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Recent discoveries of low-loss, far-infrared transmitting 

halide glasses have sparked much interest in extending fiber

optic technology into the infrared region. However, "a-far-

greater than theoretical loss has been observed which has 

slowed research in the field. For this reason, computer 

modeling of several halide glass systems was performed in 

order to develop a fundamental understanding of the 

relationships between structural and optical properties of 

these glasses. 

ZrF4, ZrFA/BaF2, ZnCl2 glasses and melts were prepared 

using an isothermal-isobaric molecular dynamics algorithm. The 

infrared spectra were then calculated by Fourier transforming 

the dipole moment autocorrelation functions of the basic 

structural units. The more ionic ZrF4 based glasses showed 

good agreement with experimental data, whereas the covalently 

bonded ZnCl2 glass did not. Addition of barium to ZrF4 glass 

was found to reduce high frequency modes of vibration in the 

glass. 
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CHAPTER 1 

INTRODUCTION 

Until 1974, little attention was given to halide glasses 

as possible candidates for optical fibers and wave guides 

because of their strong devitrification tendency [1] and 

sensitivity to water attack (which leads to high transmission 

losses due to hydroxyl contamination [2]). However, in March, 

1974, Michel Poulain accidentally discovered a heavy metal 

fluoride glass while attempting to synthesize a 

fluorozirconate single crystal [3]. This discovery led to an 

extensive research effort since both ZrF4-based and ZnCl2-based 

glasses showed a similar transparency in the far-infrared 

region but the fluoride glasses were much less likely to 

devitrify [4]. 

As research in the field progressed, many fundamental 

questions were addressed: compositional effects on glass 

forming region [5] and infrared absorption were studied [6]; 

X-ray and neutron scattering experiments narrowed in on the 

structure [7]; phase diagrams were developed through 

thermocalometric measurements [8]. However, there was still 

much confusion regarding the structure, devitrification 

problems, and unexpectedly high transmission losses. This, in 
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turn, fostered the desire for a more fundamental or 

theoretical approach to the problem including a new and 

powerful computational technique called molecular dynamics 

(MD) . 

Since the early eighties, a variety of MD studies have 

been conducted [9]. But because of computational time 

constraints, a variety of algorithms were used yielding 

somewhat conflicting results. It was our goal, to use the 

latest, most sophisticated programs while exploiting the 

fastest computers available (ie, supercomputers) to unlock 

some of the mysteries still plaguing research in fluoride 

glass structure. Specificly, we generated IR spectra of 

several halide glass systems by computer simulation and 

related these spectra to structural and compositional 

features. 
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LITERATURE SURVEY 

2.1. Introduction 

Because of their transparency, glasses have always been 

the subject of much interest. Advancements in technology have 

furthered our understanding of these highly transparent 

materials. Today, much is known about the bulk, or 

macroscopic, properties of glasses. Moreover, recent attempts 

have been made to relate these bulk properties to the 

microscopic behavior of individual atoms in the glasses. 

Knowledge of this relation between micro- and macroscopic 

behavior will ultimately lead to the development of many new 

and beneficial materials. 

2.2. Halide Glasses 

It is well known that all metals form halides (i.e., 

containing F, CI, Br, I) . However, the investigation of halide 

based glasses is relatively recent. Even though beryllium 

fluoride based glasses were first discovered by Goldschmidt 

over sixty years ago, halide based glasses were the subject 

of little interest because of their extremely hygroscopic 

nature and tendency to devitrify [10]. It wasn't until 1974 
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the french scientist Poulain accidentally discovered that ZrF4 

can form a stable glass when combined with other heavy metals 

[3]. This dicovery led to the search for other halide based 

glasses. 

Halide glasses, especially those based on fluorides, are 

of interest mainly because of the unique optical property of 

far-infrared transparency. This is a very important effect 

because it allows for the transmission of signals at very low 

frequencies. Transmission at low frequency is critical in 

order to lessen the effects of Rayleigh scattering. Figure 1 

shows the three main effects that lead to absorption or 

scattering of electromagnetic radiation in glasses [1]. From 

this figure, it becomes clear that Rayleigh scattering, which 

is proportional to the frequency to the forth power, limits 

transmission at high frequencies. Moreover, phonon absorption 

has a similar effect at low frequencies. Because of these two 

converging effects, there exists a frequency in which 

transmission losses should be minimized. Furthermore, this 

minimum loss is directly dependent on the frequency of 

transmission (because of Rayleigh scattering) which leads to 

an ultimate minimum theoretical loss at frequencies just prior 

to the multiphonon edge. This edge is much lower in halide 

than in silicate glasses, which is the main reason for the 

interest in halide glasses. 
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Figure 2 is a typical transmission spectrum of a fluoride 

glass showing its high transparency in the far-infrared [11]. 

Figure 3 then shows a comparison of the transmission for fused 

silica with that of a typical fluoride glass [12]. As is 

readily seen from this comparison, the heavier, more tightly 

bound silicates have higher frequency modes of vibration than 

the lighter, very ionic fluorides. This behavior leads to a 

predicted lower loss in halide glasses than in silicate 

glasses. Moreover, silicate glasses are prone to water 

contamination leading to an even higher expected losses [13]. 

2.3. Fluoride Glasses 

2.3.1. Experimental Studies 

Although many heavy metal halides are now known to form 

glasses, most research has been aimed at those based on 

fluorides. This is because fluoride glasses, although not as 

stable as silicate glasses, have a larger glass working region 

(i.e., the difference between the glass transition temperature 

and the crystallization temperature), and are less likely to 

devitrify than other halides. Goldstein et al. showed, for 

example, that ZnCl2-based glasses easily absorb water which 

leads to crystallization [14]. On the other hand, bromide 
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typical multicomponent fluoride glass (from 

reference 12). 
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glasses, very prone to crystallization, showed an increased 

stability when combined with other halogens [15]. But because 

of their relatively stability, most of the halide glass 

research to date has concentrated on fluorides, and in 

particular ZrF4, based glasses. 

Even though ZrF4-based glasses show an increased 

stability over halides, problems leading to devitrification 

still exist. In an effort to elevate these problem, many 

combinations of fluorides have been studied. Drexhage et al. 

have examined a great many combinations of fluorides and found 

a noticeable improvement in the glass forming ability of 

fluorozirconates upon additions of KF, NaF, CsF, and A1F3 

[12]. However, because of variations in bond strengths and 

hence phonon vibrations, additions such as these have been 

found to effect the transparency of the glasses. In a study 

by Gannon, additions of CeF3, NdF3, and TbF3, were found to 

have adverse effects on the IR transparency [16]. These 

results are shown in figure 4. 

It is clear, from the previous discussion, that the 

search for a suitable IR transmitting fluoride glass is not 

at all a trivial task. More information on the structure of 

these glasses is needed in order to guide the selection of 

suitable glass formers. A variety of X-ray and neutron 

scattering studies have been done yielding conflicting results 
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Figure 4. IR transmission spectra of glasses with compositions 

given in mole % above (from reference 16). 
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as to the structure of the glasses. In one study, Almeida 

suggested, from X-ray and neutron diffraction data, that the 

structure of a 2ZrF4-BaF2 glass consists of chains of ZrF6 

octahedra cross-linked by Ba-F ionic bonds (shown in figure 

5) [17]. In a similar study, Lucas et al., proposed a very 

different model based on an edge-sharing bipolyhedal module 

Zr2F13 shown in figure 6 [18]. 

2.3.2. Molecular Dynamics Studies 

Because of conflicting experimental findings concerning 

the structure of fluorozirconate glasses, new techniques have 

been employed. One such technique is atomistic computer 

modeling, or molecular dynamics. This technique, together with 

existing experimental data, can provide not only confirmation 

of structural properties, but also insight in predicting 

changes in the structure and properties of glasses at a 

variety of compositions. Some such studies of halide glasses 

have been conducted. But because of computational time 

constraints, a large variation in models were used giving a 

similarly large variations in results. 

Early attempts to simulate glasses using hard spheres or 

Lennard-Jones potentials are well documented [19]. However, 

not much valuable information was extracted from these 

experiments other than the advancement of the technique 
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Figure 5. Two dimensional representation of the structure of 

2ZrF4-BaF2 glass proposed by Almeida, consisting of 

ZrF6 octahedra cross-linked by Ba-F ionic bonds 

(from reference 17). 
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Figure 6. rwo dimensional representation of the structure of 

2ZrF4-BaF2 glass proposed by Lucas et. al consisting 

of Zr2F13 edge-sharing bipolyheda (from reference 

18). 
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itself, because of the non-realistic nature of the models 

used. After around 1980, much more realistic potentials, like 

the Born-Mayer-Huggins potential, have been utilized giving 

promising results. 

In a perhaps the earliest MD study of a fluoride glass, 

Angell et al. followed the migration of bridging and non-

bridging ions in a ZrF4/BaF2 glass at 1200 K [20]. There 

results indicate that bridging fluorine ions are more mobile 

than non-bridging fluorine ions, as might be expected. Even 

though their results were promising, they considered the 

findings as only spectulative because of the small system size 

employed (N=200). 

In another early MD study, Lucas et al. compared atomic 

pair distances of a computer simulated ZrF4/BaF2 glass to 

experimental X-ray data [21]. They attributed a split on the 

Zr-Zr nearest neighbor distance to edge and corner sharing 

polyhedra. This finding was in relatively good agreement with 

known crystalline structures of ZrF4. In a subsequent study of 

varying ZrF4/BaF2 glass compsitions, they found that the amount 

of Zr-Zr edge sharing polyhedra decreased as the barium ion 

concentration increased [22]. 

The results obtained by Lucas et al. were confirmed by 

Inoue et al. in another constant volume MD experiment [23]. 

In this study, a variety of ZrF4/BaF2 glasses were formed based 
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on known crystal structures and the resulting ion pair 

distribution functions were compared to that of the 

corresponding experimental glasses. There results supported 

the claim that the Zr-Zr edge sharing polyhedra concentration 

decreased vith an increasing barium content. 

Further experiments by Kawamoto et al. again confirmed 

the existence of edge sharing ZrFa polyhedra [24]. However, 

in a very recent study by Simmons et al., the split in the 

Zr-Zr nearest neighbor distance vas found to be merely an 

artifact of the system sizes used [25], In this study, the 

shorter Zr-Zr ion distance, previously attributed to edge 

sharing polyhedra, disappeared when the size of the system, 

or in other words, the range over which the particles 

interact, vas increased. These conflicting results and other 

unanswered questions regarding the stiructure and properties 

of ZrFA based glasses provide fertile areas of future 

research. 

2.4. Chloride Glasses 

2.4.1. Experimental Studies 

Even though the glass-forming ability of ZnCl2 was first 

discovered by Maier in 1925, little attention was paid to it 
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because of crystallization problems related to a rather high 

hygroscopicity [26], After the discovery of ZrF4-based glasses 

in 1974 however, an increasing amount of attention is being 

given to all halide glasses as potential materials for optical 

fibers. In 1978, IJitert and Wemple showed that ZnCl2 glass is 

a potentially ultralow-loss fiber material [27]. Earlier 

studies of IE absorption support this claim and showed that 

ZnCl2 glass has a potentially lower frequency multiphonon edge 

than ZrF4 [28,29]. However, minimum theoretical losses have 

never been attained due to H20 contamination. Robinson et al. 

showed that ZnCl2 glasses are so hygroscopic that extremely 

careful preparation is needed to avoid surface adsorption of 

H20 [30], Figure 7 shows the IR absorption of ZnCl2 glass from 

this study. Curve 1 was taken under vacuum immediately after 

the sample was removed from a sealed ampoule. Curve 2 was 

taken five minutes later. The increase in H20 adsorption, even 

under conditions of high vacuum, reveals the strong tendency 

for ZnCl2 glass to adsorb water. 

2.4.2. Molecular Dynamics Studies 

Because of the covalent nature of the Zn-Cl bond, MD 

studies of ZnCl2 are difficult and only a handfull have been 

attempted. In an early study, Woodcock et al. successfully 

simulated ZnCl2 glass using a Born-Mayer-Huggins type pair 
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was taken five minutes later (from reference 30). 
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potential but reported a T9 almost 250 K higher than 

experimentally found [31]. Gardner and Heyes extended this 

work by varying the hardness parameters and the ionic charges 

in the interatomic potential but obtained atomic pair 

distances of the order of an angstrom larger than 

experimentally found [32]. Inoue et al. further refined the 

potential and obtained a very accurate structure but with only 

reasonably accurate atomic vibrations as shown from their 

calculated IR spectrum in figure 8 [33]. In an attempt to 

accurately model ZnCl2 glasses, Kumta et al. refined the 

various potentials and were able to closely match the short-

range order of molten ZnCl2 with existing experimental data 

[34]. However, they observed a smaller density than 

experimentally found. This difference in density was a result 

of an open structure of linked polyhedra, or "chains", rather 

than a more closely packed array of these polyhedra. These 

somewhat contradictory findings provide an excellent setting 

for future research. 
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measured spectra of ZnCl2 glass (from reference 

33). 
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CHAPTER 3 

BACKGROUND 

3.1. Introduction 

Over the past few decades, computers have played an 

increasingly important role in the field of science. This is 

due in part to increases in computational speed. With the 

advent of "supercomputers", many complicated problems, 

virtually unsolveable using analytical techniques, have now 

been solved numerically. 

To get started in the field of computational science, one 

must first select a physical phenomenon of interest. Secondly, 

a mathematical model describing this phenomenon must be 

developed and put into an algebraic form that allows for a 

numerical solution. Expression of these algebraic equations 

in a sequence of computer instruction then allows for the 

evolution of the modeled phenomenon in a series of computer 

experiments. 

In this study, we used an atomistic computer modeling 

technique known as "molecular dynamics". In this technique, 

the actual particles, or ions, are described by mathematical 

functions. These mathematical functions, or potential 

functions, describe the interaction between the particles 
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through Newton's equations of motion. The solution of these 

equations in discrete tine intervals then allows for the 

calculation of the trajectories of the particles. Subsequent 

time averaging of these trajectories leads to the extraction 

of macroscopic quantities such as temperature and pressure. 

3.2. Molecular Dynamics at Constant Pressure 

3.2.1. Introduction 

Until 1981, MD was limited to systems that allowed for 

no fluctuations in volume. This constraint put severe 

limitations on the technique in that almost all physical 

experiments are done under conditions of constant pressure, 

which makes physical comparison difficult if not impossible. 

Since this time, however, a technique formulated by Anderson 

[35], and later extended by Parrinello and Rahman [36], has 

been developed in vhich. a system of interacting particles 

(called the simulation cell) is allowed to change its size and 

shape. 

The simulation cell, shown schematically in two 

dimensions in figure 9, is defined, in three dimensions, by 

three variable vectors T, IT, and c. The volume of the cell is 

therefore given by 12 = T • (U x c) . The position of a given 
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Figure 9. Definition of the simulation cell in two dimensions 

according to the vectors a and b. 
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particle i in the (a,b,c) coordinate system (sometimes refered 

to as the "s" coordinate system) may be expressed in Cartesian 

coordinates through the expression sj = If1 r( (where h 

represents a 3x3 matrix whose elements are the variable 

vectors a, b, and c) . The Hamiltonian, or total energy, of the 

system under a constant stress a is therefore given by: 

N 
H = I ]T mi Vi

2 + ^ Uij (rjj) + ± WTr hl h + Tr{ere}00 

i-1 i>j 

The total energy of a system is simply the sum of kinetic and 

potential energies. The first term in the Hamiltonian 

represents the kinetic energy of the particles. The second 

term is the total potential energy of the system of particles 

interacting under a pairwise additive potential function 

11,-j (rjj). The third term represents the kinetic energy of the 

borders in which the parameter W defines their mass (this is 

an artificial parameter that varies the rate of change of a, 

b, and c or the equilibrium between the internal and external 

stress). The mass W prevents the rather small systems from 

exploding from instantaneous fluctuations in volume and 

internal energy. The final term in the Hamiltonian is the 

elastic energy of the system, in which the term £i0defines the 

volume of a reference system used to measure the strain e. 
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With knowledge of the Hamiltonian, the subsequent 

classical equations of motion (Hamilton's) are easily 

extracted from the following expressions: 

Integration of these equations yields n spatial coordinates 

{qj} and n momenta {Pj}, which will be denoted by q and p 

respectively. The state of each system j at any instance in 

time t is therefore given by its respective "phase point" 

(p,q). The term phase point represents a point in the space 

(called the phase space) constructed from the 2n points p and 

q. Trajectories of the phase points in the phase space are 

formed as the system evolves in time. Dynamical properties can 

then be extracted from these trajectories. 

In statistical thermodynamics, a macroscopic 

thermodynamic function, X(p,q), can be calculated as an 

ensemble average of the system (an ensemble being a large 

number of replicas of the system of interest). This ensemble 

average is given by: 

(where j=l,2 # • • • 9 n)  

X(p,q)f(p,q,t)dpdq 
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where, 

,q,t)dpdq - JJ f(p.q,t 

and, f (p,q, t) is a number density of points in the phase 

space. Clearly then, A represents the number of systems in 

the ensemble which have a phase point within dpdq about the 

point (p,q) at time t. 

According to Gibb's postulate, a macroscopic 

thermodynamic function can also be calculate from the time 

average of a collection of phase points in the phase space or: 

<X> = lim ̂  
T-»oo T 

PT 
X{p(t).q(t)}dt 

0 

According to the ergodic hypothesis, for systems undergoing 

a stationary process (which means the number density f(p,q,t) 

does not depend on a shift in the origin of time), the time 

average is equal to the ensemble average. This means that we 

can calculate macroscopic thermodynamic quantities, as well 

as dynamical properties such as IR spectra, from the knowledge 

of the trajectories of a small system at equilibrium. This is 

exactly the task of molecular dynamics. 
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3.2.2. The Equations of Motion 

Numerical solution of Hamilton's equations of motion for 

the Hamiltonian given in section 3.2.1., requires the 

replacement of the infinitesimal time dt by the finite time 

At. The time At is usually taken to be about l/100th of an 

atomic vibration. The displacement u of the particles in the 

system over the time interval At is given by: 

"u = r -r0 = (h hQ"1- l)r0 

(where r0 represents the initial coordinates, etc...) 

The strain tensor can then be calculated as: 

e . I G h0-l - 1) 

where, 

G = hc h 

The elastic energy is given by: 

Eel - I Tr {2 G} 
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Where £ is a symmetric tensor related to the applied stress 

which is given by: 

2 - h,,-1 or hot-1 Q0 

This leads to Hamilton's equations of motion for a system of 

particles in the (N,o,T) ensemble, which are: 

1 m /—! 

i>J 

' I ' 3Uji (rjj) 
9rij 

(s| - sj) - G~1 G sj 

(where i,j = 1,2,3,...,N) 

And a set of equations of motion for the borders of the 

simulation cell, given by: 

wii - (n - pi) a h1-1 - h z 

Where the internal stress matrix n is given by: 

n - i J  £(*] (=*?>] 
1-1 1>J 

r..2 flJ 
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By time averaging the trajectories of a system of particles 

provided from these equations (as was stated in the previous 

section), it is possible to extract macroscopic properties of 

the system. 

3.2.3. The Potential 

Because of limitations in computational time, it is 

necessary, in MD, to select a system that can be described by 

a fairly simple potential function. If we select a system of 

ionic particles, as apposed to covalently bonded particles, 

the system can be represented by a group of indepentent point 

charges. This selection speeds up the simulations considerably 

since it eliminates the calculation of directionally dependent 

cross-terms that arise from covalent bonding. Hence, in 

constant pressure! MD, the interaction between particles can 

be described by a Born-Mayer-Huggins type potential, given as 

follows: 

uij <rij) " zi zj 4^7 + Bij e>p .EiL 
"ij 
. £il 

r.6 rlJ 

(where, Ujj(r̂ -) is the potential seen by particle i due 

to particle j) 

The first term represents the coulombic interaction between 

particles. The second term is a "hardcore" repulsive 
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interaction. And the final term represents a Van der Waals 

attractive interaction. Hence, the potential under which a 

given particle i interacts is merely the sum of all pair 

potentials Ujj of particle i with all other particles in the 

system j. 

As we can see, this potential is central (i.e., 

independent of direction), pairwise, and additive. A 

substantial amount of time spent in MD experiments goes into 

the determination of the various constants B{j, p.j»and C,j. 

Once these constants have been determined, or, in other words, 

once a simulated system has found to match a real or physical 

system via comparison with experimental data, one is free to 

perturb the system to extract the information of interest. 

The B-M-H type potential seems quite straight foward and 

easily calculated. However, upon closer examination, the 

coulombic term is not easily calculated (especially for small 

systems) since it is long-range (i.e., it varies as l/r̂ ) . In 

order to speed the calculation of this interaction, a 

technique is employed in which this very long-range, or slowly 

converging, term is divided into two much faster converging 

series. This technique is called the Ewald sumation method and 

is described in references [37,38]. 
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3.2.4. Periodic Boundary Conditions 

Because of limitations in computational time, MD is 

limited to small systems. Moreover, in order to make direct 

comparisons with bulk properties attained from experiment, the 

system size must be large compared to any external surfaces. 

To remove external surfaces, a technique is used in which a 

relatively small system is replicated in all directions, with 

macroscopic quantities (such as temperature and pressure) 

calculated from only the inner-most cell. Figure 10 shows this 

schematically in two dimensions. This method works quite well 

as long as the system is large enough so that particles don't 

artificially interact with their own images. 

3.3. Calculation of Infrared Spectra 

Infrared absorption in a given material, is directly 

related to the phonon vibrations in that substance. This is 

because the energy of infrared radiation is on the order of 

that of phonon vibrations. Since, in MD, the positions of all 

particles in the system are known at every instance in some 

small time interval At, it follows that the atomic vibrations 

in the system can be extracted and therefore related to IR 

absorption. In fact, an expression has been developed that 

makes it possible to calculate the IR lineshape I(w) as a 

Fourier transform of the dipole moment autocorrelation 
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Figure 10. Example of periodic boundary conditions in two 

dimensions (arrows indicate velocity vectors). 



function [39]. This expression is as follows: 
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I(W) " I dt e"i<A,t(M(0)-M(t)> 
J_oo 

where, 

N 
M = ri 

i»l 

This expression is valid only for isotropic materials since 

interactions with directionally dependent electric fields are 

ignored. This assumption is valid for this study since 

amorphous glass structures show little long-range order. 

Because, during IR absorbance, the external electric 

fields, or photons, interact with changing electric fields 

produced during molecular motion, the changing dipole moment 

need only be calculated for representative units, or 

polyhedra, contained within the system. This technique was 

first employed by Inoue in 1987, in a constant volume MD 

simulation of ZnCl2, and yielded satisfactory results (shown 

in figure 8) [33]. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Fluoride Based Glasses 

4.1.1. Introduction 

After their discovery in 1974, fluoride glasses have been 

the subject of an intense research effort, which has led to 

the publication of a large quantity of experimental data. It 

is very important, in computer modeling, to have access to 

experimental data for the sake of comparison with calculated 

properties. This is one reason why fluoride glasses were 

chosen for this study. Another reason is that fluoride glasses 

are relatively ionic, and the model used in this study 

represents particles interacting under a strictly ionic 

potential. Table 1 shows that on the basis of 

electronegativity calculations, fluoride based glasses have, 

for the most part, ionic bonds. Finally, a fair number of MD 

studies have been done on ZrF4-based glasses (under constant 

volume conditions) [19-25]. This shortens the very time 

consuming procedure of deriving the potentials under which the 

particles interact. 



Element: Electronegativity 

(arbitrary units) 
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F 

O 

Cl 

Si 

Zll 

Zr 

Ba 

Bond Type 

Ba-F 

Zr-F 

Si-D 

Zn-Cl 

4.0 

3.5 

3.0 

1.8 

1.6 

1.4 

0.9 

Approximate % ionic 

character 

91 

82 

51 

39 

Table 1. Approximate ionic character of various glass formers 

(from reference 42). 
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4.1.2. Zirconium Fluoride (ZrF^\ Glass 

Before attempting to simulate a realistic, multicomponent 

glass, it is logical to first try to successfully simulate the 

simple two component system, ZrF4, from which most fluoride 

glasses are based. It must be noted at this time, that the 

glass former, ZrF4, does not form a glass in the laboratory 

without the addition of large network modifying ions (such as 

barium). Instead, the system crystallizes because of the 

relatively high mobilities of the ions. However, with an 

extremely fast cooling rate, the equilibrium high temperature 

form of ZrF4 (i.e., liquid form) can be frozen in at room 

temperature. This cooling rate is impossible to achieve 

experimentally, but easily achieved on the computer. 

4.1.2.1. 270 Particle Simulation 

A. Initial Structure 

In order to begin a computer simulation, the particles, 

or constituents of the glass, must be assigned to some initial 

configuration. After which, their positions are randomized at 

an elevated temperature. Although the initial configuration 

has no bearing on the final equilibrium structure after high 

temperature randomization, it is usually taken to approximate 
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the equilibrium structure so as. to reduce computational time. 

After studying previous work, an almost cubic simulation cell 

containing 270 ions was chosen (i.e., 54 Zr*+ and 216 F" ions). 

This number was large enough to reduce the side effects caused 

by periodic boundary conditions, but not too large that 

computational times are unreasonable. 

B. The Potential 

A variety of short range potential functions have been 

derived for ZrF4 and ZrF4-based systems under constant volume 

conditions. Table 2 is a comprehensive list of the different 

potentials used to this date. As is seen from this table, 

there is a large variation in the parameters. In order to have 

a starting point for the development of a new, constant 

pressure potential, the potentials in table 2 were 

systematically tried and the resulting structures compared to 

crystalline ZrF4. Although these simulations were run on a 

very fast vector processing computer (SCS 40) , this still 

proved to be a very time consuming procedure in that all of 

the potentials led to unstable melts that exploded when the 

system's volume was not constrained. With the idea that this 

instability arose from a nonequilibrium initial structure, the 

system was randomized at an elevated temperature (1233 K) 

while holding the volume constant. The system was then 
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ZrF4 Parameters 

Lucas Angel1 & Cheeseman Hamill & Parker Kawamoto 

B++ 12757 eV 1619 eV 3970 eV 52282 eV 

B._ 1631 857 1134 451 

B+_ 5121 1323 2315 5123 

Prj 0.2 66 0.29 0.29 0.29 

ZrF4/BaF2 Parameters 

(Hamill & Parker) 

Zr-Zr Zr-Ba Zr-F Ba-Ba Ba-F F-F 

B,̂ . (eV) 3970 7667 2376 14545 4306 1134 

( 'u • 0.29) 

Table 2. Comprehensive list of the various parameters used 
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quenched to room temperature (298 K) for a short period of 

time (approximately 2000 time steps). After which, the volume 

constraint was abolished allowing the system to reach a final 

state of equilibrium at room temperature. 

The previous procedure was successful in producing a 

stable glass. However, after examining the nearest neighbor 

distances (i.e., Zr-F, Zr-Zr, etc...) of the system 

interacting under a variety of potentials, large discrepencies 

were found when compared to crystalline ZrF4. 

After some trial and error, a potential previously 

derived by Hamill and Parker (1985) was tried [40]. The system 

was found to be quite stable with a radial distribution 

function (RDF) closely matching what might be found for glassy 

ZrF4. In other words, the system had little long range order, 

indicating glassy character, with ion pair distances matching 

that of crystalline ZrF4. 

C. Results 

Figure 11 is the partial RDFs for the different ionic 

species (i.e., ++, —, +-) extracted from the structure of 

ZrF4 (using the Hamill and Parker potential). As one proceeds 

out radially from a given ion, rather sharp peaks are observed 

for the first and second nearest neighbors, but tend to level 

off shortly thereafter. This type of behavior is very typical 
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Radial 
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angstroms (A) 
10.00 

Figure 11. Partial radial distribution functions of ZrF4 glass 

(270 particles). 
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of amorphous phases indicating a short range order, but very 

little long range order. 

Table 3 shows a comparison of the ion pair distances 

obtained from figure 11, with that of crystalline ZrF4. There 

is a close agreement, which shows that the Hamill and Parker 

potential might accurately describe a ZrF4 glass. 

4.1.2.2. 640 Particle Simulation 

A. Initial Structure 

Upon closer examination of the RDF, however, a splitting 

of the first Zr-Zr peak indicating the presence of what was 

thought to be edge sharing ZrF6 octahedra. However, in a very 

recent MD study of glassy ZrF4 by J. Simmons et al. [25], it 

was found that by increasing the range of particle interaction 

(in other words, increasing the system size), this splitting 

would disappear. These results are shown in figure 12 where 

the lower graph clearly shows the disappearance of the 

splitting at a larger range of interaction. However, as was 

discussed earlier, computer speed, or computational time, 

limits the overall system size. With the current system at 270 

particles, it was decided to about double the size to 640 

particles (i.e., 128 Zr4* and 512 F" ions), which would 
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Atomic Pair Distances 

Species 

ZrF4 Glass ZrF4 Glass 

(270 Particles) (640 Particles) 

0-ZrF4 

Crystal 

Zr-Zr 

F-F 

Zr-F 

4.25 A 

2.70 

2.15 

4.30 A 

2 . 6 0  

2.20 

4.20 A 

2.40 

2.15 

Table 3. Comparison of atomic pair distances of computer 

simulated glasses and 0-ZrF4 crystal. 
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Figure 12. Radial distribution functions of Zr about Zr 

showing the disappearence of the first peak with 

an increasing system size (from reference 25). 



approximately quadruple the computational time. 
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B. Results 

B. 1. Structure 

Doubling the simulation size proved to have the same 

effect on the structure as in Simmons experiment. This is 

clearly demonstrated by the RDF of the 640 particle simulation 

shown in figure 13 (note: no splitting of the first Zr-Zr 

peak). The experimental procedure, shown in table 4, consisted 

of a randomization at 1233 K (with the mass of the borders W 

at 100) , followed by a rapid quench to room temperature. A 

large W slows rapid increases in the volume caused by a 

nonequilibrium initial structure. This was followed by further 

randomization at 1233 K (with W=l) and subsequent 

instantaneous quench to room temperature. The system was held 

at room temperature for a sufficiently long time (7000 time 

steps) to ensure that an equilibrium structure was obtained 

before calculation of the IR spectra. 

Table 3 shows a comparison between crystalline ZrF4 ion 

pair distances with that of the computer generated glass. They 

are in excellent agreement as is seen from this table. 

However, when the crystalline ZrF4 density is compared to the 

computer generated glass (shown in table 5) a slight 
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Radial 
Distribution 

Function 

- Zr-F 
- Zr-Zr 
- F-F 
- Total 

_Q 

cn 

0.00 2.00 4.00 8.00 -10.00 6.00 

angstroms (A)  

Figure 13. Partial radial distribution functions at room 

temperature of ZrFA glass (640 particles). 
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ZrF4 640 Particles 

Simulation Conditions 

Temperature Time Steps W 

1233 K 2 000 100 

298 K 2 COO 100 

1233 K 2 000 1 

298 K 7000 1 

298 K 10000 (IR) 1 

Table 4. Simulation conditions of ZrF4 (640 particles), where 

the IR spectra is calculated from the final 

simulation. 
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Density 

ZrF4 computer glass ZrF4 crystal (CRC) 

3.6 g/cm 4.43 g/cm 

Table 5. Comparison of densities of ZrF4 glass and crystalline 

ZrF4. 
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difference is observed. Moreover, this difference is expected 

since the highly disordered glassy structure should have a 

slightly lower density than the well ordered crystalline one. 

If one examines the Zr-F, and Zr-Zr average coordination 

numbers, a striking similarity is found to that of 0-ZrF4 

crystal as seen in table 6. This claim was also supported by 

atomic pair distances extracted from the RDFs. The structure 

of 0-ZrF4 is shown in figure 14 which is simplified in figure 

15. However, after examining the concentration of different 

types of polyhedra in the glass, a noticable difference from 

0-ZrF4 is observed. These results are summerized in table 7. 

In order to make a confirmation on the structure of the 

glass, more information was needed. We have used a powerful 

graphics computer: the Evans and Sutherland PS 300. After a 

three dimensional visualization of the structure, it was clear 

that although the structure most closely resembled /3-ZrF<f it 

was very distorted. This was no surprise since glassy 

structures are known to exhibit no long range order. A few 

representative diagrams of the primary polyhedra taken from 

the PS 300 are shown in figure 16. From this figure it can be 

seen that a zirconium ion surrounded by eight fluoride ions 

has little symmetry compared to the well ordered crystalline 

counterpart even though the ion pair distances of the two are 

almost identical. This behavior is typical of glass 
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Average Coordination Number 

Zr-F Zr-Zr 

ZrF4 glass 7.76 8.19 

0-ZrF4 crystal 8 8 

Table 6. Average coordinations of ZrF4 glass compared to 

crystalline 0-ZrF4. 

Concentration of Polyhedra (ZrF4 Glass) 

Zr-F Coordination Fractional Concentration 

7 0.29 

8 0.64 

9 0.07 

Table 7. Fractional concentration of various polyhedra in ZrF4 

glass. 



Figure 14. Structure of 0-ZrF4 (from reference 23) 
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[111] 

O Zr4* 

Figure 15. Simplified schematic representation of 0-ZrF4. 



Coordination 7 

Coordination 8 

Figure 16. Representative polyhedra of ZrF4 glass taken from 

the PS 300 graphics computer. 
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structures. 

B.2. Far-infrared Spectra 

As was stated in section 3.3., infrared absorption is an 

atomic effect directly related to the motion of the ions 

themselves. Hence, the total IR absorbance of a material can 

be calculated as the sum of the IR absorbance of 

representative units, or polyhedra. The selection of these 

representative units is arbitrary as long as they accurately 

describe all vibrational modes of the system. For simplicity, 

a formalization developed by Inoue et al. [23] was used where 

structural units are represented by polyhedra or coordinated 

spheres of fluoride ions about a zirconium ion. Aside from 

simplicity, this formalization allows for the characterization 

of IR spectra based on coordinated polyhedra in the material, 

instead of individual bonds. Furthermore, since the intensity 

of IR absorption is directly related to the concentration of 

the particular absorbing species, changes in IR absorbance of 

a glass can be predicted based on changes in the concentration 

of the basic polyhedra. 

In the modeled ZrF4 glass, two main types of polyhedra 

were observed at room temperature: seven and eight fold 

coordinated zirconium (shown in figure 16). The theoretical 

IR spectra of these units were then calculated at room 
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temperature by Fast Fourier Transformation (FFT) of the time-

dependent autocorrelation functions of their respective dipole 

moments as was shown in section 3.3. The spectra were 

calculated at room temperature so that a direct comparison 

with experimental data could be made. The total absorbance of 

the glass was then calculated by multiplying the component 

spectra by their respective concentrations and summing these. 

Because atomic vibrations are sampled in discrete time 

intervals At, oscillations above some frequency are clearly 

lost. This frequency is called the Nyquist critical frequency 

fc, and is given by [41]: 

fc = 1/(2 At) 

In other words, in order to resolve the frequency of a given 

sine wave, it must be sampled a minimum of twice per period. 

In this experiment the sampling interval At of 2.34 X 10"15 

seconds was used. This gives a maximum resolution of 7127 

cm'1, which is well outside of the region of interest. 

The convolution of discretely sampled spectra using FFT 

has the interesting side effect of corruption of the low and 

high frequency ends of the spectra. This is an artifact of 

FFTing a finite sample. To eliminate these end effects, the 

technique of zero padding was employed. In this technique, a 
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string or zeros (or in this case the average dipole moment) 

is added to the end of the data before FFT. The number of 

zeros must be at least half the total number of data points 

[41]. The average dipole moment was used because the frame of 

reference under which the dipole moment was calculated was not 

the center of the polyhedra in question. The number of zeros 

needed to pad a data string of length M is at least M/2. In 

this experiment, an equal number of zeros was added to the end 

of the data for simplicity. 

Figure 17 shows the calculated far-infrared spectra of 

the two main types of polyhedra in ZrF4 glass at room 

temperature. Figure 18 then shows these spectra after 

correction for concentrational effects. The total IR 

absorbance is the sum of the spectra in figure 18. This is 

shown in figure 19. As is readily seen from these figures, 

ZrF4 glass absorbs at about 500 cm'1, 300 cm'1, and 100 cm"1. 

However, absorbance in the 500 cm"1 is primarily due to the Zr 

polyhedra of coordination 8. 

Only one representative polyhedra of each type were used 

to generate these spectra because of computational time 

constraints. Therefore these spectra may not necessarily 

represent the behavior of the bulk glass. However, in another 

experiment we showed that different polyhedra of the same 

coordination give an almost identical absorption spectrum. 
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Figure 17. Component IR spectra of ZrF4 glass with no 

correction for concentration. 
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Figure 18. Component IR spectra of ZrF4 glass after 

correction for relative abundance in bulk ZrF4. 



68 

ZrF4 
Total Spectrum 

i f )  
•+J 

*C 
3 

<D 
> 

O 
(D 

(D 
O 
C 
o 
_Q 
L_ 
0 
i f )  

n 
o 

300 400 200 100 500 600 700 

wave number (1 /cm) 

Figure 19. Total IR spectrum of ZrF4 glass (sum of spectra in 

figure 18). 
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Hence, it can be safely said that these spectra are 

representative of bulk properties of the simulated ZrF4 glass. 

In order to check the validity of the modeled ZrF4 glass 

spectra, an experimental comparison is needed. However, this 

is impossible because the cooling rate needed to form ZrF4 

glass is not attainable in the laboratory. But since IR 

absorption is a very short range effect, a similar type of 

absorption is expected between glassy and crystalline ZrF4. 

IR transmission spectra of crystalline 0-ZrF4 in KBr were 

taken on a Perkin and Elmer 983 scanning spectrometer and the 

results are shown in figures 20 thru 22. Figure 20 shows the 

transmission spectra of 0-ZrF4 in KBr. Figure 21 shows a 

comparison between figure 20 (left) and the transmission 

spectra of pure KBr. As is readily seen from this comparison, 

the large peak at around 500 cm'1 is definitely due to 0-ZrF4. 

However, the other large peak at about 300 cm"1 is undetermined 

due to absorption from KBr. To determine what contribution 

0-ZrF4 has to this peak, two spectra were taken (shown in 

figure 22) using a constant concentration of KBr and a varying 

amount of 0-ZrF4. The contributions of 0-ZrF4 to the spectra 

will then show up as peaks which have changing intensities 

from one spectrum to the next. From the comparison of these 

two spectra in figure 22, it is obvious that the absorption 

at 300 cm*1 is primarily due to 0-ZrF4. 
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Figure 20. Measured IR spectrum of crystalline 0-ZrF4 in KBr. 
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Figure 21. Comparison of measured IR spectra of 0-ZrF4 in KBr 

(left) with KBr itself (right). 
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Figure 22. Measured IR spectra of 0-ZrF4 in KBr (left) and 

an increased concentration of 0-ZrF4 in a constant 

concentration of KBr (right). 
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When the calculated spectrum of ZrF4 glass (figure 19) is 

compared to the experimental 0-ZrF4 crystal spectrum (figure 

22) a striking similarity exists; both absorb at about 500 and 

300 cm"1. The similarity is even closer when we consider the 

high frequency peaks in 0-ZrF4 are artificially enlarge due to 

Rayleigh scattering. Unfortunately, because of the type of 

detector used in the Perkins and Elmer 983, absorption below 

180 cm"1 can not be resolved. However, the available data 

obtained was in excellent agreement with the calculated 

spectrum warranting further simulations. 

4.1.3. Zirconium Barium Fluoride (ZrF̂ /BaF..) Glass 

A. Initial Structure 

After much success with ZrF4 glass, a real three 

component fluoride glass was simulated. This system was 

created with the addition of barium to the network former 

ZrF4. The addition of the large barium ions breaks up the 

network formed by zirconium and fluoride ions thereby 

allowing glass formation. Barium was chosen from all of the 

other possible network modifiers because of the rather large 

amount of published research on ZrF4/BaF2 glasses. A 

composition of 64ZrF̂ -36BaF2 (where 64 and 36 represent mole 
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%) was then selected because it lies in about the middle of 

the binary vitreous diagram ZrF̂ BaFj [ 18 ], and because of 

existing experimental data for this compsition. 

With the addition of a third component to the ZrF4 

system, a larger system may be needed so that the side effects 

produced by small systems (section 4.1.2.2.) are eliminated. 

However, because of computational time limitations, a system 

was chosen comparable in size to the 640 particle ZrF4 glass 

simulation. This system consisted of 548 total ions (82 Zr4+ 

ions, 46 Ba2+ ions, and 420 F" ions). 

Table 8 shows the simulation conditions, or cooling 

scheme, employed for the ZrF4/BaF2 system, with the simulation 

parameters previously listed in table 2. The initial structure 

was randomized at 3000 K for 5000 time steps under conditions 

of constant volume. Later, the rapid volume fluctuation 

arising from high temperatures were damped by slowing the 

motion of the cell borders (i.e., with a large W) as was done 

in previous simulations. The glass was then formed by rapid 

quench to room temperature from 1233 K. 

Figure 23 shows the RDF of the ZrF̂ BaFg glass at room 

temperature. As was already discussed, the gradual leveling 

of these curves indicates an amorphous structure. Table 9 then 

shows a comparison between the various ion pair distances of 

the 64ZrF4-36BaF2 glass extracted from; (1) the RDF in figure 



ZrF̂ BaFg 

Simulation Conditions 

Temperature Time Steps W 

3000 K 5000 const. vol 

3000 K 1000 100 

2000 K 1000 1 

1500 K 2000 1 

1233 K 3000 1 

298 K 8000 (IR) 1 

Table 8. Simulation conditions of ZrF4/BaF2, where 

the IR spectra are calculated from the final 

simulation. 
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Figure 23. Partial radial distribution functions of the 

computer simulated ZrF4/BaF2 glass. 



Atomic Pair Distances 

Computer Glass Experimental 

Species 64ZrF4-36BaF2 0-ZrBaF6 crystal 2ZrF4-BaF2 glass 

Zr-F 2.1 A 2.15 A 2.08 

Zr-Zr 4.3 3.84 4.17 

Zr-Ba 4.6 ? 4.45 -

Ba-F 2.7 2.75 2.76 

Ba—Ba 4.3 ? 3.89 -

F-F 2.75 2.32 2.76 

Table 9. Comparison of 0-ZrBaF6 crystal (from ref. 23) and 

2ZrF4-BaF2 glass (from ref. 7) atomic pair distances 

obtained from X-ray diffraction with the computer 
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23, and (2) existing scattering data. 

The values of the ion pair distances listed in table 9 

are in good agreement which seems to indicate that a 

satisfactory representation of the glass has been obtained. 

However, after comparing the simulated and experimental 

densities (shown in table 10), it is clear that the model 

predicts an incorrect long range order. After three 

dimensional examination of the glass structure on the PS 300 

graphics computer, this discrepency in density was due, in 

part, to a large but stable void in the middle of the 

structure. This explains why there was such a large error in 

density with very little error in the short range order. After 

substracting the approximate void space from the total volume, 

however, the density of the computer glass rose to about 4.2 

g/cm3 which is in resonable agreement with the measured 

density of 4.66 g/cm3. 

B. Far-infrared Spectra 

Since IR absorbance is a short range effect (section 

4.1.2.2. B.2.), calculation of the spectra should not be 

affected by the presence of a void as long as the 

representative polyhedra chosen for the calculation do not lie 

adjacent to the void. Hence, IR absorption spectra were 

calculated from this "defected structure" from the polyhedra 
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Density 

64ZrF4-36BaF2 Glass 

Computer Measured (Ameida) 

2.1 g/cm3 (void) 4.66 g/cm3 

4.2 g/cm3 

Table 10. Comparison of the density of the 64ZrF4-36BaF2 

computer glass (with and without the void) with the 

measured value (from reference 7). 
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listed in table 11 and are shown in figure 24. After 

correction for the concentration of the various species, the 

spectra in figure 25 are obtained. These spectra were then 

added to yield the total IR absorbance of the ZrF̂ /BaFj glass 

shown in figure 26. 

When figure 26 (ZrF̂ /BaFg glass) is compared with figure 

19 (ZrF4 glass) a large shift in the 500 cm'1 peak to around 

400 cm"1 is observed. The direction of this shift is in 

agreement with experimental IR transmission spectra by Almeida 

and Mackenzie shown in figure 27 [17]. In this figure, the IR 

spectra taken have the following compositions; curve (a) 

64ZrF4-36BaF2, curve (b) 67ZrF4-33SrF2, and curve (c) 74ZrF4-

26BaF2. From curves (a) and (c) , a shift in the high frequency 

absorption to lower frequency is observed with an increasing 

BaF2 content. This shift has been attributed to a damping of 

the smaller and lighter Zr4+ and F" ions by the larger and 

heavier Ba2+ ions. The high frequency peaks appear larger in 

figure 27 than for the simulated glass in figure 26 because 

of Rayleigh scattering. This may also explain why the high 

frequency shift appears smaller for the experimental spectra. 

Upon closer examination of the total IR spectra in figure 

26, and the component spectra in figures 28 thru 31, an 

extremely large low frequency absorption is observed in 

comparison to ZrF4 glass. Although quite perplexing at first, 
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Concentration of Polyhedra 

Coordination of F Total 

Ion about the ion Fractional Concentration 

Zr 6 0.25 

7 0.32 

8 0.07 

Ba 5 0.08 

6 0.20 

7 0.04 

Table 11. Total fractional concentration of various polyhedra 

in ZrF4/BaF2 glass. 
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Figure 26. Total IR spectrum of ZrF4/BaF2 glass (sum of spectra 

in figure 25). 
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this absorbance was found to be an artifact arising from 

volume fluctuations of the simulation cell. This was shown by 

calculation of the IR spectra from the total dipole moment of 

the system shown in figure 32. Since there is no net motion 

of the simulation cell, no absorbance was thought to be found. 

However, periodic motion of the borders or the entire cell 

without net motion will still lead to an absorption at a 

frequency related to the periodicity of this motion. Hence, 

from figure 32, it is clear that periodic volume fluctuations 

are occurring that lead to low frequency absorption. The 

addition of barium to ZrF4 glass increases its viscosity and 

therefore slows the relaxation of internal stresses giving 

rise to large volume fluctuations. These fluctuations may 

decrease with a longer time at room temperature since ZrF4 

glass was simulated more than twice as long as ZrF̂ BaFj glass 

at this temperature. Another reason why this absorption is so 

high is an artifact of finite time convolution using FFT in 

which very low frequency oscillations have an artificially 

high correlation due to the finite length simulation employed. 

The larger these oscillations are, the smaller the actual 

signal to backround ratio will become. Furthermore, as will 

be shown in section 4.3.2., damping the motion of the borders 

by increasing W shifts this low frequency absorption to even 

lower frequencies as well as increases its intensity which 
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Figure 32. IR spectrum of ZrF4/BaF2 glass calculated from the 

total dipole moment. 
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4.2. Chloride Based Glasses 

4.2.1. Introduction 

Even though much of the research in optical fiber 

technology is aimed at the development of heavy metal fluoride 

glasses, chloride based glasses are potentially better 

candidates because of their transparency to even lower 

frequencies than fluoride based glasses. Their hygroscopic 

nature, which has devastating effects on IR transparency, has 

slowed research. In order to help solve this and other 

problems, more information on the fundamental understanding 

of the structure and properties of chloride glasses is needed. 

Thus a MD study of chloride glasses is called for. However, 

because of computational time constraints, ionic models are 

almost always used in computer modeling. Moreover, the basic 

glass former ZnCl2 is hardly ionic as seen in table 1. Even 

so, attempts have been made to model ZnCl2 glass within rigid 

ion models, with some good results. In one such study, Kumta 

et al. modeled molten ZnCl2 with a short range order that 

closely matched experimental findings [34]. The resulting RDFs 

are summarized in figure 33 where; WAC represents a previous 
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Figure 33. Partial radial distribution functions of ZnCl2 

glass (from reference 34). 
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study by Woodcock et. al [31], and KDR represents the study 

by Kumpta et. al. Kumta's structures were readily available 

making subsequent calculation of their IR spectra fairly easy. 

4.2.2. Experimental Procedures and Results 

P. Kumta studied two different forms of ZnCl2 glass; one 

obtained by quenching the liquid, and the other obtained via 

slow cooling the liquid. The details of his procedure, along 

with the parameters he used are summarized in tables 12 

through 14. The different types of polyhedra he found, along 

with there respective concentrations are shown in table 15. 

Calculation of IR spectra based on the various polyhedra 

in the ZnCl2 glass, as dicussed in section 3.3., was straight 

foward. The resulting total spectra extracted from a 5000 time 

step simulation at room temperature are shown in figure 34. 

However, a change in the coordination of some of the polyhedra 

was observed which indicated that the initial structures were 

nonequilibrium structures. Hence, these experiments had to be 

rerun using equilibrated initial structures (i.e., the final 

structures from these simulations). 

With moderate success in predicting the position of the 

high frequency absorption using the nonequilibrium structures, 

as seen from a comparison between figure 34 and existing 

experimental data shown in figure 35 [28,29], two other 



System Size 

ZnCl2 Glass Simulation 

324 Total particles 108 Zn2+ ions 

216 F" ions 

Table 12. System size - ZnCl2 glass simulation. 

Parameters 

ZnCl2 Glass Simulation 

95 

B++ B.. B+. C++ P+.,P.. 

85756.3 eV 7223.4 eV 3921.0 eV 4312.5 eVA6 0.34 

Z+=2 Z.=-l ( P++=0.30) 

Table 13. Parameters - ZnCl2 glass simulation (from reference 

34) . 
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ZnCl2 Glass 

Simulation Conditions 

Temp. 

Quenched 

Time Steps W Temp. 

Slow cooled 

Time Steps W 

1200 K 50 1200 K 50 

200 6000 5 900 6000 50 

298 6000 (IR) 5 700 6000 50 

298 5000 (IR) 5 600 1000 5 

500 1000 5 

400 1000 5 

300 1000 5 

298 6000 (IR) 5 

298 5000 (IR) 5 

Table 14. Simulation conditions of ZnCl2 glass quenched and 

slow cooled showing the calculation of both 

nonequilibrium (top) and equilibrium (bottom) IR 

spectra. 
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Concentration of Polyhedra 

ZnCl2 Glass 

Zn-Cl Coordination Fractional Concentration 

Quenched Slow Cooled 

4 0.48 0.42 

5 0.19 0.21 

6 0.33 0.37 

Table 15. Fractional concentrations of polyhedra in 

noneguilibrium ZnCl2 glass. 
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experiments on ZnCl2 were run in conjunction with the 

rerunning of the previous experiments. This was done in an 

effort to reduce computational time. The addition experiments 

were as follows: 

(1) low temperature (100 K) effect on IR absorption of 

ZnCl2 glass, and 

(2) effect of large W (100) on the very low frequency 

end of the IR absorption in ZnCl2 glass. 

The simulation conditions for these experiments are summarized 

in table 16. 

The total spectra of these four experiments, obtained 

after correction for the concentrational effects shown in 

table 17, are shown in figure 36. It is easily seen from these 

figures that the high frequency absorption observed in figure 

34 was simply a nonequilibrium, high temperature effect 

resulting from the initial structures used. 

Upon further examination of the calculated spectra in 

figure 36, it is quite obvious that there is little agreement 

with the experimental findings shown in figure 35. This is 

evident by the lack of high frequency absorption in the 

modeled glass. However, from these experiments, we can still 

infer the following: 
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ZnCl2 Glass 

Simulation Conditions 

Temperature Time Steps W 

W =100 298 K 6000 100 

298 5000 (IR) 100 

T = 100 K 100 K 6000 5 

100 5000 (IR) 5 

Table 16. Simulation conditions of ZnCl2 glasses (W=100 and 

T=100K) with T=300K slow cooled ZnCl2 glass (table 

14) as initial structure. 
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ZnCl2 Glass 

Fractional Concentrations 

Zn-Cl 

Coordination Quenched Slow Cooled T=100 K W=100 

4 0.35 0.34 0.38 0.34 

5 0.23 0.28 0.18 0.22 

6 0.42 0.38 0.44 0.44 

Table 17. Fractional concentrations of equilibrium ZnCl2 

glasses 
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(1) We believe that it is not possible to completely 

model covalent material with ionic potentials. In Kumta's 

study, the ZnCl2 the Zn-Cl interaction was drasticly modified 

so that a correct short range order could be obtained. 

However, after examination of the vibrational modes of the 

glass, it is clear that the high frequency oscillations were 

greatly reduced to compensate for the absence of strong 

covalent bonding so that a correct short range order could be 

obtained. 

(2) The presence of strong low frequency absorption is 

an artifact arising from volume fluctuations of the simulation 

cell. This is more easily seen from the complete (no 

truncation) total spectra of ZnCl2 glass shown in figures 37 

thru 40. From these figures (and previous findings shown in 

section 4.I.3.B.), it can be concluded that increasing the 

mass of the borders W slows volume fluctuations in the cell 

which, in turn, reduces the frequency of the low frequency 

absorption. 

(3) Lowering the temperature to 100 K reduces the 

intensity of all absorbing frequencies in the modeled ZnCl2 

glass. This is seen from a comparison of the figures 37 thru 

40. As found experimentally, lowering the temperature reduces 
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Figure 37. Total IR spectrum of ZnCl2 glass (quenched). 
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Figure 38. Total IR spectrum of ZnCl2 glass (slow cooled). 
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Figure 39. Total IR spectrum of ZnCl2 glass (T=100K). 
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Figure 40. Total IR spectrum of ZnCl2 glass (W = 100) . 
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oscillations in the glass since the temperature is directly 

related to the average kinetic energy of the ions in the 

system which is, in turn, proportional to the sum of the 

average velocity of the ions. Hence, lowering the temperature 

reduces the average velocity of the ions which leads to less 

IR absorption. 

(4) There is not a substantial difference between the IR 

absorption of the quenched ZnCl2 glass and the slow cooled 

glass. This is shown in figures 37 and 38. There may be some 

difference in the structures of these glasses, however, it 

doesn't lead to a large difference in the IR absorption under 

the ionic model employed. 

(5) Sampling one representative polyhedron of each type 

in the calculation of IR spectra may not be an accurate 

representation of all the polyhedra of each given type in the 

glass. This is more easily seen from the individual polyhedron 

absorption spectra shown in figures 41 thru 44. From these 

figures it can be readily seen that almost no absorption 

occurs in polyhedra of coordination 5. This is seen in each 

of the four different experiments because the same polyhedron 

were selected for the IR calculation in each experiment. It 

seems unreasonable that only symmetric motion, leading to no 
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changing dipole moment and hence no IR absorption, occurs in 

a polyhedron of coordination 5. However, in a previous 

simulation of ZnCl2 glass using the nonequilibrium initial 

structure, two different polyhedra of each type were sampled 

for comparison purposes and were found to yield almost 

equivalent IR spectra (shown in figures 45 thru 47). 

Therefore, in future experiments, it may be necessary to 

average many or all polyhedra of each given type in the 

calculation of IR absorption so that an accurate represention 

of the total IR absorption can be obtained. 

4.3. Summary of Results 

In the case of ZrF4 based glasses, IR spectra were 

successfully calculated using a rigid ion model and were in 

close agreement with experimental findings. Furthermore, the 

separation of IR absorption into components based on polyhedra 

is not only possible, but offers a simple way of 

characterizing IR spectra. This, in turn, offers a means of 

predicting IR absorption based on structural changes in a 

material. However, from a structural analysis of the two 

systems studied (i.e., 270 and 640 particles), it can be seen 

that a large enough system size is necessary to avoid the side 

effects caused by periodic boundary conditions. 
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Figure 46. Nonequilibrium IR spectra of two representative 

polyhedra of coordination 5 (slow cooled). 
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polyhedra of coordination 6 (slow cooled). 
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After addition of barium to the ZrF4 glass, the constant 

volume ionic model developed by Hamill and Parker [40] when 

used under conditions of constant pressure yields a correct 

short range order but an incorrect long range order. This is 

clearly demonstrated by the close match to experimental atomic 

pair distances in table 9, and a slightly lower than expected 

density as in table 10. Furthermore, the addition of barium 

tends to damp or shift the high frequency IR vibrations to 

lower frequencies in the ZrF4/BaF2 glass as was shown in 

section 4.I.3.B.. 

Finally, covalently bonded materials, such as ZnCl2, are 

not accurately modeled by ionic potentials. However, it was 

still discovered from these experiments that: (1) volume 

fluctuations are mainly responsible for high intensity low 

frequency absorption in the modeled glasses, (2) low 

temperatures reduce vibrational modes in the modeled ZnCl2 

glass, and (3) ionic models of ZnCl2 glasses obtained from a 

variety of different coolong rates have similar modes of 

vibration. 
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CHAPTER 5 

CONCLUSIONS 

As technological advancement explodes, increasing 

importance is being placed on the effect that minute 

microscopic structural changes have on the subsequent 

macroscopic properties. However, isolating these microscopic 

structural changes and their effect on bulk properties is 

experimentally very difficult because of the complexity and 

large number of uncontrollable variables involved. Also, 

advancements in computer technology have allowed for the 

simulation of matter on an atomic scale, thus providing a 

means of reducing or eliminating variables involved in 

experimental science. This technique, together with 

experimental findings, has provided and is continuing to 

provide extremely useful information relating the microscopic 

and macroscopic worlds. 

In this study, the relationship between structural 

changes in glasses and infrared absorption was investigated. 

The glasses studied were; ZrF4, ZnCl2, and ZrF4/BaF2. Using the 

rigid ion model, the structure and IR spectra of the simulated 

ZrF4 and ZrFA/BaF2 glasses closely matched experimental 

findings. However, the highly covalent ZnCl2 simulated glass 



X20 

showed little agreement with experimental IR spectra under the 

constraints of this model. 

In conclusion, the results of this study show that 

computer simulated experiments not only give useful 

information relating structure and optical properties, but 

also may provide a means of predicting changes in macroscopic 

optical properties with composition. 



REFERENCES 

121 

1. C. Wieker, W. Wieker, and E. Thilo, Silikattechnik 17, 341 
(1966). 

2. M. G. Drexhage, "Heavy-metal Fluoride Glasses", Treatise 
on Materials Science and Technology 26, 206 (1985). 

3. M. Poulain, M. Poulain, and J. Lucas, Mat. Res. Bull. 
10, 243 (1975). 

4. C. M. Baldwin, R. M. Almeida, J. D. Mackenzie, J. Non-
Crvst. Solids 43, 309 (1981). 

5. N. P. Bansal, R. H. Doremus, C. T. Moynihan, and A. J. 
Bruce, Mat. Sci. Forum 5, 211 (1985). 

6. M. Robinson, R. C. Pastor, R. R. Turk, D. P. Devor, and 
M. Braunstein, Mat. Res. Bull. 15, 735 (1980). 

7. R. M. Almeida, Mat. Res. Bull. 6, 427 (1985). 

8. Cheng Ji-jian, and Bao Shan-zhi, Mat. Res. Bull. 5, 91 
(1985). 

9. Y. Kawamoto, Mat. Res. Bull. 6, 417 (1985). 

10. V. M. Goldschmidt, Skrifter Norske Vid. Akad. (Oslo) 8, 
127 (1926). 

11. J. Lucas, Proceedings of SPIE 320, 22 (1982). 

12. M. G. Drexhage, B. Bendow, C. T. Moynihan, "IR-
Transmitting Fluoride Glasses", Laser Focus 16 [10], 62 
(1980). 

13. S. R. Loehr, A. J. Bruce, R. Mossadegh, R. H. Doremus, and 
C.T. Moynihan, Mat. Sci. Forum 5, 311 (1985). 

14. M. Goldstein, and M. Naronecznyji, Phvs. Chem. Glasses 6, 
126 (1965). 

15. Ma Fuding, Mat. Sci. Forum 5, 95 (1985). 

16. J. R. Gannon, Proceedings of SPIE 266, 62 (1981). 



122 

17. R. M. Almeida, and J. D. Mackenzie, J. Chem. Phvs. 74 
[11], 5954 (1981). 

18. J. Lucas, D. Louer, and C. A. Angel1, Mat. Sci. Forum 6, 
449 (1985). 

19. D. Frenkel, and J. P. McTague, Ann. Rev. Phvs. Chem. 31, 
491 (1980). 

20. C. A. Angel1, P. A. Cheeseman, and S. Tamaddon, Journal 
De Phvsique 12 [43], C9-381 (1982). 

21. J. Lucas, C. A. Angell, S. Tamaddon, Mat. Res. Bull. 19, 
945 (1984). 

22. C. C. Phifert, and C. A. Angell, Bull. Amer. Ceram. Soc. 
65, 533 (1986). 

23. H. Inoue, H. Hasegawa, and I. Yasui, Phvs. Chem. of 
Glasses 26 [3], 74 (1985). 

24. Y. Kawamoto, T. Horisaka, K. Hirao, and N. Soga, J. Chem 
Phvs. 83 [5], 2398 (1985). 

25. J. H. Simmons, R. Faith, and G. O'Rear, Mat. Sci. Forum 
19, 121 (1987). 

26. C. G. Maier, US Bureau of Mines, Tech. Paper 360 (1925). 

27. L. G. Uitert, and S. H. Wemple, APPI. Phvs. Lett. 33 [1], 
57 (1978). 

28. C. A. Angell, and J. Wong, J. Chem. Phvs. 53 [5], 2053 
(1970). 

29. C. A. Angell, G. H. Wegdam, and J. van der Elsken, 
Spectrochimica Acta 30A, 665 (1974). 

30. M. Robinson, R. C. Pastor, J. A. Harrington, Proceedings 
of SPIE 320, 37 (1982). 

31. L. V. Woodcock, C. A. Angell, and P. Cheeseman, J. Chem. 
Phvs. 65, 1565 (1976). 

32. P. J. Gardner, and D. M. Heyes, Phvsica B 131, 227 (1985). 

33. S. Inoue, M. Tamaki, H. Kawazoe, and M. Yamane, J. Mater. 
Res. 2 [3], 357 (1987). 



123 

34. P. N. Kumta, P. A. Deymier,and S. H. Risbud, Phvsica B 
153, 85 (1988). 

35. H. C. Anderson, J. Chem. Phvs. 72, 2384 (1980). 

36. M. Parrinello, and A. Rahman, J. APPI. Phvs. 52, 7182 
(1981). 

37. C. Kittel, Introduction to Solid State Phvsics. 606 
(1986). 

38. M. J. L. Sangster, and M. Dixon, Adv. Phvs. 25, 299 
(1976). 

39. D. A. McQuarrie, Statistical Mechanics. 473 (1976). 

40. L. T. Hamill, and J. M. Parker, Phvs. Chem. of Glasses 26 
[2], 52 (1985). 

41. W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. 
Vetterling, Numerical Recipes. 386 (1987). 

42. W. D. Kingery, H. K. Bowen, and D. R. Uhlmann, 
Introduction to Ceramics. 40 (1976). 


