and also to elucidate the mechanism of permanent densification. A variety of

studies have been carried out to elucidate the mechanism of permanent densification.

For example, the structure analyses of permanently densified glasses and of glasses

under high-pressure have been performed by means of X-ray diffraction, neutron

diffraction, Raman scattering spectroscopy, infrared absorption spectroscopy, and so on

[2~].
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More recently the present author et al. have clarified the mechanism of

permanent densification behavior of GeS2 glass by the structural analyses of densified

glass, as described in Chapters 5 and 6. However, some ambiguous features have been

still remained on the local structural-change around Ge. That is, the Ge-S bond length

in GeS2 glass elongates with pennanent densification. However, Perakis et al. [5] have

reported that the Ge-S bond length becomes short under high-pressures by in-situ

Raman scattering spectroscopy.

In the present study the local structural-changes around Ge in GeS2 glass in

the compression and decompression processes are examined by in-situ EXAFS method,

and the mechanism of densification under high-pressure is investigated.

7.2. Experimental Procedures

7.2.1. Sample Preparation

Gennanium disulfide, GeS2, glass was prepared by using metallic Ge (5N

purity) and elementary S (llS special reagent grade) as starting materials. The batch was

melted in an evacuated silica ampoule at 1000°C for 10 h using a rocking furnace and

then it was rapidly quenched in air. The prepared glass was annealed at the glass­

transition temperature, 490°C, detennined by a DTA analysis. No precipitation of

crystalline GeS2 was conflnned by powder X-ray diffraction.
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7.2.2. Compression and Heating Treatments

A cubic-type multi anvil press, SMAP 180, installed on BL14B1 at Super

Photon ring-8, SPring-8, was used for compression experiments. The prepared GeS2

glass was powdered and mixed thoroughly with BN powder of pressure-transmission

medium. The mixture pressed into pellet was put in a container made of BN. Then the

container was put in a high-pressure in-situ cell made of amorphous B and epoxy resin.

An Au foil, which works as a pressure marker, was also put in the cell separately.

Generated pressures were estimated from the Au-Au distances determined by Au

Lm-edge EXAFS analyses based on the equation of state of Au [6]. Two pieces of

graphite plates (0.2 mm thick) were used as a heater. The temperature was measured

with a chromel-alumel thermocouple. The construction of high-pressure cell is

schematically illustrated in Figure 7.1.

Au
electrode

Sample

CA /
thermocouple...-.

End plug

Cheater

BN

Figure 7.1 Schematic diagram ofhigh-pressure in-situ EXAFS cell.
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7.2.3. Measurements ofX-ray Absorption-Edge Spectra

X-ray absorption measurements were performed with the approval of the

Japan Synchrotron Radiation Research Institute (Proposal No. 200IB0473-NX-np).

In order to obtain the EXAFS spectra of Ge K-edge and Au Lm-edge, the X­

ray absorption spectra of Ge K-edge (11.1 keY) and Au Lm-edge (11.9 keY) were

measured at a high-pressure station on a bending magnet line, BL14B1, at the SPring-8.

X-ray beam was monochromatized using Si(111) reflection. The second mirror

vertically focused the X-ray beam. The size of the X-ray beam was reduced to 0.3(H) x

0.3 or 0.05(V) mm2 by slits in the experimental station. The intensities of the incident

and transmitted X-rays were measured by ionization chambers with flowing gases ofN2

and Ar, respectively. The Ge K-edge and Au Lm-edge absorption data were collected in

the energy ranges of 10.91 - 12.09 and 11.71 - 12.91 keY, respectively. A ~-GeS2

crystal was used as a reference crystal.

7.2.4. Data Analyses ofEXAFS spectra

Analyses of collected EXAFS data were performed usmg the 'Xanadu'

program [7]. After the subtraction ofVictoreen-type baselines from the pre-edge regions,

EXAFS oscillations, z{k), were extracted using cubic spline functions. Fourier

transformation was carried out for the normalized z{k) spectra in the region of k = 3 ­

14 A-I for each spectrum. Absolute parts, ItKr)l, of the Fourier transformations are

shown in Figure 7.2. The prominent peaks located at around 2.2 A are assigned to Ge-S

bonds. These peaks were filtered in the region from 1.90 to 2.57 A and inversely

Fourier-transformed into k-space. The least-squares fittings in the k-space were carried

out for the inversely Fourier-transformed curves using the following single scattering

EXAFS formula:
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where Nj, Rj , OJ, and ~ are the coordination number, the interatomic distance, the

Debye-Waller factor, and the mean free path of photoelectron of the jth coordination

shell, respectively; .Ilk) and ~(k) are the theoretically calculated backscattering

amplitude and the total phase shift, respectively [8]. The photoelectron wave vectors, k

and 19, are defmed by

(7.2)

and

(7.3)

where me and h are the mass of the electron and the Plank constant, respectively, and E

and gXP are the X-ray photon and experimental threshold energies, respectively.

The curve-fitting analyses were performed using a one-shell model with 0', A,

and AE as variable parameters for reference crystal, ~-GeS2. For glasses, N, R, and 0'

were used as variable parameters and AE and it were kept fixed at the values determined

in the least-squares curve-fitting of the reference crystal. Figure 7.3 shows the inversely

Fourier-transformed curves and the results of the least-squares curve-fitting for a GeS2

glass at ambient pressure.
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Figure 7.2 Absolute parts, l(jJ(r)l, of Fourier-transformed x(k) curves of GeS2 glass in

compression (a) and decompression (b) processes.
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Figure 7.3 Inversely Fourier-transformed curve, Px(k), (solid line) and least-squares

fitted curve (dashed line) for GeS2 glass at ambient pressure.
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7.3. Results and Discussion

The S coordination numbers of Ge under the respective applied-pressures are

plotted in Figure 7.4. As can be seen from the figure, large changes such as a 4-6

coordination transition were not found in the present pressure region. The coordination

numbers were almost constant values around four, though these became significantly

small in heating up to 270°C under 8 GPa. From this result the structural unit in the

GeS2 glass, a GeS4 tetrahedron, is considered to be tightly maintained during

compression and decompression processes.
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Figure 7.4 Pressure dependence of S coordination number of Ge in GeS2 glass.
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The pressure dependence of Debye-Waller factor, 0', is shown in Figure 7.5.

The 0' value is related to the thermal vibration and distortion of geometrical structure

around absorption atom [9]. As can be seen from the figure, the 0' value slightly

increased with applied-pressure above 6 GPa and then largely increased at 270°C under

8 GPa. However, this change was reversible after releasing applied-pressure. This

indicates that the GeS4 tetrahedra are slightly distorted above 6 GPa and the distortion

of tetrahedral is released with releasing applied-pressure. The large increase of 0' at

270°C under 8 GPa may be explained by thermal effect.
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Figure 7.5 Pressure dependence ofDebye-Waller factor, 0', in GeS2 glass.
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Figure 7.6 shows the pressure dependence of the Ge-S bond length during the

compression and decompression processes. As can be seen from the figure, the bond

length became monotonously short with increasing applied-pressure up to 8 GPa. In

heating up to 270°C under 8 GPa, the bond length became slightly long. The elongated

bond length was almost kept even after the sample was cooled down to room

temperature. In decompression process, the bond length became gradually long with

releasing applied-pressure down to 2 GPa, following the change in the compression

process. However, it largely elongated below 2 GPa, and the final bond length, 2.234 A,

was longer than the initial one, 2.225 A.
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Figure 7.6 Pressure dependence of Ge-S bond length in GeS2 glass. Lines are guides

for eyes.
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The fact that the Ge-S bond length elongates after releasing applied-pressure

agrees with the previous results described in Chapters 5 and 6. Two types of structural­

changes, i.e. elastic and inelastic structural-changes, may be considered to occur due to

high-pressure treatment. In the case of GeSz glass, the structural-change in GeS4

tetrahedra is an elastic one, and the structural-change in intermediate-range network

structure (the collapse of large ringed-hollows composed of comer-linked GeS4

tetrahedra) is an inelastic one. When pressure is applied, the GeS4 tetrahedra are

compressed, making the Ge-S bond length short, and at the same time, intermediate­

range structure is also compressed, making the Ge-S bond length long. The reason why

the latter change occurs is because the structures of densified GeSz glasses have much

more geometrical restriction than that of an undensified GeSz glass and resulting that

the GeS4 tetrahedron is affected by structural-change around itself. Consequently the

balance between these two opposite effects decides the Ge-S bond length. In the

compression process, the two effects occur at the same time and the Ge-S bond length

becomes short due to a strong compression effect. In the decompression process,

however, a compression effect becomes weaker with releasing applied-pressure, while

the effect of intermediate-range change is retained without structural relaxation. As a

result, the elongation of the Ge-S bond length occurs after releasing applied-pressure.

7.4. Conclusion

The local structural-changes around Ge in GeSz glass were investigated under

high-pressures up to 8 GPa by an in-situ EXAFS method. No significant change of S

coordination number of Ge was found through compression and decompression

processes up to 8 GPa, indicating that the structural unit, a GeS4 tetrahedron, was tightly
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maintained during compression and decompression processes. The Ge-S bond length

monotonously decreased with applied-pressure during compression process. In the

decompression process, it gradually elongated with releasing pressure down to 2 GPa,

following a change in compression process. However, it largely elongated below 2 GPa,

being longer than the initial one. This change was explained by a combined effect of

elastic and inelastic structural-changes against the applied pressure.
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Chapter 8

High Pressure Densification and Thermal

Relaxation Behavior of GeS2 Glass

8.1. Introduction

When a glass is treated under high pressures at high temperatures or at room

temperature, the density increases and the densified state is permanently kept even after

removal of the applied pressures. This permanent densification phenomenon of glass,

which was demonstrated for the first time by Bridgman and Simon in 1953 [1], is of

great interest from the viewpoint of glass science and technology, because the changes

in glass structure are permanently kept at ambient pressure, and consequently the

physicochemical properties of the glass, e.g. the optical, electrical, and mechanical

properties, can be changed without changing glass composition. In addition, treating the

glass under appropriate pressures and temperatures can control the properties of glass

[2,3]. So far this phenomenon has been investigated on various kinds of oxide and

chalcogenide glasses to develop vitreous materials with new functions and to elucidate

the mechanism of permanent densification. Several kinds of studies have been carried

out to elucidate the mechanism of permanent densification, for example, the structural

analyses of the permanently densified glasses and of the glasses under high pressure by

means of X-ray diffraction, neutron diffraction, Raman scattering spectroscopy and
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infrared absorption spectroscopy [4-6]. The relaxation behavior analyses of

permanently densified glasses in thermal annealing have been also carried out [7-9].

Recently the present author et al. have clarified the structure of permanently

densified GeS2 glass as described in Chapters 5 and 6, and the structural changes

through compression and decompression processes have also examined, as described in

Chapter 7. The purpose of this study is to elucidate the mechanism of permanent

densification phenomenon of GeSz glass by examining the relaxation behavior in

thermal annealing.

8.2. Experimental Procedure

Germanium disulfide, GeSz, glass sample was prepared from metallic Ge (5N

purity) and elementary S (RS special reagent grade) in an evacuated silica ampoule at

1000°C for 10 h using a rocking furnace. The melt of the elements was rapidly

quenched in air. Then the prepared glass was annealed at the glass-transition

temperature, 490°C, determined by a DTA analysis. No precipitation of GeS2 crystal

was confIrmed by powder X-ray diffraction.

Permanent densification of the GeSz glass was carried out under 6 GPa at

270°C with a 6-8 multi-anvil-type high-pressure apparatus [10]. Detailed procedures of

the high pressure and high temperature treatments have been described in Chapter 2.

Thermal relaxation treatments of the permanently densified GeS2 glasses were

carried out at 100°C, 12Soe, 150°C, 200°C, and 300°C in vacuo for a total time of 128

h.

The densities of glasses were measured by the Archimedes method using CC4

as an immersion liquid. The experimental error in density measurements was about
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±0.005 g·cm-3
.

Raman scattering spectra of the permanently densified GeS2 glass, which was

thennally annealed at 100°C, were measured in the wavenumber range from 200 to 600

cm-1 at room temperature in a back-scattering geometry using a Perkin-Elmer 2000NIR

FT-Raman spectrometer. A Nd:YAG laser O-emission = 1064 nm) with 500 mW incident

power and an InGaAs crystal were used as an excitation source and a detector,

respectively.

In order to obtain the EXAFS spectra of Ge-K, the X-ray absorption spectra

near the Ge K--edge were measured at Beam Line lOB in Photon Factory, the National

Laboratory for High Energy Physics (Tsukuba). The measurements were performed

under the approval of the Photon Factory Program Advisory Committee (Proposal No.

99G054). In the measurements, two flat Si(311) crystals were used as monochromators,

and absorption data were collected in the energy range from 10859 to 12409 eV. The

measurements were made for the pennanently densified GeS2 glass, which was

thennally annealed at 100°C, and also for ~-GeS2 crystal as a reference.

Optical absorption spectra of the pennanently densified GeS2 glass, which

was thermally annealed at 100°C, were measured at room temperature with a HITACHI

U-3500 spectrophotometer in the wavelength range from 400 to 1200 nm. Prior to the

measurements the samples were polished to optical quality with 0.9 mm in thickness.
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8.3. Results and Discussion

8.3.1. Densities

The density of undensified GeS2 glass was 2.759 g·cm-3
• The density

increased about 14.2% (6.p/p) after the treatment under 6 GPa at 270°C.

Figure 8.1 shows the relationship between the density-relaxation and the

annealing-time in isothermal annealing of the permanently densified GeS2 glass at

several different temperatures. As can be seen from the figure, the density of each

sample rapidly decreases at the early stage of the thermal annealing and then gradually

decreases toward given values depending on the annealing temperature. These non­

exponential decays of density against the annealing time can not be fitted by a normal

relaxation function. This type of decay is satisfactorily expressed by the following

stretched exponential relaxation function [8,9]:

(8.1)

where C/J(T, t) is the relaxation function defined by

(8.2)

where poo and Po are the densities of an undensified (or fully relaxed) glass and an

unrelaxed glass before thermal annealing, respectively. The p(T, t) is the density after

annealing at T K for t hours, and f3 is a constant value associated with the relaxation

process and the 't'eff is an effective relaxation time.

Double logarithm of the relaxation function, In(-In tP), is plotted against

annealing time in Figure 8.2. As can be seen from the figure, the samples thermally

treated below 150°C were fitted by two straight lines with different slopes. This means

that the thermal relaxation process of permanently densified GeS2 glass has two
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relaxation processes with different activation energies. For convenience, these two

relaxation processes are referred to as the fast relaxation process and the slow relaxation

process, respectively. The fast relaxation process occurred at fIrst and then the slow

relaxation process proceeded. For the samples treated above 200°C, the fast relaxation

process has been already completed on this time scale.
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Figure 8.1. Relationship between density-relaxation and annealing-time in isothermal

annealing of densified GeS2 glasses at several different temperatures. Broken line

indicates density value ofundensified GeS2 glass.
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Figure 8.2 Double logarithm of relaxation-function, In(-ln4», vs. annealing-time for

densified GeSz glass.
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8.3.2. Activation Energies

The optimized parameters, f3 and 't'eff, which were obtained by fitting the data using

Equation 8.1, are listed in Table 8.1. As given in the table, the f3 values of both

relaxation processes are independent of annealing temperature and keep constant values

in each relaxation process. On the other hand, the 't'eff values satisfy the Arrhenius

equation:

(8.3)

where E and R are an activation energy and the gas constant, respectively, and fo is a

constant. The effective relaxation times for the fast and slow relaxation processes are

plotted against the annealing temperature in Figure 8.3. Equation 8.3 was fitted to the

data points by the least-squares method. The activation energies obtained for the fast

and slow relaxation processes were about 51 and 165 kJ·mor l
, respectively. This

indicates that the activation energy of the slow relaxation process is larger than that of

the fast one, and these values are small compared with the bond energies between the

constituent elements, i.e. Ge-8: 285 kJ'mor l
, Ge-Ge: 192 kJ·mor l

, 8-8: 282 kJ'mor l

[11]. Therefore, the following three can be assumed: (1) The structural change during

the slow relaxation process needs more larger energy than that of the fast one. (2) No

breaking of the bonds between constituent elements occurs. (3) Only a release of the

strain caused by densification occurs in both the relaxation processes.
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Table 8.1. Optimized f3 and Tefl" parameters in stretched exponential relaxation

function for permanently densified GeS2 glasses annealed at several different

temperatures.

Annealing Fast relaxation process Slow relaxation process

temperature (OC) f3 Tefl" (h) f3 Tefl" (h)

100 0.62 1.10 X 102 0.15 4.10 X 106

125 0.45 4.93 X 10 0.13 2.22 X 105

150 0.51 1.56 X 10 0.14 2.58 X 104

200 0.13 2.51 X 10

300 0.10 6.54 X 10-2

104

10-2 ""'---............"---...J....-..............l...-.....l...-......L.-.........--'-.........---'----'----'-----l.----' 100

1.5 2.0 2.5 3.0

T-1 /10-3 K-1

Figure 8.3. Temperature dependence of effective relaxation time for densified GeS2

glass in fast and slow relaxation processes.
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8.3.3. Structural Relaxation

Here the structural changes of GeS2 glass caused by densification, which were

clarified in the previous studies, are summarized. When a GeS2 glass is treated by the

high-pressure and high-temperature, the following three structural changes occur. (l)

Elongation of the Ge-S bond length. (2) Change in the Ge-S-Ge bond angles. (3)

Disappearance of the large hollows in the glass network structure, which is

accompanied by the transition from the a (high-temperature modification)- and ~ (low­

temperature modification)-GeS2 like crystal structures to the II (high-pressure

modification)-GeS2 like crystal structure. The disappearance ofhollows is considered to

be a main reason for densification. The details have been described in Chapters 5 and 6.

As described in Section 8.3.1, the fast and slow relaxation processes are

present in the relaxation process of densified GeS2 glass. In the case of the sample

treated at 100°C, the fast relaxation process occurs until 4 h and finished at this point

and then the slow relaxation process proceeds. In order to investigate the origin of

structural relaxation which occurred during both relaxation processes, the Raman

scattering spectra and Ge-K EXAFS measurements were performed on the samples

annealed at 100°C. The Raman scattering spectrum of densified GeS2 glass, Le. no­

annealed glass, is shown in Figure 8.4. As can be seen from the figure, five peaks

overlap each other. Therefore, curve-deconvolution was carried out to obtain the

accurate peak position and the full width at half maximum (FWHM) of the totally

symmetric stretching vibration of GeS4 tetrahedra, VI, which locates around 335 cm-I

[12]. The peak positions and the FWHMs of the thermally treated samples are plotted

against the annealing time in Figure 8.5. As can be seen from the figure, no changes are

occurred in the peak positions during the fast relaxation process, however, these shift to

higher energies at the beginning stage of the slow relaxation process and then these keep

constant values during the slow relaxation process. The higher-energy shift of the peak
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position causes an increase of the force constant of Ge-S bond. Thus it can be deduced

that the Ge-S bond length keeps constant during the fast relaxation process and then

becomes shorter at the beginning stage of the slow relaxation process and again keeps

constant during the slow relaxation process. On the other hand, the FWHM values,

which are assigned a variation of the Ge-S-Ge bond angle [13], decrease with the

annealing-time. However, the rate of change is different between the fast relaxation

process and the slow relaxation process, implying that there are two types in the change

of the Ge-S-Ge bond angle.

: Experimental

- - - - - : Deconvoluted

o :Simulated

-

200 250 300 350 400 450 500 550

Raman shift / cm-1

Figure 8.4. Raman scattering spectrum ofundensified GeS2 glass.
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Figure 8.5. Annealing-time dependences of peak position and FWHM of totally

symmetric stretching vibration of GeS4 tetrahedra in thermal relaxation at 1DDoe.

Figure 8.6 shows the relationship between the annealing-time and the Ge-S

bond length obtained by Ge-K EXAFS analyses. The analyses were performed using

the XANADU program [14]. Detailed procedures of the data analyses have been

described in Chapter 7. As can be seen from the figure, the Ge-S bond length definitely

becomes shorter at the beginning stage of the slow relaxation process though its change

is very small.

Based on these results, the structural relaxation in thermal annealing is

summarized as follows: The Ge-S bond length becomes shorter at the beginning stage
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of the slow relaxation process. The recovery of the Ge-S-Ge bond angle occurs during

the fast and slow relaxation processes. Taking each activation energy value into account,

however, the following is assumed: The recovery of the bond angle, which occurs

during the fast relaxation process, accompanies no change of glass network structure,

while the recovery of the bond angle, which occurs during the slow relaxation process,

accompanies the changes of glass network structure.
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Figure 8.6. Relationship between annealing-time and Ge-S bond length.
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8.3.4. Absorption-Edge Energies in Visible Region

Changes of the absorption-edge energy in the visible region are discussed.

According to the previous study, the visible absorption-edge energy largely shifts from

2.64 to 1.85 eV in densification under 6 GPa at 270°C. Figure 8.7 shows the changes of

the absorption-edge spectra through thermal annealing. The absorption-edge energies in

the visible region were obtained according to a manner illustrated in the figure. The

obtained values are plotted against the annealing time, together with the FWHM of VI in

the Raman spectra analysis in Figure 8.8. As can be seen from the figure, the

absorption-edge energies shift toward higher energies in correlation with an increase in

the annealing time. However, the rate of change is different between the fast relaxation

process and the slow relaxation process. Furthermore this change is similar to that of the

FWHM of VI. Therefore, the changes of the absorption-edge energy and that of the

Ge-S-Ge bond angle may be correlated to each other.

Annealing-time
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Figure 8.7. Visible absorption-edge spectra of permanently densified GeS2 glasses

thermally annealed for various hours.
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Figure 8.8. Annealing-time dependences of visible absorption-edge energy and

FWHM oftotally symmetric stretching vibration peak, VI.

8.4. Conclusion

The permanently densified GeS2 glass was prepared under 6 GPa at 270°C

using a 6-8 multi-anvil-type high-pressure apparatus. The relaxation behavior of the

permanently densified GeS2 glass through thermal annealing was investigated in order

to elucidate the mechanism of permanent densification phenomenon of GeS2 glass. It

was found that the fast relaxation process which has an activation energy of 51 kJ·mor l

and the slow relaxation process which has an activation energy of 165 kJ·mor l were

found to occur during thermal relaxation.

The Raman scattering spectra and the Ge-K EXAFS oscillation were
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measured on glasses annealed at 1000 e for various hours in order to investigate the

structural relaxation during both the fast relaxation and slow the relaxation processes.

The followings were clarified: The Ge-S bond length becomes shorter at the beginning

stage of the slow relaxation process. The recovery of the Ge-S-Ge bond angle occurs

during both the fast relaxation and slow relaxation processes. However, the change,

which occurs during the fast relaxation process, accompanies no change of glass

network structure, while the recovery, which occurs during the slow relaxation process,

accompanies changes ofglass network structure.

The absorption-edge energy in the visible region shifted toward higher energy

in correlation with an increase in the annealing time. It can be assumed that the change

of the absorption-edge energy is related to the change of the Ge-S-Ge bond angle by a

comparison between the change of the absorption-edge energy and that of the FWHM

of VI.
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Summary

This thesis is composed of two parts. In Part I (Chapters from 1 to 4) is

concerned with the peculiar high-pressure behavior in the permanent densification of

glass, which was found for the first time in the present work. In the Part, I investigated

structural-changes in the densification by high-pressure treatments for several glasses

with peculiar permanent densification phenomenon and proposed a mechanism of the

phenomenon. In Part II (Chapters from 5 to 8) is concerned with the permanent

densification behavior of GeS2 glass. In the Part, I investigated the properties of

densified GeS2 glasses at first and then examined the structure ofpermanently densified

glasses and the structure under high pressure. Also I examined the relaxation behavior

of densified glass due to thermal treatment. I summarized the contents of the respective

chapters.

In Chapter I, I reported the finding of a peculiar permanent densification

phenomenon observed in a 60ZrP4·30BaF2·lOEuF3 fluorozirconate glass. That is, I

observed that, in the pressure dependence of density, the densities of permanently

densified glasses exhibited a maximum value at the 3.0 GPa and then a marked

decreased with further increasing applied-pressure was observed. I investigated the local

structures around Zr4+ and Eu3
+ in the densified glasses by means of Raman scattering

spectroscopy and Eu3
+ fluorescence spectroscopy. Based on the results, I proposed the

spontaneous structural-relaxation of the P- coordination environments around zl+, Eu3
+,

and Ba2
+, which takes place instantaneously when the applied pressure is released, as a

cause of the peculiar permanent densification phenomenon observed in the present

fluorozirconate glass.

In Chapter 2, I examined the structural-change with densification in more

151



Summary

detail in a 55ZrF4·17BaF2·23NaF·lOEuF3 fluorozirconate glass, which showed a more

remarkable peculiar permanent densification phenomenon than a

60ZrF4·30BaF2·10EuF3 glass. I investigated the local structural-changes around Zr4+,

Eu3
+, and Ba2

+ in undensified and permanently densified glasses by means of Raman

scattering spectroscopy, Eu3+ fluorescence spectroscopy, and Zr-K, Eu-LIII, and Ba-Lm

EXAFS spectroscopies. I revealed from the EXAFS analyses that the local structure

around Ba2+ (a network-modifying cation in the glass) remarkably changes with applied

pressure, giving a pressure dependence similar to that of density. Also I revealed that the

local structures around zl+ and Eu3+ (a network-forming cation in the glass) hardly

changed. Therefore, I concluded that the structural change around Ba2
+, which is

explained by a spontaneous structural-relaxation in the F coordination environments

around Ba2
+ under releasing applied pressure, is an origin of a peculiar high-pressure

behavior observed in the 55ZrF4·17BaF2·23NaF·10EuF3 fluorozirconate glass.

In Chapter 3, I described the permanent densification experiments on

Si02-K2Q-CaG-SrO silicate glasses. I found a peculiar behavior in the glasses of lower

contents than 50 mol% Si02 in permanent densification of XSi02·0.4(l00 ­

x)K20·0.4(lOO -x)CaO·0.2(lOO - x)srO glasses (x = 41.2 - 66.7) in mol% by the high­

pressure treatments under 3 and 6 GPa, I investigated the skeleton structures composed

of Si04 units in the undensified and densified glasses by means of 29Si MAS NMR

spectroscopy, that is, examined the Qn fractions of Si04 structural-units, where n (n = 0

- 4) means the number of bridging oxygen, from the peak deconvolution of the spectra.

At first, I clarified the skeleton structures in the undensified glasses. Then I discussed

the skeleton structures of the densified glasses are discussed in comparison with that of

the undensified one. I revealed that, irrespective of x value, the fractions of Qn of small

n-values increased with increasing applied-pressure, indicating that some of the

Si-o-Si bonds are broken with high-pressure treatments and the changed skeleton-
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structures were kept even after releasing applied-pressure. Therefore, I concluded that

other causes such as the local structural-changes around network-modifying cations (K+,

Ca2
+, and Sl) should be considered as an origin of the peculiar behavior observed in

the glasses oflower contents than 50 mol% Si02.

In Chapter 4, I studied the permanent densification behaviors of ionic ZrF4­

based fluoride glasses, mixed ionic and covalent Si02-based oxide glasses, and a

covalent GeS2 sulfide glass from a standpoint of the chemical-bond properties and

structure of glasses. This study is summarized as follows: The permanent densification

of the respective glasses were performed at temperatures of about three-quarters of their

respective glass-transition temperatures under pressures up to 9 GPa in order to

compare each other. The densities of GeS2 glass and silicate glasses of higher contents

than 50 mol% Si02, which have covalent-bonds and smaller packing densities, increase

with increasing applied-pressure. On the other hand, in ZrF4-based glasses and silicate

glasses of lower contents than 50 mol% Si02, which have a larger ionicity and larger

packing densities, the density increase until around 3 GPa, the density becomes

maximum at this pressure, and then the density values decrease with further increasing

applied-pressure.

In Chapter 5, I clarified the structure of densified GeS2 glasses by means of

Raman scattering spectroscopy, XAFS spectroscopy, and X-ray radial distribution in

order to elucidate the mechanism of densification. I analyzed the experimental results

based on the structures of a-GeS2 (high-temperature modification), ~-GeS2 (low­

temperature modification), and II-GeS2 (high-pressure modification) crystals. I found

that, with proceeding of densification the structure of GeS2 glass, which has a mixed

structure of the a-GeS2 and ~-GeS2 at atmospheric pressure, the undensified glass

structure progressively converts to a II-GeS2-like dense structure. I also measured the

optical absorption spectra in the visible region and found that the large red shift of
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optical absorption-edge in the visible region is observed with densification.

In Chapter 6, I investigated the structures of GeS2 glasses undensified and

densified under 6 GPa in more detail with high-energy X-ray diffraction measurements

using third generation synchrotron radiation as a light source. I found the followings:

The intensity of the first sharp diffraction peak., which corresponds to the Ge-Ge

correlation at around 6 - 7 A in real space, largely decreases with densification. This is

because of the reorganization of the ring structures composed of GeS4 tetrahedra, which

was proposed mechanism in the Chapter 5. I clarified the structural-changes with

densification by the analyses of the X-ray total pair-correlation function, g(r), and the

effective radial distribution function, N(r), for each glass. Then I proposed the

densification mechanism on GeS2 glass by high-pressure treatment based on the results

and the structures of three modifications of GeS2 crystal.

In Chapter 7, I described the local structural-changes around Ge in GeS2 glass

during compression and decompression processes, Le. densification process, which was

clarified by means of an in-situ EXAFS analyses. The contents is as follows: "The Ge-S

bond length becomes monotonously short with increasing applied-pressure up to 8 GPa

at room temperature. When the specimen is heated to 270°C under 8 GPa, however, the

bond length becomes slightly long. The elongated bond length is almost kept even after

the specimen is cooled to room temperature. In decompression process, the bond length

becomes gradually long with releasing applied-pressure down to 2 GPa, following a

change in compression process. Below 2 GPa, however, the Ge-S bond length is largely

elongated, being longer than the initial one. No significant change of coordination

number is found in the compression and decompression processes up to 8 GPa." I

explained this change as a combined effect of elastic and inelastic structural-changes

and obtained an important information for elucidation of permanent densification

mechanism.
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Summary

In Chapter 8, I examined the thermal relaxation behavior of densified GeSz

glass in order to obtain the information about mechanism of densification. I performed

thermal relaxation analyses using a stretched exponential relaxation function and

revealed that the fast and slow relaxation processes, of which the activation energies

were 51 kJ'morl and 165 kJ·mor1
, respectively, are present in thermal relaxation of

denified GeSz glass. The. I revealed the structural relaxation during the fast and slow

relaxation processes by the analyses of the Raman scattering spectra and Ge-K EXAFS

oscillation. Also I discussed the relationship between the absorption-edge in the visible

region and the structural-change was also discussed.
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