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An extensive Raman investigation of octahedrally coordinated single-crystal fluorides have been per-
formed. The theoretical study of these phases, using group theory, gives the evidence of close relation-
ship between metal oxidation number, connection schemes, and spectra features. The results of this
study, when applied to the case of transition metal fluoride glasses, propose these glasses to be built up

with octahedral entities predominantly linked by corners to form one-dimensional networks.
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Introduction

Fluoride glasses belong to a new class of
materials with high potentiality for fiber op-
tics because of their ultra transparency in
the middle infrared and a very low esti-
mated loss value (about 1072 dB/km at 2.55
um) (1, 2).

Three-dimensional (3d) transition metal
fluoride glasses (TMFG) have been exten-
sively investigated in various fields (X-ray
and neutron diffraction (3-5); EXAFS (6,
7), NMR (8), magnetism (9)) to get coherent
crystal chemistry knowledge.

Raman spectroscopy seems to be another
way to access the structure of these mate-
rials. With a large number of single crystals
of octahedrally coordinated 3d transition
metals in various known structural types
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we looked at correlations between the vi-
bration modes and the oxidation number
and/or the connection scheme. These data
were used to interpret the Raman spectra
of the fluoride glasses (TMFG) which con-
tain the same entities.

1. Experimental Procedures

1. Sample Preparations

Crystalline samples were obtained either
from a chloride flux method (10) (NasAl;
F14, CS2N3.A13F]2, szCI'F5, COF2, MDF2,
NaMnCrFg, B8-AlF;, K;NaGaF¢) or HF hy-
drothermal synthesis (11) (NH,);AlFg, T,
AlF;s - H,O, TIAIF,, KAIF,, 8-RbAIF,).

Bulk glass samples are prepared as al-
ready described (12) (by melting the mix-
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ture of anhydrous fluorides in a platinum
crucible; the melt is quenched on a pre-
heated brass mold); they are then polished
with OH~ free solvent.

2. Raman Measurements

Raman spectra were recorded with a
DILOR Z24 spectrometer (triple mono-
chromator, photon counting electronics);
514.5- and 457.9-nm lines of an Argon-ion
laser (Coherent INOV A 90) have been used
as the excitation source.

Single-crystal Raman spectra were re-
corded under a microscope (ULF x50 ob-
jective) from 20 to 600 cm~! with 700-um
slit width. Although imperfectly defined un-
der the microscope, polarization effects
may be qualitatively taken into account.
The intensities of all the Raman spectra are
given with arbitrary units; a typical polar-
ized Raman spectrum is shown in Fig. 1.

The measurements for TMFG were car-
ried out on large polished samples in the 90°
scattering configuration in both the polar-
ized H-H configuration (the scattered light

is analyzed for electric vector parallel to
that of the incident radiation) and the H-V
configuration (electric vector perpendicular
to incident light).

II. Vibrational Study of Crystalline
Fluorides

1. Crystal Structures of Studied Phases

The most important features of their
crystal chemistry are described in the fol-
lowing lines.

(a) Isolated octahedra. The Fm3m cubic
structure of (NHy);AlFg (I13) or elpasolite,
K;NaGaFg (14), is shown in Fig. 2.

(b) One-dimensional network structures.
Two examples of structures built up from
isolated chains of corner-shared octahedra
(TLAIFs - H,O (15) trans-chains and Rb,
CrFs (16) cis-chains) are shown in Figs. 3
and 4, respectively.

(c) Two-dimensional network structures.
In the fluoroaluminate case, we can distin-
guish two kinds of (AIF,), layers:

I ] l i 1 | ] CPs
T T j T T T T _Fg
T
RbZCI'F5
t
v-v
VoH ~- b’ s Wemsrger N
T
1 1 ] 1 0 1 ]
76 6l sSéc 4z e 20¢ 108 cm-1

F1G. 1. Polarized Raman spectrum of Rb,CrFs.
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F1G. 2. Fm3m structure of (NH,);AlFg.

—tetragonal as in TIAIF, (I7) (Fig. 5)
with its isotypes KAIF, (I7) and 8-RbAIF,
(18), or in NasAlF,4 (i9) (Fig. 6);

—hexagonal as in hexagonal tungsten
bronze (H.T.B.)-type Cs;NaALF;; (20)
(Fig. 7).

(d) Tridimensional structures. Various
structural types were studied:

—The rutile structure has edge-shared
chains of octahedra linked together by cor-
ners as in CoF,, MnF, (21) (Fig. 8).

—The H.T.B.-type B-AlF; (22) is shown
in Fig. 9.

Fi1G. 3. Structure of Rb,AlFs - H,O. The octahedra
are trans-connected. O, H,O molecules.

FiG. 4. Structure of Rb,CrFs; the octahedra are
cis-connected.

—The NaMnCrFg (23) structure (Fig. 10)
has octahedra linked by corners and by
edges with two different oxidation number
cations (Mn?* and Cr?*).

2. Discussion

(1) Evidence of pure symmetric stretch-
ing (§5). Raman spectroscopic studies
performed on AAIF, (A = K, Rb, Cs,
NH4) compounds show that the A;, band
(VV polarized) of the Raman active vibra-
tions of AlF:~ octahedron lies in the range

F1G. 5. Structure of T1AIF,.
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FiG. 6. Structure of NasAl,Fis showing [ALF, 2"
sheets.

515-545 cm~!, Lattice dynamics calcula-
tions unambiguously show that this band is
assigned to the symmetric stretching (SS)
of the nonbridging F atoms F,, (24, 25); it is

//\\
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F1G. 7. Structure of Cs;NaAl;Fy,; Al atoms form tri-
angular and hexagonal rings.

FiG. 8. Rutile structure.

the case for crystals with isolated octahedra
or mono and bidimensional networks.

Figure 11 shows the Raman spectra ob-
tained for K,NaGaF,, TLAIF;s - H,O, and
CSzNaAlg.F]g.

According to Rousseau et al. (26), when
neglecting F-F interactions, the harmonic
force constant associated with the motion
of F atoms in the M-F direction of MF
octahedron may be written in the form

e2
Kg = 67 (2A; — aZyZy), (M
where Zy and Zg are the formal ionic
charge of respective ions, r is their dis-
tance, A; is a parameter characteristic of
the M-F short-range interaction, and ¢ is a
geometric constant.

N

FiG. 9. Structure of B-AlF;,



TRANSITION METAL FLUORIDE GLASS RAMAN SPECTRA 21

Fi1G. 10. Structure of NaMnCrF,. CrFs and MnF;
share both edges and corners.

Furthermore, the minimization of the to-
tal energy provides a relation between A,
and the ionic charges: A, x ZyZy. Thus,
the harmonic force constant is proportional
to ZyZg and r3. The frequency of the SS
vibration may be expressed by

PR Sy
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When neglecting the r—3 dependence wgs is
roughly proportional to Z}Z. As previously
outlined 520 cm™! is the order of magnitude
of wss for Fy;, vibrations in MFg octahedra
for M3+ ions (Zy = 3). Then, we can esti-
mate wsg as 600 and 420 cm~! for MF¢ octa-
hedra with M4t and MZ* ions, respectively.

TABLE 1

OBSERVED VIBRATION FREQUENCY AND MEAN M-F
D1STANCE (X-RAY DATA)

Frequency M-F  Octahedral
Cation Crystal (cm™") A network
Zr** Li,ZrFs (27) 585 2.016  Isolated
Cs,ZrFg (27) 577 2.112  Isolated
Ga’*  K;NaGaFg 558 1.940  Isolated
AB+ (NH,):AlF¢ 546 1.900  Isolated
K,AIF; - H,O 536 1.908  One dim.
Rb,AIFs - H;O 530 1.908  One dim.
TLAIFs - H,O 516 1.908 One dim.
Cs;NaALF,, 536 1.801 Two dim.
Nas;AlF 4 534 1.790 Two dim.
TIAIF, 520 1.784 Two dim.
KAIF, 545 1.784  Two dim.
B-RbAIF, 528 1.808 Two dim.
Cr¥+ NasCrsFy, 544 1.840 Two dim.

In fact, as shown in Table I, strong Aj,
bands are observed in the predicted fre-
quency range for many compounds built
with MF¢ octahedra on M** and M3" ions.

The last approximation allows us to iden-
tify one of the totally symmetric Raman
lines as corresponding to SS of MF, octahe-
dra.

In order to go further we reported in Fig.
12T = wss - 32 - Zi'” as a function of
the degree of connectivity between the oc-
tahedra. Figure 12 clearly shows that wgs
increases when the degree of connectivity
decreases. This variation may be attributed
to modifications of F-F short-range inter-
actions. Effectively, in two-dimensionally
connected octahedra the “‘SS’’ vibration in-
volves only two nonbridging F, atoms; on
the other hand, in-phase motion of four F,
atoms occurs in compounds with one-di-
mensionally connected octahedra. As illus-
trated in Fig. 13, the correlated motion of
F., atoms enhances the F-F interatomic
distance variations leading to an increase of
the short-range F-F force constant. This
effect is doubled in the case of isolated oc-
tahedra where 6 F,, atoms are moving si-
multaneously.

The motion of both M3* and F~ ions in
stretching mode should lead to higher fre-
quencies: the reduced mass 1/mg in Eq. (2)
is replaced by 1/mg + 1/mc; in the Rb,CrFs
case; the group theory shows that the A,
modes (D) involve motion of both Cr3*
and F~ ions; the observed frequency (584
cm~!) is consistent with precedent remarks.

Apart from the SS mode involving non-
bridging F,, atoms (noted vS in Almeida’s
work (28)), there exists a symmetric bend-
ing (SB) mode involving motion of bridging
fluorine atoms Fy (noted wss in the same
work) (Fig. 14). According to Almeida, the
frequency wsp of the SB vibration of Fy
atoms is related to the frequency wss of Fpp
atoms by

G)

(v%B =2- a)és - cos? 8/2.
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This last expression has been derived using
nearest-neighbor central forces between M
and F atoms; in fact, when plotting w ver-
sus cos 6/2 for various compounds (respec-

I, AND ROUSSEAU

tively T12A1F5'H20, KzAlFs‘Hzo, sz
A1F5'H20, Na5A13F|4, ﬂ-AlF:;, and CSzNa
Al3F,, Fig. 15) with small variations of Al-
F distances (Ar/r < 0.5%), it appears that
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F1G. 11. Polarized Raman spectra of K;NaGaF; (a), TLAIF; - H;O (b), and Cs,NaALF;; (c).
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F1G. 11-Continued

the following law is much more realistic.
C))

where A characterizes interactions other
than M-F ones and B is estimated to be
514 cm~!. The difference between B and

wsg = A + B - cos 62,
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FiG. 12. Variation of connecting scheme criterion
T = r*e/Vq with degree of connectivity.

wss V2 (735 cm™!) gives an order of mag-
nitude of the contribution of noncentral
forces. It is noteworthy that A represents
the symmetric bending frequency in the
case of # = 180°. This situation occurs in
the high-temperature phase of RbAIF,
where, according to Bulou (29), the corre-
sponding X% zone boundary mode is ob-
served at 256 cm~! in agreement with the

FiG. 13. F~ moticn in SS A, mode for isolated octa-
hedra, one-dimensional and bidimensional networks.
When more F- anions are involved, F-F short-range
interactions increase leading to a higher symmetric
stretching frequency wss.
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Fic. 14. Schematic illustration of the symmetric
bending SB vibration of bridging fluorine atom F,.

232 cm~! extrapolated from our measure-
ments.

(2) Case of tridimensional structures. All
of the previously mentioned crystals dis-
play a symmetric stretching A,, Raman line
involving elongation of M—F,, bonds. The
frequency of this SS mode depends mainly
on the oxidation number of metal M and on
the degree of connectivity of the MFg octa-
hedra. The interpretation of this particular
line was justified by both lattice dynamics
calculation and symmetry determination
(25) of the Brillouin zone center normal
mode with group theory. In the case of tri-
dimensional networks (without F.;), each
structure has to be seen as a special case.

Figure 16 shows the Raman spectra of
CoF,, B-AlF;, and NaMnCrFg:

(1) In the two AlF; forms, symmetry does
not allow any Raman-active SS modes of
M-F bonds; as expected, the characteristic
SS line is not found.

(2) The rutile structure (MnF;, CoF;) is
built with both corner and edge sharing of
MF; octahedra; nevertheless, as shown in
Table II, the observed frequencies for A;,
mode are in the same range as the wss
value.

(3) The NaMnCrF;g spectrum shows three
lines at 572, 538, and 358 cm™!; the first two
lines are consistent with the existence of
two different crystallographic sites for
Cr3*. One Cr; (2d) participates in the A,
vibration mode, giving a higher vibration at
572 cm~! (this case is to be compared to the
case of Rb,CrFs); the other Cr, (1a) has no
active Raman mode: the 538 cm~! line can
be attributed to the wss vibration mode.

Since NaMnCrF¢ has a three-dimen-
sional network involving Cr-F-Mn junc-
tions, we could have expected the wss Vvi-
bration to be perturbed by Mn?*; this effect

WSB (em™1)
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FiG. 15. Variation of symmetric bending mode frequency wsy versus cos 6/2, where 6 is the M—~F—M

angle defined in Fig. 14.
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TABLE II

OBSERVED VIBRATION FREQUENCY FOR THE A,,
MODE AND MEAN M-F DISTANCE (X-RAY DaTA)

Frequency M-F
Cation Crystal (cm™) A)
Cr3+ NaMnCrF, 538-572 1.909
Mn?*+ NaMnCrFg 358
MnF, 338 2.130
Co?* CoF; 364 2.076

is not observed. The 538 cm™! frequency
very well agrees with values found in Table
I. We explain this result by easily distorted
MnFg octahedra; the distortion is consis-
tent with the known behavior of M2+ ions
as connecting agents in fluoride glass sys-
tems.

The 358 cm™! line corresponds both to
MI_F (wgg) vibration and to MUF, distor-
tion (24, 25) because of the edge sharing of
MUF, and M"F, octahedra. Table III com-
pares observed and calculated frequencies
of symmetric bending modes wgp, using an
expression derived from Eq. (3):

wis = [0isMD) + wls(MMVcos? 2. (5)

A fairly good agreement is found for Mn-
F-Cr bending where octahedra share cor-
ners (262/258), this is not the case when oc-
tahedra share edges (404/358): either Eq. (2)
is not valid for this particular configuration
or edge Mn—-F—Cr vibration does not occur.

TABLE III

COMPARISON OF OBSERVED AND CALCULATED
FREQUENCIES OF SYMMETRIC BENDING MODES wsg

Wealc Wobs

Crystal Bond (X&) (cm™) (cm™)
NaMnCrFg Mn-F-Cr 132.1 262 258
@My = 358 cm™!
F.
N
oo = 538 cm-L cr 10310 a0y 38

Mn T
102.2
AN

III. Raman Data on Disordered Phases or
Glasses

1. The RbNiCrF¢type Pyrochlores

In the case of pyrochlore structure (CsZn
GaFg, (30)), all fluorine atoms are bounded
either to ZnF¢ or GaFg octahedra (statisti-
cally disordered—Figs. 17 and 18, Table
IV). Application of group theory shows that
in the Fd3m space group, vibrations along
the M—F bond are forbidden.

Two interpretations of the spectrum are
possible, but both are inconsistent with the
space group Fd3m:

—The statistical partition of Zn and Ga
on the same site must result in many Zn-F-
Ga connections in contradiction with the
higher value found at 604 cm~! (broad line)
compared to 538 cm~! for wc, in NaMn
CrFs. The broadening of the line could indi-
cate both the cationic disorder and a nota-
ble amount of Ga-F-Ga connections.

—The 604 cm~! vibration is a wss vibra-
tion indicating that the Fd3m space group is
wrong as suggested by a previous EXAFS
study (31). The lack of translational sym-
metry modifies the selection rules, allowing
activity for normally forbidden modes.

2. Three-Dimensional Transition Metal
Fluoride Glasses

The “‘statistical’’ cationic distribution in
the 16c¢ site of CsZnGaF¢ pyrochlore struc-
ture is probably a situation not far from
that which exists in 3d transitional element

TABLE IV

COMPARISON OF OBSERVED AND CALCULATED
FREQUENCIES FOR BENDING MODES

Wealc Wobs
Crystal Bond 0 (cm )  (cm™)
CsZnGaFg Ga-F-Ga 149.1 369 385
®ga = 530 cm™!? Ga-F~Zn 137.8 231 210
©z, = 360 cm™! Zn-F-Zn  129.5 220

¢ Estimated from r*2 - @ = f(VZ,) curve.
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fluoride glasses. Their structure can be de-
scribed in two ways:

—M1"F¢ and MF¢ octahedra are linked
together essentially by corners but the

BOULARD, JACOBONI, AND ROUSSEAU

MtUF, octahedra are more connected than
‘the MtWFg octahedra; large cations (Pb%*,
Ba2* . . .) occupy the large holes of the
tridimensional octahedral network very
close to that of lacunary ReO; type.
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FiG. 16. Polarized spectra of CoF,, 8-AlF;, and NaMnCrF.
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FiG. 16-Continued

—Three-dimensional transition metals fit
the octahedral sites of a quasi-compact flu-
oride ion packing; the perturbation in the
network is due to the insertion of the large
cations (Pb?*, Ba?* . . . , same size as F™)
in the F~ packing.

1
7z ‘%%
Z A

1! /é/

FiG. 17. Structure of RbNiCrF¢-type pyrochlore.

Figure 19 shows the average structure of
TMFG.

Bose-Einstein (32) corrected Raman
spectra of TMFG containing only M jons
(Glass A) or MU jons (Glass B) and both
MU and MW jons (Glasses C and D) in six-
fold coordination (from previous structural
studies) are shown in Fig. 20. Glasses A, C,
and D exhibit a narrow V-V polarized line
in the range 500—600 cm™':

——The replacement of MnF, with ZnF,
(Glasses C, D) does not affect the 560 cm™!
line leading us to the conclusion that this
line is due to MU_F stretching.

—We tried to compare the width
(HWHM) of both this Raman line and the
EXAFS radial distribution functions (RDF,
(6)) in the case of the same glass (Glass D).
Assuming again that the wss frequency can
be written as: constant - r32, we can
see that Aw/ow = 3/2 Arir; this leads to
Ar = 0.085 A (very close to the EXAFS
value Ar = 0.08 A).
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F1G. 18. Polarized Raman spectrum of CsZnGaFs.

—This well-defined line, attributed to
MM cations, when associated with the
broadened contributions of Pb?* and M2+ in
the low frequency range confirms that in
these glasses the short-range order depends
upon MF, octahedra, while Pb?* and M2*
could have the classical modifier behavior.

The comparison of variation of connect-
ing scheme dependent criterion I' = r¥2 -
w/Vq with the glass composition (Table

F16. 19. Structural model for TMFG network: @,
M2+; O’ M_'H-’

V) leads to conclusions, consistent with the
known structural models:

—Glass A (Ar = 0.086 A). The molar
composition ratio In/(Pb + Ba) = 1 implies
the predominance of InF¢ species and the
possible existence of In-F-In connections;
the I" value is in favor of a monodimen-
sional network.

—Glass B (Ar = 0.16 A). This glass
(more unstable), contains only MUF enti-

TABLE V

VARIATION OF I' = r32 - /\/q WITH GLASS
COMPOSITION

rM-F)

wss

Glass Composition (cm™Y) A r
A 19.0PbF,-23.8BaF,-47.6InF; 500 202 829
1.9A1F;—4.9SrF,~2.8YF;
B 20BaF,-50ZnF,-30YF, 410 2.012 826
C  35.3PbF,-23.5MnF,-34.3GaF; 560 1.90¢ 847
2.0AlF;-4.9YF,
D  35.3PbF,-23.5ZnF,-34.3GaF; 560 1.90¢ 847

2.0AIF;-4.9YF;

¢ EXAFS results.
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ties; the wgg line found at 410 cm~1is large, —Glass C, D (Ar = 0.085 A). According
indicative of the octahedra’s distortion. to the lower value of ratio Ga/(Pb + M), it
The value of Zn/(Ba + Y), related to the I' can be expected that Ga-F-M! connec-
value, predicts a situation analogous to that ticns become predominant; the T value in-

of Glass A. dicates mostly isolated or ‘‘pseudo’’-iso-
—
Fa
-1
GLASS A l

GLASS B

| ] | ] l 1
6% Sée 4P e o8¢ 198 OM-1
Fic. 20. V-V and V-H Bose—Einstein corrected spectra of glasses A, B, C, and D. (For glass
composition refer to Table V.)
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lated M UIF, octahedra. We already noticed

FiG. 20-Continued

tent with the model of alternated Ga-MU

that in NaMnCrFs, Mn has no effect on chains based on NMR studies (8); however,

MUL_F g vibration. This view is consis-

we cannot exclude the existence of the



TRANSITION METAL FLUORIDE GLASS RAMAN SPECTRA 31

Ga-F-Ga connection since the 604 cm™!
frequency found in the pyrochlore is similar
to that value.

IV. Conclusion

Raman spectra recording of small crys-
tals (down to 0.1 mm) was made possible
thanks to a micro-Raman spectrometer.
Study of single crystals of octahedrally co-
ordinated fluorides has shown that the sym-
metric stretching frequency wss mainly de-
pends on the oxidation number of the metal
and then on the degree of connectivity; but
the case of three-dimensional structures is
more complex.

TMFG study shows unambiguously that
the less-distorted octahedra are MUK,
with predominance of the wss vibration of
MU_F bonds. The short-range order is
mainly due to trivalent metal octahedra; the
structural view is consistent with that given
previously by other studies.
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