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Vibrational spectra and structure of fluorozirconate 
glasses 

Rui M. Almeidaa) and John D. Mackenzie 

Materials Science and Engineering Department, University of California, Los Angeles, California 90024 
(Received 17 November 1980; accepted 13 February 1981) 

A series of binary fluorozirconate glasses have been prepared in the ZrF.-BaF, system, containing between 
52-74 mol % ZrF •. Their infrared and polarized Raman spectra are reported for the first time, down to 33 
cm -I. The glass transition and crystallization temperatures were also measured. The vibrational modes have 
been assigned to different types of atomic motions in the glass network. The basic structure of the 
fluorozirconate glasses is proposed to consist of zigzag chains of ZrF6 octahedra, cross linked by Ba-F ionic 
bands. The interochtahedral Zr-F-Zr angle distribution was estimated to peak at -136', based on the 
analysis of the two highest frequency Raman modes. 

I. INTRODUCTION 

Glass formation in ZrF 4 -based systems was first re­
ported by Poulain et al. 1 in 1975. Since then, these 
glasses have received increasing attention due to their 
somewhat unusual properties, namely, a relatively high 
anionic electrical conductivity2.3 and their optical trans­
parency, 4 extending from the near UV (- 230 nm) to the 
middle m (- 8000 nm), which makes them good candi­
dates for laser windows and optical waveguide materials. 
Fluorozirconate glasses are also interesting from a 
scientific point of view, since their structure appears 
to be markedly different from that of other known glass 
systems. 

So far, only the structure of a few multicomponent 
systems has been discussed, such as ZrF4-BaF2-ThF4

4 

and ZrF4-BaF2-LaF3-NdF3. 5 Such glasses have been 
proposed to consist of a random association of six-, 
seven-, and eight-coordinated fluorozirconate poly­
hedra. 4

,5 Nothing has yet been said about their geometry 
or arrangement in space, in part because a more direct 
probing of the glass structure, for example by vibra­
tional spectroscopy, x-ray or neutron diffraction, or 
NMR, has not yet been undertaken. In this paper, we 
report the m and Raman spectra of binary ZrF 4 -BaF 2 

glasses, a system whose properties have not been stud­
ied before. 

II. EXPERIMENTAL PROCEDURE 

A series of fluorozirconate glasses were prepared in 
the ZrF4-BaF2 system and a ZrF4-SrF2 sample was 
also synthesized. Commercial ZrF4 of 99% purity (Alfa 
Inorganics) was unacceptable for Raman spectroscopy 
due to the high level of luminescence observed. There­
fore, the commercial product was purified by double 
distillation, which reduced the initial Fe content (-1000 
ppm) by a factor of about 5. Ultrapure BaF2 and SrF2 
were used (Alfa Inorganics). Batches of - 6 g were 
melted in platinum crucibles in a dry box filled with high 
purity nitrogen (02 and H20 contents at - 1 ppm). The 

a) Present address: Complexo Interdisciplinar, Instituto 
Superior Tllcnico, Av. Roviseo Pais, 1096 Lisboa Codex, 
Portugal. 

binary ,mixtures were heated in an electric furnace from 
room temperature up to 900°C, kept for 10 min at this 
temperature for homogenization, and then cast. The 
compositions of the glasses prepared are shown in Table 
I. From the m absorption spectra recorded for a few 
bulk samples (1-2 mm thick), no evidence was found for 
the presence of residual water in the glasses. 

The glass transition and crystallization temperatures 
were measured by differential thermal analysis, with a 
heating rate of 7. 5 DC min -1. 

Infrared absorption spectra were recorded for all 
samples by the KBr disc method, between 4000-300 
cm-!, in a Perkin-Elmer 457, grating, double-beam 
spectrophotometer. m absorption was also recorded 
for three different glasses between 500-33 cm-I , using 
polyethylene pellets, in a Perkin-Elmer 180, grating, 
double -beam spectrophotometer. The pressed-disc 
technique was used, since all attempts to blow thin films 
from the binary melts failed (this was actually possible 
for ternary melts containing ThF 4 or LaF 3)' Polarized 
Raman spectra were recorded for all samples down to 
- 30 c m -I, in the 90° sc attering configuration. The 
Raman spectrometer consisted of a Spectra Physics 
model 165 Ar+ laser, a Spex double monochromator, 
and photon-counting electronics. The spectrum of glass 
#3 was taken with the Spex 1401, which was linear in 
frequency. whereas all other spectra were taken with 
the Spex 1400-11 model, which was linear in wavelength. 
The spectra recorded with the two instruments were 
identical. The 514.5 nm laser line was used in all ex­
periments and the slits were opened to 250 jJ.m. All 
spectra were recorded in both the HH(II) configuration, 
where the scattered light was analyzed for electric vec­
tor parallel to that of the incident radiation, and the 
VH(l) configuration, where the scattered light was ana­
lyzed for electric vector perpendicular to that of the in­
cident laser. The polished glass samples were in the 
form of small rectangular plates, with thicknesses be­
tween 0.8 and 1. 5 mm. The largest sample corre­
sponded to the most stable composition (#3 in Table I). 
For calculating the depolarization ratios P. the Raman 
spectrometer was standardized against the polarized 
(459 em-I) and the depolarized (314 em-I) bands of liquid 
CCI4 • All spectra were taken at room temperature. 
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TABLE I. Composition and characteristic temperatures of fluorozirconate glasses. 

Batch composition Analyzed composition 
(moI%) (mol%) 

Glass 
ZrF4 BaF2 SrF2 ZrF4 BaF2 SrF2 # 

50 50 52 48 1 
60 40 2 
65 35 64 36 3 
66.7 33.3 67 33 4 
85 15 5 
90 10 6 
80 20 74 26 7 
70 30 8 

III. RESULTS AND DISCUSSION 

A. Glass transition and crystallization temperatures 

Poulain et al. 6 prepared binary ZrF4-BaF2 glasses 
with ZrF 4 contents between 60-70 mol %, using the same 
quenching rate as in the present work. In our work, the 
glass-forming region of the ZrF4-BaF2 system was 
found to lie between -52-74 mol% ZrF4• 

The glass transition (Tg) and crystallization (TcrYl'It) 
temperatures are given in Table I. They showed little 
variation over the composition range that was tested 
(60-74 mol% ZrF4). 

B. I R spectra 

The IR spectral data of the fluorozirconate glasses 
studied are given in Table II. The middle and far IR 
spectra of glasses #3, #7, and #8 are shown in Fig. 1. 
The spectra of all glasses consisted of three main peaks: 
a strong band at -472-520 cm-t, a medium band at 
- 270-250 cm-t, and a weak band at -115-130 cm-t • 

There was also a weak shoulder at - 625 cm-t for most 
samples, but this was not structure sensitive, since its 
frequency did not vary with composition. 

C. Raman spectra 

The Raman spectral data of the eight fluorozirconate 
glasses studied are given in Table III. The spectra of 
glasses #1, #3, #7, and #8 are shown in Figs. 2, 3, 4, 

TABLE II. Frequencies and intensities of the IR 
bands of fluorozirconate glasses. 

Glass 
IR absorption bands (cm- I ) 

sample"- KBr pellets Polyethylene pellets 

#1 625 wsh 472 s 
#2 620 wsh 487 s 
#3 490 s 270 m 120 w 
#4 630 wsh 490 s 
#5 625 wsh 505 s 
#6 625 wsh 505 s 
#7 620 wsh 520 s 250 ms 115 wsh 
#8 620 wsh 510 s 250 m 130 wsh 

aFor glass compositions, refer to Table I. No­
menclature: w-weak; m-medium; s-strong; 
sh-shoulder. 

Tg T cryst 
(OC) (OC) 

298 338 
300 352 
291 332 
293 345 
289 344 
288 335 
290 340 

and 5, respectively. The depolarization ratio was com­
puted for each band by the formula 

( 1) 

where IVH and IHH are the intensities of the VH and HH 
spectra, respectively, above the base line. In those 
cases where the position of the base line was uncertain, 
p was not computed, although it is sometimes indicated 
that the band was depolarized (p clearly larger than 
0.75). 

All glasses exhibited a depolarized band at - 50 cm-I, 
which is characteristic of the Raman spectra of most 
known glasses. This peak may be due to the combined 
effects of the Bose-Einstein thermal population and the 
:\-4 dependence of the Raman scattering intensity7 and 
also due to the existence of optical modes of low fre­
quency that are Raman active. 8 Since the nature of these 
modes is still uncertain, we will not aSSign this feature. 
Most glasses had five main peaks: two polarized, high 
energy peaks at - 565-598 and - 468-500 cm- t and three 

1 
UJ 
U 
Z 

~ 
I-
:i 
(/) 
z 
ct 
0::: 
I-

700 500 300 100 

- WAVENUMBER (em-I) 

FIG. 1. Middle and far IR absorption spectra of (a) 64 ZrF,-
36 BaF2 glass, (b) 67 ZrFc33 SrF2 glass, and (c) 74 ZrFc 
26 BaF2 glass. 
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TABLE Ill. Frequencies, intensities, and depolarization ratios in the Raman spectra of fluoro-
zirconate glasses. 

Glassa 

sample 
Spectral 

data #l #2 #3 #4 #5 #6 #7 #8 

v 629 sh 629 sh 630 sh 637 sh 

v 565 s 577 vs 580 vs 583 vs 584 vs 592 vs 598 vs 595 vs 
p 0.03 0.01 0.00 0.03 0.06 0.06 0.03 0.07 
VA 53 56 57 62 58 70 74 

v 468 m 478 m 485 m 490 m 490 m 492 m 500 m 500 m 
p 0.33 0.26 0.28 0.26 0.23 0.20 0.13 0.19 

v 386 mw 397 vw 400 vw 398 w 404 vw 403 w 406 w 416 vw 
p 0.69 1.05 0.79 0.53 1.10 0.81 0.86 U.75 

v 322 mw 324 wb 324 w 340 m 341 w 341 m 348 mw 340 mw 
p 1. 09 0.75 0.81 0.59 1.2 dep 0.53 0.80 

v 230 w 196 w 196 mb 194 m 194 m 183 mw 183 m 194 mb 
p 0.72 1. 00 0.75 0.43 1.0 dep 0.90 0.97 

v 139 w 92 w 104 w 101 w 
p dep dep 

ji 53 vw 51 vw 50 ms 50 w 50 vw 49 vw 52 w 52 mw 
p dep 0.84 dep dep dep 

aFor glass compositions, refer to Table I. Nomenclature: v-frequency in cm"t; p-depolariza-
tion ratio; vA-width at half-height in cm"!; s-strong; m-medium; w-weak; v-very; sh-
shoulder; b-broad; dep-depolarized. 

weaker, depolarized bands at -386-416, -322-348, and 
-183-196 em"!. For compositions with >67 mol% ZrF4' 
a shoulder appeared at - 629-637 cm"!. All these modes 
will be aSSigned in the next section. Some glasses also 
had a weak band in the neighborhood of 100 cm"1, which 
we will not attempt to assign. 

D. Vibrational modes of fluorozirconate glasses 

No study has yet been published dealing with the vibra­
tional spectra of a fluorozirconate glass. Besides, only 
a small number of studies have appeared concerning vi-

)0-
r­
u; 
z 
w 
r­z 

o 

53 ... 
350mW 
2 x 104eps 

HH 

VH 
500 

RAMAN SHIFT (em- I)-

565 ... 

FIG. 2. Raman spectrum of the 52 ZrFr48 BaF2 glass in the 
polarized (HIi) and depolarized (Vii) configurations. 

brational spectra of related molten or crystalline fluo­
rozirconates. Toth et al. 9 have shown that in the ab­
sence of bridging there is an inverse correlation be­
tween the symmetric stretching (which we will call v' 
or SS frequency and the coordination number (CN) of Zr 
in the complex ions present in the structure of a number 
of crystalline compounds. These included Li2ZrF6 and 
Cs2ZrF 6, both containing free ZrF~" octahedral ions, 
where the highest energy (v') Raman peaks occurred at 

)0-
r­en z 
w 
!z 

600mW 
3 x 104eps 

o 

50 ... 196 324400485 ... .......... 
580 

j., l 
500 

RAMAN SHIFT (em-I)-

FIG. 3. Raman spectrum of the 64 ZrFc36 BaF2 glass in the 
polarized (HH) and depolarized (VH) configurations. 
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FIG. 4. Raman spectrum of the 74 ZrFc26 BaF2 glass in the 
polarized (HII) and depolarized (VB) configurations. 

585 and 577 cm-I, respectively; Na3ZrF7, containing 
free ZrF~- ions, with the II" band at 556 cm-I; finally, 
K2ZrFs-composed of chains of ZrFa polyhedra sharing 
two edges each-had the II' peak at 525 cm-I. Based on 
these results, Toth et al. 9 studied the Raman spectra 
of LiF-NaF-ZrF4 molten salt mixtures and proposed 
that the CN of Zr varied between eight and four for ZrF4 
contents between 14-40 mol %; here the II" frequency 
correspondingly varied between 555-593 cm-I and octa­
hedral coordination was proposed for the 33 mol % ZrF 4 
mixture, with v" at 577 cm-I. 

In order to assign the vibrational modes of the fluo­
rozirconate glasses, we will postulate a structural 
model ab initio. The 64 ZrF4-36 BaF2 glass was the 
most stable and its composition, lying approximately in 
the center of the glass-forming region, coincides with 
2ZrF4' BaF2, within the experimental error of the 
chemical analysis. Therefore, this will be taken as the 
dizirconate model glass and its spectra will be analyzed 
first. The relative Simplicity of the IR and Raman spec­
tra and the observed symmetry (geometric) of the domi­
nant bands indicate that essentially there is only one CN 
for the Zr atoms. The dizirconate glass has an F /Zr 
ratio of 5.0; if all F atoms are bounded to Zr atoms-we 
have no evidence for the occurrence of "ionic fluorine"­
the minimum CN possible is five. If this were the case, 
the glass would be formed by isolated ZrF;; ions and it 
would probably not be very stable, due to the absence of 
bridging. The two possible types of polyhedra would be 
the tetragonal pyramid (C 4v) and the trigonal bipyramid 
(D 3h); the first one should exhibit six IR and nine Raman 
bands, three of which are polarized, whereas for the 
second one, one would predict five IR and six Raman 
bands, two of which are polarized. Our experimental 
results (a stable glass with three IR and five Raman 
bands) seem to rule out the five-coordinated geometries. 
On the other hand, since the v" frequency of eight-coor­
dinated K2ZrFS occurs at 525 cm- l

, which is much lower 
than the highest frequency of the dizirconate glass at 
580 cm-I, we will assume that the highest CN possible 

is seven. The seven-coordinated geometry of highest 
symmetry is the pentagonal bipyramid (D5h), and a fairly 
realistic model in this case, such as the "bound bipyra­
midal unit"IO vibrating against a fixed network of infinite 
mass, would predict the occurrence of seven IR and 
seven Raman bands. The fact that the glass spectra 
have a considerably smaller number of bands and par­
ticularly the fact that seven-coordinated Na3ZrF7 has the 
v" peak at 556 cm-I « 580 cm-I indicate that the CN is 
not seven either. Therefore, it has to be six, which is 
strongly supported by the occurrence of the II" peaks of 
six-coordinated Li2ZrFs and CS2ZrFS at - 580 cm-I as 
well. 

Since trigonal prisms are less stable than octahedra 
and have not yet been found in crystalline fluorozirco­
nates, we will propose that the glass contains Zr F s 
octahedra, sharing two corners each in order to satisfy 
the F /Zr ratio of 5. O. Our model for the dizirconate 
glass structure is that of an inorganic polymer, formed 
by zigzag chains of octahedra, as shown in Fig. 6. 
Theoretically, such chains would be infinite but, in 
practice, the low viSCOSity of the glass-forming melt l1 

suggests that the lengths are relatively short, although 
we cannot quantify. Some rings are also expected to 
exist, as in the case of the isostructural metasilicate 
and metaphosphate glasses. 

A mode assignment can now be made consistent with 
the proposed structure. The highest frequency mode 
(580 cm-I, Raman active) is a very strong, sharp (half­
width = 56 cm-I), and completely polarized (p"" 0) band. 
The zero depolarization ratio shows that this is a totally 
symmetric vibration and its sharpness indicates that it 
is highly localized and must depend very little on the 
distribution of interoctahedral angles. We assign this 
mode to the symmetric stretching vibration of the four 
Zr-Fnb bands of the octahedron (where Fnb designates a 
nonbridging fluorine atom). It will be called 1I'(Zr-F nb) 
and it is equivalent to the III (AI,) mode of the square 
planar Zr-(Fnb)4 structure (D4h group) shown in Fig. 7. 

>­
!::: 
(/) 
Z 
LLI 
t­
Z 

o 

52 
+ 700 mW 

I x 104cps 

194 340 416 500 
+ + + + 

500 

RAMAN SHIFT (cm-I ) -

FIG; 5. Raman spectrum of the 67 ZrFc33 SrF2 glass in the 
polarized (HH) and depolarized (VII) configurations. 

J. Chern. Phys., Vol. 74, No. 11, 1 June 1981 

 25 June 2024 11:51:50



5958 R. M. Almeida and J. D. Mackenzie: Spectra of fluorozirconate glasses 

• Zr 

0 F 

• Ba 

FIG. 6. Structure of barium dizirconate glass 2ZrF4 ' BaF2, 

composed of zigzag chains of ZrF6 octahedra, cross linked by 
Ba-F ionic bonds. 

The stretching force constant kl' in this case, is given 
by 

(2) 

h 2 4 2 2-2 . were WI = 7f C VI, WI 1S the angular frequency of the 
mode, c is the speed of light, !il is the wave number, 
and mF is the mass of the fluorine atom. Therefore, 
the nonbridging force constant kl = 376.6 N m-I

• 

The second highest frequency mode (490 cm- I , IR ac­
tive) is a strong, high energy band, which is also ex­
pected to involve motion of the F nb atoms. However, a 
simple antisymmetric stretching (AS) of the Fnb atoms 
would only be Raman active [v4(B2g ) mode of D4h group] 
and the glass mode has to be of a more complex nature. 
At this frequency, and given the large value of the Zr/F 
mass ratio (4.80), appreciable Zr cation motion (called 
C) is not likely. Such an argument for unlikely cationic 
motion has been used for both oxide and fluoride 
glasses. 12 ,13 According to Galeener, 13 the highest fre­
quency IR active mode of a tetrahedral AX2 glass such 
as SiOz (which is the highest frequency LO-TO pair in 

vS(Zr-Fnb ) 

580 em-I 

FIG. 7. VI (AIg) mode of the 
square planar structure Zr­
(Fnb)4' 

1 YLx 1 F, I 

I ,/ ' I 
, 1 ,--' I " , , , 8 " I " " , 1 / , 

Zr " Zr , 
/1 

, , 
" " 

, , / , , " I 
, / , / 1 .... , / SS , / 

/ 
1 I , / 

F 1 f 
, 

F 485 cm-1 

1 1 
FIG. 8. Symmetric stretching vibration of bridging fluorine 
atoms along the bisector of the Zr-F-Zr angle, with fixed Zr 
atoms. 

the Raman spectrum) corresponds to an AS motion of 
the bridging Xt. atoms along a line parallel to A-A. 
From this we infer that the 490 cm-1 mode involves anti­
symmetric stretching motion of the bridging fluorine 
atoms (Fb) as well and we will tentatively assign this 
mode to ~ antisymmetric stretching of both the F nb and 
F b atoms ill unspecified directions, which we call AS 

(F nb' F b)' 

The next mode (485 cm-I , Raman active) is a medium, 
relatively sharp, and polarized (p = O. 28) mode, corre­
sponding, therefore, to a totally symmetric vibration. 
(One could associate this band with the possibility of the 
490 cm-I IR mode being weakly allowed in Raman, but 
the Raman peak appears too strong and its polarized 
character seems to rule out this interpretation). This 
high frequency band is assigned to a symmetric stretch­
ing (SS) mode and the fact that its frequency is lower 
than that of the vS(Zr-F nb) band suggests that motion of 
the Fb atoms is now involved. Therefore, we assign 
this mode to the SS vibration of the Fb atoms and, by 
analogy with the dominant Raman band (WI) of tetrahedral 
AXz glasses, 13,14 we assume that the Fb atoms move 
along the bisector of the Zr-F-Zr angle e, while the Zr 
atoms remain fixed, as shown in Fig. 8. We will now 
develop an equation relating the frequency wss of the 
mode to the angle e, which is different from the one de­
veloped by Sen and Thorpe14 for fully bridged tetrahedral 
networks. 

In our model, the stretching force constant k asso­
ciated with the Zr -F b bonds, which is somewhat smaller 
than kl' is considered to be independent of e (Fig. 8). 
The force f acting along a Zr-Fb bond may be decom­
posed into two components, along the X and Y directions. 
There are two such bonds involved in the movement of 
one F b atom and thus there are two equal forces t, whose 
X components cancel and whose Y components add, such 
that the total force F acting on a F b atom may be ex­
pressed as 

(3) 

Therefore, the angular frequency Wss of the SS motion 
will be given by 

z 2k e 
wss= - cos-. 

mF 2 
(4) 

In order to derive a relationship between wss and e, valid 
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for the dizirconate glass, one has to estimate k. One 
way of doing this is by relating it to kl' whose value is 
already known. We expect the k/k1 ratio to be a function 
of the Zr-Fb/Zr-Fnb bond length ratio (BLR). Further­
more, since nothing is known about the actual Zr-Fb 
and Zr-F nb distances in fluorozirconate chains (either 
in glasses or in crystals), we will estimate the BLR 
from crystalline metasilicates, which have a chain 
structure similar to that of the dizirconate glass and for 
which the Si-~ and Si-Onb bond lengths are known. We 
use a simplified electric point charge model in which 
the charges along Si-Ob and Si-Onb bonds are assumed 
to be the same, so that the ratio of the electric force 
1:1 along Si-~ to the electric force I:~ along Si-Onb is 
given, from Coulomb's law, by 

I:/I:~ == [d(Si-~)/ d(Si-Onb) J2 , (5) 

and we assume that 

k/k1 ==/:/I:~ . (6) 

Then, from the values of the bond lengths given by Balta 
and Balta15 for Na and Ca crystalline metasilicates, an 
average estimate is made of k/k1 '" O. 92, such that k 
"" 351 N m-1• Therefore, from Eqs. (4)-(6), the follow­
ing relation is obtained: 

Vss == 791. 93 COS
1/2 ~ , (7) 

where vss is the wave number of the SS mode. 

The actual value of Vss == 485 cm-1 gives directly an 
estimate of the interoctahedral angle 8 at -136° . For 
example, in crystalline Si02 . Na20, the Si-O-8i angle 
is 13r. If the k/k1 ratio were, for example, only 0.89, 
8 would be 133. r, whereas for k/k1 == 0.95, 8 would be 
136.8°. Therefore, according to the present model, we 
may assume with a fair degree of confidence, that there 
is a distribution of angles 8 in the glass, with a maxi­
mum at -133° -138°. This also means that the most 
likely number of Zr atoms which occur in the rings of 
octahedra present in the glass is probably eight or nine, 
since the Zr-F-Zr angle is 135° for a planar eight­
membered ring and 1400 for a nine-membered one. 

In the present model, for 8 == 120° Eq. (4) becomes 

(8) 

which is the formula for the frequency of the harmonic 
motion of an isolated F atom vibrating against a fixed 
Zr atom. Therefore, for 8 == 120°, the octahedral units 
become effectively uncoupled and the corresponding Vss 
== 560 cm-1 is the vibrational frequency of the IlS(Zr-F) 
symmetric stretching mode of an isolated ZrF~- octa­
hedral ion in the glass. This frequency (whose value 
depends on the estimate of k) should correspond to a 
weak band in the Raman spectrum that may be hidden 
under the strong peak at 580 cm-1 (Fig. 3); we believe 
this to be the case, since the low viscosity of the glass­
forming melt11 suggests the occurrence of isolated octa­
hedral ions in the glass structure. In the model of Sen 
and Thorpe, 14 uncoupling of the tetrahedral units oc­
curred at 8 == 90°, rather than 1200. 

The next two Raman active modes (400 and 324 cm-1) 

TABLE IV. Vibrational mode assignment for the barium di­
zirconate model glass. a 

Frequency 
(cm-I ) 

580 

490 

485 

400 

324 

270 

196 

120 

Activity 

R 

IR 

R 

R 

R 

IR 

R 

IR 

Alternati ve 
Type of vibration designation 

VS (Zr-Fnb) VI (All) D4JI 

AS (FDb , Fb) 

SS SS(Fb) 

vAB(Zr_F) in v2 (E,l) 0h 
free ZrF~-

{j (F-Zr-F) in v5 (F2Il) 0,. 
free ZrF~-

AS+C AS(F~ + C 

B 

C 

aNonmenclature: ~, SS-symmetric stretch; vAS, AS-anti­
symmetric stretch; 0, B-bending; C-cation motion; R­
Raman; IR-infrared. 

are very weak, depolarized (p>O. 75) bands and we will 
tentatively assign them to the antisymmetric stretching 
and bending modes of isolated Zr F~- octahedra, which 
we will call 0 S (Zr_F) and 1i(F -Zr-F), respectively. 
These are also the 1l2(E,.) and 1l5(F 2,.) modes of an octa­
hedron (Oh group). 

The next mode (270 cm-I IR active) is of medium in­
tensity and low frequency, suggesting that there is not 
appreciable motion of the Fnb atoms. We will tentatively 
assign this mode to anti symmetric stretching of the F b 

atoms plus Zr cation motion and we will deSignate it 
AS + C. At a lower frequency, there is the 196 cm-1 

Raman mode, which is a broad and depolarized (p"" 0.75) 
band. Both this and the 485 cm-1 SS mode were observed 
in all the glasses (cf. Table III) and also in the Raman 
spectra of crystalline systems containing between 50-
100 mol % ZrF4' as shown elsewhere. IS These crystals 
included a-BaZrFs and ZrF4' where Zr-F-Zr bridging 
sequences are known to occur. Therefore, the 196 cm-1 

band is assigned to in-chain bending and it will be 
called B. 

Finally, the 120 cm-1 mode (IR active) is a weak, 
relatively sharp band. Alkali and alkaline-earth cation 
site vibrational bands have been observed previously in 
metaphosphate glasses, 17 whose structure is analogous 
to that of the dizirconate glass, namely, Ba2+ cation mo­
tions occurred at -145 cm-!, which is close to 120 cm-!. 
Exarhos and Risen17 observed a cation mass (me) depen­
dence of the frequency of roughly m;1/2, which in the 
present case would lead to Sr2+ cation motion at -150 
cm-1• In glass #8, the shoulder is located at -130 cm-! 
but the exact frequency cannot be determined from the ' 
spectrum (Fig. 1). Therefore, the 120 cm-1 band is 
tentatively assigned to localized vibrations of the Ba2+ 
cations in their network sites, which we will call C. The 
different band assignments are given in Table IV. 

E. Structure 
The structure of ZrF 4 -based glasses has not been 

studied by vibrational spectroscopy, RDF, or NMR tech-
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niques. The only known fact from crystal structure de­
terminations is that six-, seven-, and eight-coordinated 
Zr atoms can occur, sometimes in the same compoWld, 
such as in Rb5Zr4F21' 18 Complex anionic dimers with 
seven-coordinated Zr atoms are also common, such as 
in a-BaZrF6' 19 in Na5Zr2FI32o and in K2Cu(ZrF 6)2 
. 6H20. 21 Coordination numbers as small as five and 
four have also been proposed for melts. a 

The structure of the barium dizirconate model glass 
2ZrF4' BaF2 has already been discussed: it consists of 
zigzag chains of ZrF 6 octahedra, cross linked by Ba-F 
ionic bonds (Fig. 6). A small number of rings, mostly 
with eight or nine Zr atoms, may also occur. The in­
chain Zr-F -Zr angle has its most likely value at -136°. 
There are - 80% Fnb atoms, whereas the similar struc­
tures of metasilicate or metaphosphate glasses contain 
only 66.6% 0nb' The Sr-containing glass, with an esti­
mated composition of 67 ZrF4-33 SrF2, has ill and Ra­
man spectra [Figs. l(b) and 5] very similar to those of 
the Ba dizirconate glass, except for small upward fre­
quency shifts of most bands, due to the effect of the 
modifying cation size or mass (130 em-I band) and the 
637 cm-I Raman shoulder in the Sr glass, which oc­
curred in all glasses with> 67 mol % ZrF 4' Therefore, 
the structure of the Sr and Ba dizirconate glasses are 
assumed to be analogous. 

Within the experimental error in the chemical analy­
sis, the composition of glass #1 (52 ZrF4-48 BaF2) co­
incides with ZrF4 . BaF2 and this will be taken as the 
metazirconate model glass. The crystallized product 
was shown to be a-BaZrF6' 16 which is a seven-coor­
dinated crystal formed by Zr2F I~- dimers, and its Raman 
spectrum was characterized by a very strong peak at 
562 cm-I, probably polarized. 16 The Raman spectrum 
of glass #1 is of questionable quality in the low frequency 
region, since only very small pieces of glass could be 
prepared due to its strong crystallization tendency. 
However, the highest frequency band is clearly identi­
fied: This is the vS(Zr-Fnb) vibration, which is strongly 
polarized (p=0.03) and occurs at 565 cm-I, very close 
to the corresponding crystal peakl6 at 562 cm-I, and 15 
cm-! below the same peak in the dizirconate glass. 
Therefore, we suggest that the barium metazirconate 
glass contains seven-coordinated Zr atoms, like the 
a -BaZrF 6 crystalline compoWld. The glass contains 
83% F nb atoms. 

Finally, the 74 ZrF4-26 BaF2 compOSition will be 
taken as the barium trizirconate model glass 3ZrF 4 
• BaFz• Compared to the dizirconate, this glass has 
higher vibrational frequencies-namely, the vS(Zr-Fnb) 
is 18 cm -I higher. Since the general appearance of the 
two spectra is still the same, we believe that CN = 6 is 
still predominant in the trizirconate glass and the higher 
frequency of the dominant Raman band indicates, there­
fore, the occurrence of increased bridging (or branch­
ing). This was also suggested by the fact that the ratio 
of the areas of the vS(Zr-Fnb) and SS bands (graphically 
resolved for glasses #3 and #7 in Figs. 3 and 4, respec­
tively), was - 8.1 in the dizirconate glass but only - 3. 9 
in the trizirconate glass, indicating that the later com­
position has a lower Fnb/Fb atomic ratio. Finally, it 
was also confirmed by the fact that the electrical con-

• Zr 

OF 
• Sa 

FIG. 9. Example of a double chain of ZrFr, octahedra, in the 
structure of barium trizirconate glass 3 Zr F 4 • Ba F 2' Such 
chains are cross linked by Ba-F ionic bands. 

ductivity of this glass was - 2.8 times lower than that of 
the dizirconate composition. 22 On the other hand, the 
half-width of the dominant Raman band of the trizir­
conate glass (70 cm-I) is 14 em-I larger than that of the 
dizirconate, due to the occurrence of a shoulder at 
-630 em-I. This may be associated with the vS(Zr-Fnb) 
vibrations of five-coordinated polyhedra in the glass. 
Therefore, we propose that the trizirconate glass has a 
more two-dimensional structure when compared with the 
dizirconate model glass such that, for example, double 
and triple chains of octahedra are now likely to occur 
and maybe even sheetlike units with more extensive 
bridging. A certain amoWlt of five-coordinated fluoro­
zirconate polyhedra are also likely to occur, as well as 
some isolated ZrF~- octahedral ions, as indicated by the 
406 and 348 cm-I bands in the Raman spectrum. An ex­
ample of a double chain of octahedra is shown in Fig. 9. 

With the exception of the 196 cm-! mode, as the ZrF4 
content increases from 52 to 74 mol %, there is a grad­
ual increase in the vibrational frequencies of the 
glasses, indicating a gradual decrease in the average 
CN or Zr and a steady increase in the degree of bridg­
ing. This suggests that the glass structure is progres­
sively converted from metazirconate-like up to trizir­
conate-like, without the occurrence of any abrupt 
changes. As for the 196 cm -1 bending mode, its fre­
quency decreases with the ZrF4 content; this fact may 
be due to an increase in the overall size of the struc­
tural Wlits as the degree of bridging increases, in 
agreement with the proposed model. 

IV. CONCLUSIONS 

A series of glasses were studied in the binary sys­
tem ZrF4-BaF2 by vibrational spectroscopy. Their vi­
brational modes has been assigned. The structure was 
characterized for three different model glasses. The 
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metazirconate glass ZrF4 ' BaF2 is suggested to contain 
seven-coordinated Zr atoms. The dizirconate glass 
2ZrF4 ' BaF2-the basic structure in the glass-forming 
region-is formed by chains of ZrFs octahedra sharing 
two corners each, plus a smaller amount of rings, 
mostly eight- and nine membered. The interoctahedral 
angle distribution has a maximum estimated at -136°. 
The structure of the trizirconate glass 3ZrF4 ' BaF2 is 
proposed to have a more two-dimensional character 
when compared with the dizirconate model, and also to 
contain a smaller amount of five-coordinated fluorozir­
conate polyhedra. All glasses appear to have a small 
number of isolated ZrF~- octahedral ions. The struc­
ture of the fluorozirconate glasses was found to vary 
gradually with the ZrF4 content. 
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