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A new family of vitreous materials based on the glass forming ability of some specific fluorides 
is presented. Conditions of formation, stability against devitrification, chemical durability, and 
structural models are examined in comparison with the traditional oxide glasses. The ZrF4- 
based glasses and some other multicomponent materials are examined in depth in view of 
their promising optical properties, which arise from their broad transmission range from ultra- 
violet to mid infrared and their potential as ultratransparent materials for long distance repeater- 
less optical fibre. Other active optical applications of doped glasses, such as lasers and their 
electrical and magnetic properties, are also discussed. 

1. Introduct ion  
The term fluoride glasses (FG) refers to particular 
vitreous materials belonging to the general family of 
halide glasses in which the anions are from elements 
in group VII of the Periodic Table, namely fluor- 
ine, chlorine, bromine, iodine. In contrast to oxide- 
containing glasses and particularly silicates, which 
exist as natural minerals and occupy a dominating 
position in glass science, vitreous materials based 
entirely on inorganic halides are purely synthetic and 
their development started only in the middle of the 
seventies. 

Before 1975, only a few halide systems [1] had been 
proved to be in glasses form and the interest in 
these miscellaneous glasses was purely academic. Two 
halide compounds were known to give viscous melts 
when heated, leading to easy glass formation upon 
cooling: these two halides were BeF 2 and ZnC12. 
Curiously, those two glasses have almost the same 
structure and are isotypic with SiO2-based glasses; the 
three-dimensional aperiodic framework is in the three 
cases based on corner-sharing tetrahedra which are, 
respectively, BeF4, ZnC14 and SiO4. 

The glass-forming properties of BeF 2 have been 
known for over 50 years and by virtue of their low 
linear and non-linear indices of refraction and low 
dispersion [2], the so-called fluoroberytlate glasses are 
currently of interest as passive components for high 
energy lasers. However, the development of such 
glasses is limited by the extreme toxicity and hygro- 
scopicity of BeF2-based materials despite the remark- 
able stability of the glasses against devitrification. 

In the chloride family, the only compound which is 
able to lead to a vitreous material when melted and 
cooled wthout any combination with another chloride 
is ZnC12. Despite the optical interest of such glasses 
due essentially to their large domain of transmission 
lying from the ultraviolet to the 12Ftm region in the 
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infrared, the technological development of ZnC12- 
based glasses has been prevented by their very great 
hygroscopicity. 

The A1F3-based multicomponent glasses, which 
have been described by Sun in the fifties [3], require a 
rapid quench from the melt and their tendency 
to devitrify limits their potential interest as optical 
materials. 

A significant step forward occurred in 1974 at the 
University of Rennes, when the author's group [4] 
discovered the glass-forming properties of ZrF4. The 
fluorozirconate glasses, in which the primary con- 
stituent was ZrF4, greater than 50mol %, and BaF 2 
the principal modifer, about 30 mol %, with additional 
fluorides such as ThF4, LnF3 (Ln = lanthanides) 
appear to be very promising materials for mid-infrared 
applications. 

Subsequently, many other families of fluoride glasses 
have been discovered essentially in France: the tran- 
sition metal fluoride-based group developed at the 
University of Le Mans [5] and the so-called heavy 
metal fluoride glasses (HMFG) based on thorium, rare 
earth, indium, zinc, barium fluorides, again discovered 
in Rennes [6]. These zirconium-free fluoride glasses, 
which appear to be the second generation of halide 
glasses for optical applications, are of special interest 
because of their larger transmission range especially in 
the infrared region, the infrared cut-off being located 
near 8/~m. 

Infrared transmitting and multispectral glasses are 
of interest as materials for a broad range of com- 
ponents such as laser windows, infrared domes, lenses, 
filters, laser hosts. However, the most exciting proper- 
ties of these new glassy materials are their potential 
ultratransparency, about hundred times better than 
the silicate-based glasses, and their promising applica- 
tions in mid-infrared fibre optics including ultralong 
repeaterless links for telecommunications, power 



transmission and sensor systems. This aspect of fluor- 
ide glass technology has been reviewed by Miyashita 
and Manabe [7], Tran et al. [8] and France et al. [9]. 

The optical properties of fluoride glasses in bulk 
samples, and especially the potential of infrared fibre 
preparation, have been intensively examined in many 
laboratories throughout the world, principally in the 
United States, Japan, Great Britain and France. The 
concerted efforts during the last decades have been 
such that, in a few years, the transparency of these 
fluorozirconate glasses has been lowered from thous- 
ands of dBkm 1 to 0.7dBkm -j, the best value 
claimed in February 1986 at 2.55 #m wavelength. This 
value is still far from the intrinsic theoretical loss 
estimated around l0 2dBkm-1, but is a very good 
indication of the evolution of this very fast-growing 
field. 

In addition, significant results have been obtained 
in the optical characterization of bulk fluoride glass 
samples. Among them, low refractive index and dis- 
persion, low Rayleigh scattering, high threshold for 
laser damage, new matrix for lasers operating in the 
mid-infrared, are the most important. 

A complete review of the field by Drexhage [10] and 
a tutorial article by Moynihan [11] give an excellent 
overview of this new domain of material science. 

Four international symposia on halide glass science 
and engineering have been held over the period 1982 
to 1987, the proceedings of the last two of which have 
been or soon will be published [12, 13]. 

2. Glass formation in fluoride chemistry 
2.1. Inorganic fluoride materials; from NaF to 

UF6 
With its specific electronic structure l $2, 2s2, 2p5, the 
fluorine atom is the most electronegative element of 

t h e  Periodic Table and consequently it has a great 
tendency to attract one electron to take the stable 
Neon Szp 6 structure. This saturation of the outer 
electronic shell is achieved either by transfering one 
electron from an electropositive atom, or by sharing 
common electrons. 

In the case of metallic fluorides, MF,, the nature of 
the chemical bond will essentially depend on the 
charge and the size of M. Sodium fluoride, NaF, for 
instance, is a pure ionic material with a stability which 
is essentially governed by coulombic forces. At high 
temperature, it will give a melt formed by isolated Na + 
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Figure 1 The SiO 2 cubic cristoballite structure, the parent crystalline 
model for BeF2 fluoroberyllate glasses. 

Figure 2 The rutile-type structure of  divalent fluorides such as 
ZnF  2. The ZnF  6 octahedra share corners and edges. 

and F . These ions have a poor association and high 
mobility such that when cooling the solid obtained is 
purely crystalline. 

The MF 2 family represented by BeF2, ZnF2 and 
BaF2 is the most interesting group showing for the 
same chemical formula a pure ionic compound BaF2 
in which F- is coordinated by 4 Ba 2+ and a highly 
covalent material BeF 2 due to the very high ionization 
potential of beryllium and in which fluorine is only 
surrounded by two beryllium atoms in a pure colinear 
sp hybridization. 

This situation corresponds to the formation, by 
corner-sharing tetrahedra, of a giant three-dimensional 
covalent framework which belongs to the SiO2 cristo- 
balite type described in Fig. 1. 

In ZnF 2, which belongs to the TiO2 rutile structure 
type, the zinc atoms are octahedrally coordinated and 
fluorine has a three-fold sp2 coordination. The situ- 
ation is here somewhat intermediate and the lattice is 
built up from ZnF 6 octahedra sharing edges and cor- 
ners as indicated in Fig. 2. 

The MF 3 family, represented by fluorides such as 
AIF3, FeF3, CrF3 . . . .  has a very simple structure in 
which M is octahedrally coordinated and F is sur- 
rounded only by two M atoms. This very open frame- 
work, made of octahedra sharing corners as indicated 
in Fig. 3, can be easily distorted by tilting the elemen- 
tary modules. 

Figure 3 The three-dimensional framework of the M F  3 fluoride 
obtained by MF 6 octahedra comer  sharing. 



Figure 4 The ZrF4c~ structure originating from elementary ZrF 8 
polyhedra (distorted square antiprism) sharing corners in three 
directions. 

The three fluorides ZrF4, UF4, ThF 4 are isotypic, 
and in their low temperature forms, their structure can 
be described as a three-dimensional network of MF8 
polyhedra sharing corners. The fluoride atoms are 
here also two-fold coordinated as shown in Fig. 4. 

All the MF, MF2, MF3, MF4 materials described 
are used for glass preparation; some of them play the 
role of glass former, being able to generate a three- 
dimensional framework, the others like BaF2, NaF, 
are more ionic, and play the role of lattice modifier. 

If one examines the special case of fluoride materials 
containing small ions like Si 4+, Nb 5+, U 6+, which 
satisfy their own coordination without needing to 
share fluorine atoms, they form isolated molecules 
such as SiF4, Nb2Flo, UF6, which tend to escape from 
the melt as volatile materials. The consequence is that, 
when one tries to introduce in a fluoride melt, at high 
temperature, materials containing Si ~v, even Ti ~v, Nb v, 
U w, there is an immediate formation of fumes due to 
the high volatility of these molecular fluorides. 

2.2. The glass-crystal competition in fluoride 
systems 

As discussed previously, the first challenge for achiev- 
ing glass preparation is the formation of a three- 
dimensional covalent framework halfway between 
pure ionic and pure molecular. However, this network 
during the cooling process from the liquidus to the 
solidus, must keep the isotropy and the aperiodicity of 
the melt. 

There is, during this step, an obvious competition 
between keeping the disordered state of the liquidus 
and reorganizing the material in elementary unit cells, 
which in multiplying will lead to microcrystal forma- 
tion, nucleation and then to the entire crystallization 
of the melt. 

It is clear that the two thermodynamic factors com- 
peting during these phenomena are the diffusion 
kinetics of the different ions in the melt and the cool- 
ing rate. 

If  the melt contains large polymerized anions con- 
sisting in this case ofMF6, MF7, MFs, MF9 polyhedra 
sharing corners and edges, it is obvious that the viscos- 
ity will increase and that the diffusion of individual 

ions to form elementary unit cells will be slow. This 
"confusion" in the melt is especially important when 
it contains Zr 4+ and F- .  Indeed it is well known from 
examination of fluorozirconate chemistry, that the 
number and the variety of ZrFn polyhedra are unique 
in crystal chemistry: with n = 6, 7, 8, 9, more than ten 
ideal coordination types have been described. 

In all the cases, the tendency to form giant anions 
by corner or edge sharing is essential. The glass chem- 
ists involved in fluoride glass research know that the 
tendency towards crystallization of fluoride melts is 
very great and that rapid quenching is necessary to 
obtain glasses, when the melt is fluid. On the other 
hand, when, by suitable modification of the glass com- 
position, the viscosity of the melt increases, the critical 
region from liquidus to solidus can be crossed with 
moderate cooling rates, which leads to glassy materials 
having a low tendency to devitrify. 

2.3. The different families of fluoride glasses: 
a classification based on structural 
considerations 

As previously discussed, conditions of glass formation 
are realized with materials having a chemical com- 
position roughly situated between MF2 and MF4; the 
goal being the formation of a three-dimensional 
aperiodic network. Consequently, the fluoride glasses 
could be classified by reference to the elementary unit 
of their framework. 

2.3. 1. The M F  2 based glasses 
These glasses are only represented by the BeF2 glass 
family which shows a strong stability towards devitri- 
fication. According to Baldwin et al. [1], a general 
agreement exists to describe those vitreous materials 
as being isotypic of SiO2-based glasses. X-rays, mol- 
ecular dynamics, etc, indicate clearly that the elemen- 
tary unit is a BeF 4 tetrahedron and that the framework 
shown in Fig. 1 could lose its periodic character in 
bending and rotating the tetrahedra. The beryllium 
fluoride is the only fluoride material which easily vitri- 
fied without adding any extra modifier cation. It must 
be noted that, when BeF 2 is associated with other 
fluorides such as KF, the glass obtained contains two 
kinds of fluorine: the bridging Be-F-Be and the non- 
bridging Be-F . . . K + . 

Because of the high toxicity of beryllium and the 
hygroscopicity of many glass compositions, these 
glasses have not received much attention, except for 
some specific applications such as laser host for high- 
power delivery. These glasses are low melting materials 
with Tg in the vicinity of 350~ and a liquidus tem- 
perature about 550 ~ C. 

2.3.2. The M F  3 -based glasses 
These glasses, also called transition metal fluoride 
glasses, result from the formation of an aperiodic 
lattice due to MF 6 octahedra sharing corners. The 
MF 3 materials, which have been proved to give glasses 
when combined with appropriate other fluorides are 
A1F3, FeF3, CrF3, GaF3. Most of these investigations 
have been performed by Sun [3] and at the University 
of Le Mans, where they demonstrated that, for glass 
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Figure 5 Vitreous domain in the ternary system FeF 3-MnF 2-PbF 2 . 

formation, these MF 3 fluorides have to be combined 
with divalent MF 2 such as ZnF2 or MnF2 and a modi- 
fier fluoride which is generally PbF2. As a good 
example, one can select the glasses of the ternary sys- 
tems FeF3-MnF2-PbF2, which is represented in Fig. 5. 
The glass composition PbFeMnFv, which is included in 
the vitreous domain, corresponds to a glassy material 
extremely rich in magnetic cations exhibiting interesting 
spin-glass properties at low temperature. 

In this MF3-based group, the glass temperatures are 
in the range 300 to 400~ crystallization occurs 
around 450 ~ C and the liquidus is about 650 ~ C. Most 
of these glasses have a great tendency to devitrify and 
this phenomenon is accelerated due to the sensitivity 
of these materials to moisture. Up to now, only a little 
information has been published on structural investi- 
gations of these glasses. From private discussions with 
the researchers of the University of Le Mans, it turned 
out that the most important results are as follows. 

1. From X-ray scattering and EXAFS investiga- 
tions, it appears that the M - F  distances in most of 
these glasses are around 0.19 to 0.200nm, which is 
consistent with the observed values in the parent 
crystalline compounds. The coordination number of 
F around M is six and the octahedron MF 6 is, as 
expected, the basic unit in these glasses. 

2. From neutron, X-ray and modelling, it is obvious 
that the M - M  distances are not exactly M - F  x 2. An 
average value of the M . . .  M distance is about 
0.38 nm indicating that the M - F - M  is not colinear 
and that the octahedra due to rotation and bending 
are slightly tilted. 

3. When PbF2 is used for stabilizing the glasses, it is 
clear that the Pb 2+ environment is typically consistent 
with its role of modifier. 

The Fig. 3 could be used for modelling these glasses; 
the lack of periodicity is introduced by rotation and 
tilting of the octahedra and increased by the introduc- 
tion of Pb 2+ cations which from site to site, break the 
regularity of the network in generating non-bridging 
fluorine. 

2.3.3. The ZrF 4 b a s e d  g lasses  
These glasses have been at the origin of the deVelop- 
ment of this new class of materials. Although ZrF4 by 
itself is not able to give a glass, if it is combined with a 
modifier fluoride such as BaF2, it leads to simple 
binary glass when fast quenching is used. As indicated 
in Fig. 6, the stability of the glasses towards devitri- 

stable glass 
60ZrF 4 ZrF 4 unstable glass 
33BaF2 ~ 10~'~ BaZr2Flo 
7LaF 3 ~ 7 5 /  

LaZrF7/ , ( ~ B a Z r F  s 

LaF 3 / ' ,  \ BaF 2 

Figure 6 Glass formation area in a ZrF 4 ternary diagram. Here, 
ZrF 4 is associated with BaF 2 to form glasses which are more stable 
by addition of LaF 3 . 

fication is strongly improved by using a third fluoride 
like ThF4 or LaF3. The Fig. 6 represents the vitreous 
area in the diagram ZrF4-BaFz-LaF3; the glasses 
having the lowest tendency to devitrify are located in 
the middle of the glassy domain. The rate of crystal- 
lization can also be decreased very significantly by 
using a small amount of A1F 3. For instance, an opti- 
mized composition giving a good glass called ZBLA is 
56 ZrF4, 34 BaF2, 6 LaF3, 4 A1F3. 

The fluorozirconate glasses occupy a special position 
in this classification due to the extreme originality of 
the stereochemistry of the ZrF,  polyhedra. Examina- 
tion of the general crystal chemistry of ZrF4-based 
materials indicates a great variety of polyhedra such 
as ZrF6, ZrF7, ZrF 8 and a unique diversity in the 
geometry of each of them. In addition, the tendency to 
polymerize by sharing corners or edges is also obvious 
and this gives a great flexibility in the Zr -F-Zr  bonds. 
The result is the formation, in molten fluorozirconates 
of a confused situation due to the multiplicity of coor- 
dinations and consequently it appears difficult to 
generate a simple unit cell when cooling such a melt. 

As discussed later, the basic units in these glasses 
are ZrF 7 and ZrF8 polyhedra and more precisely the 
edge-sharing dimer Zr2F13 which, by corner sharing, 
generates the three-dimensional aperiodic framework. 

2.3.4. The multicomponent heavy metal 
fluoride glasses 

It is possible to prepare heavy metal fluoride glass not 
containing zirconium [14] but the conditions of glass 
formation are more severe and at least three com- 
ponent compositions are necessary. In these glassy 
materials, the so-called "confusion" is introduced by 
multiplying the number of cations having, if possible, 
their own flexibility and variety in coordination 
number. Some examples of three-, four- and five- 
component glasses will be described and discussed as 
a function of their stability towards crystallization. 

2.3.4.1. Three-component glasses. Fluoride glasses 
have been isolated in the following ternary systems, 
selected as typical examples: BaF2-ZnFz-LnF 3 (Ln = 
Y ~ Lu); BaF2-ZnF2-ThF4; BaF2-ZnF2-CdF2; 
YbF3-ZnF2-ThF4. In these examples, ZnF2 can be 
partially or totally replaced by MnF2. The fluoride 
BaF2 plays the role of modifier except in the last 
example which obviously contains only the network 
former cations Yb 3+, Z n  2+ and Th 4+. 
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Figure 7 Vitreous domain in the ternary system YbF 3-ZnF2-ThF 4. 
Severe quenching is necessary to obtain pure glassy materials. 

The glassy area for this composition is indicated in 
Fig. 7 representing the YbF3-ZnF2-ThF 4 system. In 
all these examples, fast quenching is necessary to 
stabilize the glassy state and the small vitreous chips 
obtained have no practical interest. As an illustration 
of the high tendency to devitrify, these glasses have a 
AT c - -  Tg in the range 50 to 60~ 

2.3.4.2. Four-component glasses. Systematic investi- 
gations of the quaternary diagram YbF3-ThF4- 
ZnF2-BaF 2 indicate that when BaF 2 is added to the 
composition YbThZnFg, the critical difference A 
Tc - Tg increases, reaching a maximum value around 
100~ for about 16% BaF2, as shown in Fig. 8. 

Consequently, the optimized glass 16 BaF2, 28 
ThF4, 28 YbF3, 28 ZnF2 (BTYbZ), has a rather low 
tendency to crystallize and could be obtained as 
samples 1 cm thick. The ytterbium fluoride can be 
replaced by the neighbouring rare earth such as Lu 3+ 
but not by the large lanthanides such as La 3+. 

The relation between the confusion principle and 
the stability of the glass have also been verified in other 
four-component systems such as BaF2-InF3-ZnF 2- 
ThF 4. In this system, the glass showing the lowest 
tendency towards crystallization has the composition: 
30 BaF2, 30 InF3, 30 ZnF2, 10 ThF4. In this case 
also, the value zX To - Tg is about 100 ~ C and samples 
of 1 cm are easily obtained. 

2.3.4.3. Five-component glasses. To verify that the 
multiplication of cations having a flexible coordina- 
tion was a good thctor for increasing the confusion in 
the melt, and consequently decreasing the devitrifica- 
tion rate, a systematic investigation of the fluoride 
system Ba30In30Zn30_xYbxThl0 has been made. 

For x = 10, the difference A Tc - Tg = t23~ 
corresponds to the maximum value ever obtained for 
zirconium-free fluoride glasses, and samples 2cm 
thick have been prepared. The liquidus temperature, 
T~ = 650 ~ C, for this fluoride glass, called BIZYbT 
(Ba30In~oZn20Yb~0Th]0), is quite low when compared 
to the melting point of the single components: BaF2 
1355~ InF 3 1170~ ZnF 2 872~ YbF 3 1157~ 
ThF4 I I10~ This shows clearly that the best glass 
compositions are in the vicinity of deep eutectic points 
in order to obtain a liquidus in which the thermal 
agitation is minimum for keeping the highest degree of 
polymerization. 
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Figure 8 Evolution of  ATc-Tg as a function of BaF 2 addition to the 
ternary glass ThYZnFg. T~ is the first crystallization temperature. Tg 
is the glass temperature. The most stable glass against devitrification 
is obtained for -~ 16% BaF 2. 

2.4. Structural investigations on heavy metal 
fluoride glasses 

Although the structure of vitreous materials cannot 
be determined unambiguously, the convergence of 
various and complementary methods increases the 
probability of being close to a model which will fit the 
observed physical properties, such as thermodynamic, 
spectroscopic, electrical, etc. 

This brief review will give, without deep critical 
discussion, the most probable models describing the 
ZrF4-based glasses. 

By nature, the multicomponent glasses cannot 
be modelled easily due to the high number of pair 
interactions. Therefore, it seems obvious that the 
zirconium-free glasses have a strong analogy with the 
fluorozirconates in the sense that the richness of ZrF,, 
polyhedra is replaced in the multicomponent materials 
by a variety of different MF n groups. 

The data used for these descriptions originate from 
global methods such as X-ray scattering, neutron scat- 
tering, molecular dynamics or methods such as spec- 
troscopy using local probes. In this latter case, the 
tendency to generalize from partial information could 
lead to incorrect interpretation of the whole structure. 

The binary system BaF2-ZrF4 provides the most 
simple example of fluorozirconate glass; the glassy 
domain extends from 50% to 75% ZrF 4 and the most 
easy material to obtain by moderate quenching is the 
glass BaZr 2F10. It contained only three atoms differ- 
ent by their coordination number, scattering factor, 
charge and size, and is a good prototype to investigate 
the vitreous structure of ZrF4-based materials. 

The most important results are reported in [12], 
Phifer [39] and Lucas [15] and cover either the so-called 
global methods such as X-ray, neutron scattering, 
molecular dynamic, vibrational spectroscopy, and the 
"local probe" technique giving informations on the 
local environment. 

2.4, 1. Results from global methods 
Examination of the radial distribution function 
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Figure 9 Formation of the elementary polyhedra Zr2F13 by associ- 
ation edge-sharing of ZrF7 and ZrF 8. This bipolyhedron is inter- 
connected with itself in the three-dimensional direction through the 
fluorine bridging. The other fluorine non-bridging atoms interact 
with the modifier Ba 2+ cations. 
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Figure 10 The three-dimensional aperiodic framework of the glass 
BaZr2F~0. In this model the Ba 2+ cations are statistically distributed 
in the Zr2F~0 negative framework originating from the polyhedra 
association described on Fig. 9, 

(RDF) obtained either by X-ray or neutron scattering 
has been performed in comparison with the results 
originating from a quite different method called 
molecular dynamics which is based on the calculation 
of the minimum potentials using an electrostatic 
coulombic model. Both methods are in good agree- 
ment and lead to the following results. 

(a) Zirconium, which is the key atom, is surrounded 
by fluorine atoms at a distance Zr-F = 0.210 nm. The 
coordination number (CN) is 7.5 indicating an almost 
equivalent distribution of Z r F  7 and ZrF8 polyhedra; 
a few M F  6 and M F  9 coordination numbers are, of 
course, not excluded. 

(b) Barium is surrounded by 11 fluorine atoms in a 
distribution of about 7.5 short Ba-F and 3.5 long 
Ba-F. 

(c) Examination of the Zr-Zr pairs shows unambig- 
uously the existence of a short Zr-Zr distance of 
0.360 nm due to 

F 
\ / 

Zr 
\ / 

F 

edge sharing and a long Zr-Zr distance of 0.415 nm 
due to Zr-F-Zr corner-sharing mechanisms. 

(d) The Z r . . .  Ba :+ pairs in the 0.4 to 0.5nm 
region can be interpreted as originating from Zr- 
F . . .  B a  2+ long interactions and 

F 
J 

Zr . . Ba 2+ 

F 

Zr 

short interactions. 

2.4.2. Results from local methods 
Absorption and emission spectroscopy on rare earths 
(RE) such as E u  2+, E u  3+ , Nd 3+, Er 3+, Ho 3+, Pr 3+ and 
M6ssbauer spectroscopy o n  E u  2+ and Eu 3+ provide a 
useful tool to obtain information on the local struc- 
ture [15]. All the results converge to imply that the RE 

environment is very well defined, as in a crystal, con- 
trary to the situation in oxide glasses where the rare 
earths plays the role of modifier. It is concluded that, 
as expected, the RE ions are located inside the glassy 
network in a very precise coordination number esti- 
mated between 8 and 9 fluorine atoms depending on 
the lanthanide. 

2.4.3. A structural model 
The results briefly presented below lead to the con- 
clusion that the elementary units in these glasses 
a r e  Z r F  7 and ZrF8 polyhedra and more precisely a 
binuclear polyhedron Zr2F~3 originating from corner 
sharing of the two previous ones, as indicated in 
Fig. 9. The three-dimensional aperiodic framework 
originates from corner-sharing of these elementary 
dimers as shown in Fig. 10. 

The Ba 2+ cations, due to their own repulsion, are 
randomly distributed in the aperiodic skeleton where 
they have strong ionic interactions mainly with the 
non-bridging fluorides. 

3. Optical properties of fluoride glasses 
3.1. Infrared transmission 
Except for fluoroberyllate glasses which have their 
infrared cut-off located in the 4/tin region, the large 
transmission range lying from 0.2 to 8/~m is the most 
specific optical property. The infrared cut-off depends 
greatly on the chemical composition and is governed 
by the multiphonon absorption mechanisms which are 
related to the fundamental lattice vibrational modes. 

The vibrational modes are, of course, related to the 
M-F chemical bond strength and it is observed that 
the multiphonon edge moves towards short wave- 
lengths when small and strongly polarizing cations, 
such as A13+, are inserted in the glass. Fig. 11 shows 
the transmission range of fluoride glasses compared to 
silica-based glasses. 

3.2. Refractive index and dispersion 
The range of refractive index, n, of heavy metal fluor- 
ide glasses is 1.48 to 1.54 which is comparable to 
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Figure 11 The optical transmission curve for SiO 2 glasses, BeF 2 
glasses and two types o f  heavy metal fluoride glasses; one is ZrF 4 
based, the other one is a multicomponent glass, for example lnF 3, 
based such as BIZYbT (see text). 

the silica-based materials, but higher than the value 
observed for the BeF2-based glasses which are the 
glasses showing the lowest n value: 1.3 to 1.4. 

The refractive index, n, can be easily tailored by 
changing the composition: light elements such as Li + 
or A13+ decrease n while polarizable heavy elements, 
for instance Pb 2+, Bi 3+ or even CI-, allow the prepara- 
tion of glasses with a high index. Usually, doping has 
a poor effect on the stability of the glass towards 
devitrification and makes the design of a core-clad 
optical fibre with large n difference difficult to realize. 

The Abbe numbers for most of the fluoride glasses 
are higher than those for oxide glasses. Values in the 
range 70 to 80 indicate that the variation of n with 
wavelength 2 from 0.4 to 5/~m is gentle and that the 
optical dispersion is weak which is an important factor 
for avoiding chromatic aberration in bulk optics. 

A key quantity in optical fibre communication is the 
pulse broadening which is associated with the material 
dispersion which is proportional to dZn/d)~ 2. The zero 
material dispersion, for most of the fluoride glasses, is 
located around 1.7/~m which is relatively far from the 
ultratransparency region close to 2.6 pro, as discussed 
in the next paragraph. Fortunately, the slope of the 
dispersion curve changes gently with 2 and it has been 
demonstrated by France et al. [9] and Takahashi [16] 
that, in using a simple step-index design, the disper- 
sion characteristics of the fibres can be tuned to give 
zero dispersion at the 2.55 #m operating wavelength. 

3.3. Potential of ultratransparency 
When light passes through a material, two intrinsic 
mechanisms are responsible for total absorption losses: 

(a) the scattering losses, called Rayleigh scattering, 
which follows a 2 _4 law and consequently decreases 
rapidly with 2; 

(b) the multiphonon loss due to vibrational modes 
and which increases with 2. One must mention that the 
band gap absorption which is located in the ultraviolet 
for these materials does not play a significant role in 
the mid infrared. 

The combination of both mechanisms gives the 
so-called V-shaped curve represented in Fig. 12 for 
S i O  2 and two families of fluoride glasses: a ZrF4-based 
material, ZBLA, and a multicomponent InF3-based 
glass, BIZYT. 
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Figure 12 The V-shaped curve for SiO 2 and two fluoride glasses. (1) 
ZrF 4 glass called ZBLA. (2) A multicomponent based on indium and 
barium fluorides called BiZYbT (see text). The ultratransparency 
region is located between the two high absorbing zones due to 
bandgap plus Rayleigh scattering on one side and multiphonon 
absorption on the other side. 

for silica has been reached by preparing optical fibre 
from ultrapure materials using chemical vapour 
deposition techniques. 

The potential of fluoride glasses with expected 
loss as low as 0.01dBkm -~ is extremely exciting, 
especially for long-distance communications such as 
undersea systems. Therefore, one must be aware that 
other factors of absorption, extrinsic in nature, will 
strongly affect the total transparency of fluoride 
glasses. Among them, scattering losses due to inhom- 
ogeneities, bubbles, microcrystals are the most import- 
ant. In addition, parasitic species due to metallic 
impurities such as rare earth or transition metals and 
complex anions such as OH-, SO]- introduce severe 
absorption in the visible and mid infrared as indicated 
in Fig. 13. 

3.4. Infrared transmitting fluoride glass 
optical fibres 

As previously mentioned, the minimum level of attenu- 
ation around 0.2 dB km- ~ has been reached with silica 
fibres leading to effective telecommunications link of 
50 to 100 km without repeater. 

Fluoride glasses potentially offer intrinsic minimum 
losses one or two orders of magnitude lower than that 
of silica. As shown in Fig. 12, the estimated lowest 
value is in the range 10 -2 to 10 3dBkm-~ and the 
ultralow loss optical window is located in the 2 to 
4/tm region. In fact, due to the difficulty of eliminating 
completely the transition metal and especially the OH 
impurities, it is obvious that the window will be 
narrow and located between these two absorption 
regions, namely between 2.5 and 2.6 ktm. 

A concerted research effort, conducted mainly 
by telecommunications people in the USA, Japan, 
UK, Germany and France, has gone into developing 
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Figure 13 Extrinsic factors introducing parasitic 
absorption in fluoride glasses. Transition metals and 
rare earths are the most poisonous in the visible and 
near infrared while complex anions such as OH-,  
SO~-, etc., have their absorption in the mid infrared. 
The total attenuation can also be strongly affected by 
extrinsic scattering factors such as bubbles, cristallites. 

appropriate glass compositions and fibre-pulling tech- 
nology in order to reach this ultra-low loss level. 
A s  discussed previously, in addition to intrinsic 

mechanisms, many extrinsic factors disturb the ultra- 
transparency and the preparation of high-quality 
fluoride glasses with low absorption is a difficult 
challenge which requires the synthesis of ultrapure 
fluoride chemicals as discussed by Folweiler and 
Guenther [17]. 

Among the most poisonous cations absorbing in the 
2.55#m region, where the expected ultratransparent 
window is located, the transition metals Cu 2+ and 
Fe z+ have the most dangerous effect and solvent 
extraction techniques are necessary in order to purify 
the starting materials. The rare-earth metals, and 
among them Nd 3+ with an absorption peak at 2.5 #m, 
also have to be reduced to the p.p.b, level in order to 
keep the expected ultratransparency. 

Fluoride glasses are known to be prone to devitri- 
fication and fibre-making techniques have to take into 
account this important factor in order to avoid forma- 
tion of microcrystallites which have a drastic effect on 

scattering loss. Fig. 14 shows the different steps in the 
double index preform fabrication. In order to keep the 
light inside the optical waveguide when carrying the 
optical signals over very long distances, the core must 
have a refractive index slightly superior to that of the 
cladding. This is achieved by modifying the chemical 
composition of both glasses; typically a small amount 
of PbF2 increases n while LiF does the inverse. 

Present fluoride glass fibre technology relies strongly 
on the preform casting approach. In this approach, 
core melts are directly cast into cladding tubes to form 
waveguide preforms. Fluoride glass cladding tubes 
with uniform wall thickness can be obtained by rota- 
tional casting. The preforms are then drawn at around 
the glass softening point, T ~- 350~ in order to 
avoid crystallization. After drawing a preform of 
10mm diameter and 20cm length, the usual fibre 
diameters are about 150/~m. The preform approach 
leads necessarily to limited fibre lengths which will 
need the development of low-loss splicing techniques. 
In order to prepare ultralong fibres, a continuous 
fabrication process appears to be very attractive. As 
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Figure 14 Technical routes for fluoride glass preform preparation and fibre drawing. 
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Figure 15 Infrared transmission curve for fluoride glass fibres 
originating from NTT, NRL and BTRL. This figure is adapted 
from France et al. [9]. 

shown in Fig. 14, the so-called double crucible techni- 
que, which is based on the direct preparation of  two 
index fibres from two concentric melts, is in principle 
the most promising. However, the fluoride melts are 
known to have a very sharp viscosity-temperature 
dependence and the diameter control during fibre 
pulling needs a very severe stabilization of the melt 
temperatures. 

The major efforts conducted either in Nippon Tele- 
graph Telephon (NTT; Japan), Naval Research Lab- 
oratories (NRL; USA) and British Telecommunication 
Research Laboratories (BTRL; UK) have led to a 
continuous lowering in the absorption losses and 
values as low as 0 .7dBkm -~ at 2.55#m have been 
obtained by using traditional purification techniques. 
Fig. 15 represents typical transmission spectra for the 
best fluorozirconate glass fibres prepared either in 
England, Japan or USA. It must be noted that the 
BTRL transmission curve is flat over a large domain 
of wavelength and is given for a 200 m length with a 
minimum of  about 3 dB km-  ~. The NRL curve is for 
an unspecified length with a minimum of 0.9 dB km-  
and the NTT data correspond to the lowest value of 
0.7 dB km ~ on a 30 m length fibre. 

This representation summarizes the situation and 
indicates the key factors which must be optimized to 
improve the transparency of  the waveguides. Among 
them, the OH peak at 2.9 #m is the most important 
and, with a value of  about 30 dB kin- ~, it corresponds 
to a very small content of OH evaluated at a few tens 
p.p.b. OH. 

The transition metals, such as Fe 2+, Cu 2+, Co 2+, 
absorbing from 1 to 2/~m, the rare-earth ions such as 
Nd 3+, Tb 3+, Sm 3+ having their electronic transitions 
in the 2 to 3/~m region are the other factors respon- 
sible for the absorption background. In addition, scat- 
tering is also a severe cause of  loss. One can estimate 
that scattering accounts for two-thirds of  the total 
loss. 

According to France e t  al. [9], a realistic total loss 
of  0.035 dB km-~ could be expected if the impurity 
level is assumed to be maintained in the range of  0.1 
to 5p.p.b. This loss corresponds to a capability of 
repeaterless information transmission over a distance 
of 1500 km. 

Recent improvements of the surface of  the glass by 
etching the preform rod have been proved to increase 
the strength of  fibres and have been described recently 
by Schneider e t  al. [18]. 

Among the potential uses for fluoride glass (FG) 
optical fibres, the realization of  very long repeaterless 
telecommunications links for undersea systems, 
for example, is the most challenging and will need 
additional research effort, especially in chemical puri- 
fication. However, the actual level of transparency of  
FG optical fibres is such that these new waveguides 
can be used in many short length devices, for example, 
for remote sensing and thermal imaging out to about 
5/tin. Commercial devices include, for instance, the 
coupling between an Er 3+ YAG laser emitting at 
2.9/~m and an FG fibre for power delivery in surgical 
applications because water in tissues absorbs strongly 
at this wavelength. Gas lasers such as H F  emitting at 
2.6/tin and DF emitting at 3.8 [tm can also be used as 
the power source. Low loss bulk optical components 
made in FG will be also very convenient for realising 
prisms and lenses, operating in the mid infrared as 
well as optical windows with a high damage threshold 
for high energy lasers such as HF. 

3.5 .  A c t i v e  o p t i c a l  d e v i c e s  
Transition metal and rare-earth fluorides can be easily 
dissolved and incorporated in FG and exhibit optical 
phenomena associated with the presence of  partially 
filled 3d or 4f electronic shells. These coloured glasses 
could be investigated either by considering these ions 
as local probes for structural information, or for 
producing fluorescent light for laser applications 
for instance. As previously indicated in the section 
devoted to structure, the rare-earth ions are, in this 
new matrix, in a very specific ligand field indicating 
that the lanthanide ions play the role of  glass former 
and give a spectroscopic response in absorption and 
fluoresence which is almost the same as in a crystal: see 
for instance, in fig. 16, the fluorescence peaks of an 
Nd 3+ FG sample compared to the parent crystalline 
material NdZrF 7. It appears that the bandwidth of the 
two main emission peaks in the vitreous host has 
about the same magnitude as the crystal field splitting 
of the terminal states in the unique crystallographic 
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Figure 16 Emission fluorescence spectra of a Nd 3+ -doped fluoride 
glass compared to the parent crystalline material NdZrF 7. The 
envelope of the emission peak is almost the same in the crystal and 
in the glass. 
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Figure 17 Mult iphonon emission rates (or heat dissipation) plotted 
against energy gap for different glassy materials doped with rare- 
earths: ZBLA is a ZrF4-based glass. From Sibley et al. [19]. 
( ) ZBLA, ( - - - )  tellurjte, ( - - - )  silicate, ( . . . .  ) phosphate. 

site of NdZrF7 crystal. The rare-earth emission peaks 
for the other rare-earths such as Eu 3+, Pr 3, Ho 3+ . . . .  , 
have also been measured in FG and proved to be very 
narrow compared to other glassy matrices such as 
silicates, phosphates, and so on [15]. 

Sibley [19] and co-workers have examined the 
potential of fluoride glass for laser hosts and special 
attention has been paid by different authors [20, 21] 
to demonstrate the originality of the FG matrix for 
investigating the radiative rates as well as the oscillator 
strengths and branching ratio. 

The lifetime of numerous transitions has been 
measured in order to determine the multiphonon 
emission rates and the energy-transfer rates and 
to compare these with the values obtained in other 
vitreous matrices such as silicates, phosphates, 
tellurite, etc. As a consequence, the potential for laser 
hosts and other active optical applications has been 
discussed by Sibley in refering to Fig. 17 which shows, 
for example, the multiphonon emission rate calculated 
at 300K for different levels of Er 3+ and Ho 3+ as a 
function of energy gap. It is clear that energy loss by 
multiphonon emission, namely heat dissipation, is 
much more important in phosphate than in FG glass, 
in the range of several orders of magnitude for a given 
wavelength. Consequently, one can predict a high- 
emission efficiency of the rare-earth and because of the 
broad optical window of the host lying from 0.2 to 
8 #m, an exceptional choice in the optical pumping 
and lasing wavelength. 

According to Sibley et al. [22] and Quimby et al. 

[23], the fluoride glasses, and especially the multi- 
component zirconium-free materials, are excellent 
hosts for observing the conversion of infrared to 
visible light. This so-called up-conversion process or 
Auzel effect results from a photon addition mech- 
anism involving energy transfer from Yb 3+ ions 
excited around 1 #m and playing the role of donor to 
Er 3+ ions being the acceptor and converting two infra- 
red photons in a green light with a ). = 0.53 #m. Here 
also, the efficiency is remarkable around 2% com- 
pared to other glasses and allows visual detection even 
for low incident infrared light. 
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Figure 18 Evolution of the magnetic susceptibility with temperature 
for fluoride glasses containing (1) a large amount  of transition metal 
(Mn 2+, Fe3+), (2) high concentrations of Ho 3+. In both  cases, a 
spin-glass behaviour with antiferromagnetic interactions is obvious 
at  low temperature. 

4. Magnetic and electrical properties of 
fluoride glasses 

4.1. Magnetic behaviour of metallic-doped 
FG 

Fluoride glasses offer unique opportunities to study 
the magnetic properties of amorphous disordered 
systems because they exhibit a large range of glass 
compositions, high atomic concentrations and various 
associations of magnetic ions belonging either to the 3d 
or 4f series. These properties have been essentially 
investigated by Dupas and co-workers [24, 25] on 
many FG compositions containing either high con- 
centrations of magnetic lanthanides or 3d metals such 
as iron or a combination of both species. As an exam- 
ple, we shall select the glass PbMnFeF7 belonging to 
the 3d metal system PbF2/MnF2/FeF3 and a rare- 
earth-rich material with the composition 20 BaF2, 
35 HoF3, 45 ZnF2. Most of these magnetic glasses are 
usually unstable towards devitrification and need to be 
obtained by quenching. 

The magnetic susceptibility of doped fluoride glasses 
follows a Curie-Weiss law over a wide range of tem- 
perature. These systems exhibit very low values of the 
Curie-Weiss temperature (0 ~-100K) evidencing 
antiferromagnetic interactions. 

At low temperatures, as indicated in Fig. 18, a cusp 
occurs in the thermal variation of the a.c. susceptibility, 
indicating the onset of spin-glass ordering. The spin 
freezing temperature, Tf > 10K is remarkably high 
for the glass PbFeMnF7 containing large amounts of 
3d 5 cations Fe 3+ and Mn a+, compared to the Ho 3+ 
containing glass where Tf < 1 K. 

Many investigations have been conducted on this 
type of magnetic material in order to see the effect of 
metallic substitutions on the properties and to clarify 
the nature of the spin-glass interactions in these 
insulating materials. 

4.2. Electrical proper t i e s  
Electrical investigations on fluoride glasses have been 
initiated by Ravaine and co-workers [26, 27]. They 
conclude that the main features of the electrical 
behaviour of this new vitreous materials were: 

(a) as expected, they are very poor electronic 
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Figure 19 Conductivity of fluoride glasses plotted against tempera- 
ture, compared to other fluoride solid electrolytes such as good 
conductors, namely PbSnF4, and a poor conductor,, for instance 
CaF 2. This figure is adapted from the work of Ravaine [26]. 

conductors taking into account the very electronegative 
character of the fluorine atoms; 

(b) the conductivity measured on many samples and 
compositions is about a = 10-6Q -~ cm -~ at 200~ 

(c) the conductivity mechanism is only due to F 
ion mobility which gives to these glasses solid elec- 
trolyte properties and makes them candidates for a 
solid state battery involving F2 or derivatives at one 
electrode; 

(d) the activation energy is very dependent on the 
composition and is in the range E -- 0.66 to 0.89 eV. 

Kawamoto and Nohara [28] confirmed these results 
and Inoue and Yasui [29] have proposed a conduc- 
tivity mechanism from molecular dynamics simu- 
lations which shows that the dominant factor of the 
conduction is due to the migration of the non-bridging 
fluorine ions. The fluorine mobility can be explained 
by the plurality of the ZrF, polyhedra (n = 6, 7, 8) in 
the glass, as discussed in the section on structure. This 
situation can be compared to the mixed valence effect 
in electronic semiconductors. 

Fig. 19 shows the conductivity-temperature diagram 
for different crystalline and vitreous fluoride con- 
ductors. It appears that all the FG compositions 
are located in the same order of conductivity, 
approximately between the very good fluorine con- 
ductors such as PbSnF4 and the poor fluorine 
conductors such as CaF2. 

5. Chemica l  durabi l i ty ,  dev i t r i f i ca t ion ,  
pur i f i ca t ion  

5.1. Chemical durability 
Fluoride glasses are strongly resistant to corroding 
agents such as F2, HF, UF6 gases. In combining their 
optical transparency and good resistance to corrosion, 
they are ideal materials for photochemical reactors 
containing these aggressive reagents. 

These materials are not hygroscopic and could stay 
in the normal laboratory atmosphere without any 
attack of the surface. Therefore, the water molecules, 

H20, react with fluoride glass and the corrosion mech- 
anisms depend on the temperature and if the water is 
liquid or vapour. 

When a piece of glass is immersed in water, the 
corrosion kinetics depends on the pH; in acidic con- 
ditions, the proton H § reacts rapidly with the F-  ions 
of the glass to form HF, the corresponding OH- takes 
the place of the F in the structure; at the same time, 
the modifier cations such as Ba 2+, Na § diffuse into the 
solution. According to Simmons and Simmons [30], 
the total mechanism corresponds to a dissolution of 
the matrix with a very fast migration of certain species 
such as Li +, Na § AI 3+ into the solution. The direct 
consequence is that the ZrF4-based glasses have a 
chemical durability in non-basic solutions comparable 
to the poorest silicates. The direct result of these 
chemical modifications is the devitrification of the 
corroded surface which rapidly crystallizes and forms 
an opaque film on the surface. In basic solutions, the 
stability of the glass is much higher and some com- 
positions could stay in these conditions for a few 
weeks without apparent corrosion. 

The corrosion by H 2 0  vapour is quite different [31]; 
depending on the composition, it usually starts just 
below the glass temperature around 300~ The 
mechanism of corrosion is illustrated by the following 
reaction 

MFx(glass) + yH20(vapour) 

-,  MFx yOHy(glass) + yHF(vapour) 

This attack becomes significant when the temperature 
increases and is visually easy to detect when a fluoride 
glass melt is treated in normal atmosphere due to the 
formation of white fumes. The result of this corrosion 
is the presence of a strong OH absorption peak at 
2.9#m in the glass and the potential formation of 
oxides playing the role of nucleation agents according 
to the reaction 

2OH ~ O  2 + H2OT 

By measuring the amount of HF produced in the 
pyrohydrolysis reaction, it is possible to establish the 
relation between the value of the OH- peak and the 
proportion of OH as demonstrated by Fonteneau 
el  al. [32] and Mitachi et  al. [33]. From this obser- 
vation, the molar extinction coefficient ~OH- at 
2.9 #m has been calculated for various FG and conse- 
quently the attenuation loss introduced by 1 p.p.m. 
OH has been estimated; as an example, the attenu- 
ation fi is a 7850dB km -~ p.p.m. -~ for the BIZYbT 
glass and 5200dBkm ~p.p.m. ~ for the ZBLA glass. 

The practical effect of this corrosion phenomenon 
leading to hydroxyl, then oxide formation, is the risk 
of nucleation and crystallization originating from the 
surface and consequently the only way to prepare 
good optical glasses is to operate in a dry glove-box. 

5.2. Devitrification 
As discussed by Moynihan and co-workers [11, 34], 
one of the major problems encountered in the 
development of heavy metal fluoride glass has been 
the tendency for the glasses to devitrify above the glass 
transition temperature. Also, during the cooling 
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Figure 20 Viscosity plotted against temperature for two technical 
fluoride glasses ZBLA and ZBLAN. In both cases, the lack of data 
in the intermediate region is due to crystallization phenomena. The 
different temperatures are the following: To glass temperature; TM 
liquidus; Txc and TxM = cristallization on cooling and heating. 

process of the melt, there is a critical cooling rate to 
avoid the nucleation [35] of the melt and then the 
growth of the crystallites [36]. 

The main feature illustrating the special thermal 
behaviour of FG is the temperature dependence of the 
viscosity which is represented in Fig. 20. It is clear that 
there is a large gap between the high-temperature 
viscosity data collected in the melt by Mackenzie [37] 
and co-workers and the highly viscous zone just after 
Tg. This situation is due in part to the tendency of 
these melts to crystallize mainly because the viscosity 
is only a few poise at temperatures significantly below 
the liquidus allowing relatively high mobility of the 
ions for nucleation and crystallization processes. 

Fig. 20 is a comparison of two good technical glasses: 
1, ZBLA with the composition Zr55Ba35La6A14; 
2, ZBLAN with the composition Zrss Bal7 La 6 A14 Na18. 
The second has been proved to be more resistant to 
devitrification and is one of the best candidates for 
fibre drawing. This interesting behaviour is explained 
by an interdiffusion barrier to crystallization due 
to the competition between two crystalline forms. 
Indeed, it has been noticed that a partial substi- 
tution of the modifier cation Ba 2+ by Na + cations 
introduces a competition between sodium fluoro- 
zirconate and barium fluorozirconate formation during 
the crystallization process and consequently delays the 
devitrification phenomena. 

This observation appears to be a kind of illustration 
of the so-called confusion principle and could explain 
that one route to finding FG compositions more stable 
against crystallization may be to incorporate into the 
melt additional components which will inhibit the first 
crystalline species formation. 

5.3. Purification 
The conventional route for preparing fluoride glasses 
is the melting of the starting fluorides in an inert 
atmosphere using vitreous carbon, gold or platinum 
crucibles. The liquidus temperature for heavy metal 
fluoride glasses being around 550 to 650 ~ C, moderate 
heating until 800 to 850~ is needed to obtain a 
homogeneous melt. 

Another convenient way to prepare the melt is the 

ammonium fluoride route using NH4 FHF which easily 
converts oxides in fluorides. The conversion reaction 
takes place at temperatures around 300 to 400 ~ C and 
an excess of ammonium fluoride is needed to trans- 
form completely the oxides in a mixture of metallic 
ammonium fluorides which are then decomposed by 
heating at 800 ~ C. This treatment eliminates the excess 
of NHaFHF and produces a melt which is poured in 
preheated brass moulds. The glasses are then annealed 
at a temperature close to Tg. 

As mentioned before, the development of high opti- 
cal quality optics or optical fibres is governed by the 
production of high-purity materials where one must 
avoid the presence of transition metal, rare earth, 
complex anions such as OH, SO42- , PO 3 , etc. which 
absorb in the optical window of fluoride glasses. 

Sublimation of volatile fluorides such as ZrF 4 as 
well as solvent extractions are the most common 
techniques used for purifying the starting fluorides 
from the most poisonous absorbing cations such as 
F e  2+, C u  2+, C o  2+, N i  2+, N d  3+, Ce  3+, P r  3+. It must be 
noted that I p.p.m, of these impurities leads to parasitic 
absorption in the range of 10 to 100 dB km 1 and that 
the tolerated level of contamination for reaching the 
ultimate transparency values will have to be at the part 
per billions level. 

Purification based on chemical vapour deposition 
also seems to be a solution for separating transition 
metals. The vapour pressure of ZrC14 and ZrBr4 is, for 
instance, a few orders of magnitude higher than the 
transition metal equivalents. Their conversion in ZrF 4 
through the vapour state via a fluorinating agent is an 
elegant way to produce very pure starting materials 
[17]. 

The natural impurity of fluoride material is OH- 
due to hydrolysis with HF formation. In order to 
decrease the level of OH- which introduces a large 
absorption band in the middle of the optical window, 
a "reactive atmosphere processing" (RAP) techniques 
has been developed initially by Robinson [38]. A 
gaseous atmosphere, such as CC14, SF6, NF3, CS2, used 
above the melt helps the substitution of OH- and 02- 
impurities by CI-, S 2-, etc. An NF3 atmosphere also 
maintains an oxidizing situation above the melt which 
allows iron impurities to be retained in the trivalent 
non-infrared absorbing Fe 3+ state. 

It must be noted that 02 impurity in fluoride glasses 
has two effects: it modified the multiphonon absorp- 
tion mechanisms by the formation of M-O vibrational 
modes which introduce shoulders in the multiphonon 
region; depending on the degree of contamination, O z- 
could contribute to the formation of ZrO 2 cristallite 
particles having a high lattice energy and producing a 
very poor effect on the Rayleigh scattering factor even 
if the particles are of the 0.2 #m range size [16]. Using 
the RAP technique for decreasing the oxygen content 
in glasses is consequently justified especially for lower- 
ing the scattering loss mechanism in long-distance 
repeaterless optical fibre for telecommunication. 

6. C o n c l u s i o n  
Heavy metal fluoride glasses, in addition to their pure 
academic interest as a new family of glasses, are 
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considered to be prime candidates for ultra-low loss 
fibre applications. Extensive purification efforts for the 
removal of  transition metal, rare earth and OH groups 
have been conducted over recent years and it is con- 
sidered that the ultratransparency window will be 
located between the metal absorption area around 1 to 
2/~m and the OH peak at 2.9/~m. It is expected that 
further purifications of the raw fluoride materials, as 
well as a better knowledge of the fundamental proper- 
ties and structure of  these glasses, will lead to a new 
generation of ultra-low loss waveguides. 
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