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Raman spectra of SiF, and GeF, crystals?

E. R. Bernstein and G. R. Meredith?

Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523

(Received 28 December 1976)

The Raman scattering spectra of large single crystals of SiF, and GeF, at 77 K are reported. These data
have been reinterpreted based on the absence of any observable changes in the spectra for scattering
angles between 0° and 90°. The previous assignment of the dipole allowed v; and v, modes based on a
TO/LO splitting model is thereby shown to be incorrect. In the absence of an apparently correct crystal
structure, an exact interpretation of the data in terms of a factor group-exciton analysis is not possible;
nonetheless all observations appear to be consistent with a centrosymmetric space group having a
multimolecular primitive unit cell. Mixed SiF,/GeF, crystal spectra have also been obtained which
demonstrate that GeF, does not substitute into the SiF, lattice but that SiF, does enter the GeF, crystal

substitutionally.

. INTRODUCTION

Inorganic volatile fluorides are excellent systems for
study of the finer details of molecular crystal phenom-
ena; their molecular spectra are typically simple due
to the high symmetry and small number of atoms, and
there is generally more than one member of a chemical
series. In this paper the (internal) vibrational prop-
erties of SiF, and GeF, crystals will be discussed.

There have been numerous previous studies of the
vibrational spectra of polycrystalline SiF‘,,l'9 but no re-
ports of the crystal vibrational spectra of GeF, have
appeared. Our interest in the Raman scattering of
single crystal GeF, and SiF, was attracted by the re-
ported large transverse optical (TO)-I1ongitudinal op-
tical (LO) splitting for the dipole allowed v, and v,
modes of SiF,[6(v,)~ 70 cm™ and 5(y,)~ 30 cm!], Such
large TO/LO splittings in cubic crystals should give
rise to substantial coupling between dipole active vi-
brations and the radiation field. This coupling leads to
the mixing of mechanical unit cell modes and the elec-
tric field of the light wave propagating in the crystal.
The combined modes have been called a polariton, 10-1°

Since the SiF, v,/v, splittings did not seem excessive
in comparison with other dipole active ground state vi-
brational exciton bands of molecular solids (i.e., CgHg
and MF,)'%2%2! for which the observed structures were
not polariton related, we decided it would be appropriate
to reinvestigate the mechanism for the SiF, v;/v, crys-
tal splittings. Indeed, the new data presented here for
0° and 90° Raman scattering do not support these as-
signments, as the scattering mode intensity and energy
are scattering angle independent. The spectra are con-
sequently reinterpreted in the more usual molecular
crystal fashion in terms of exciton splittings of molec-
ular levels arising from-a centrosymmetric crystal
with more than one molecule per primitive unit cell.

The major stumbling block to a complete crystal spectra
assignment is an incorrectly determined crystal struc-
ture.

In Sec. II. A we present a review of the previous vi-
brational spectroscopy on crystalline SiF, and a sum-
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mary of the crystal structure data. The general con-
cepts of polaritons as phonon-photon coupled polariza-
tion modes in noncentrosymmetric crystals "' are re-
viewed in Sec. IL. B. In Secs. III and IV our experimen-
tal techniques and results are presented. The details
of crystal structure and mechanism for crystal split-
ting of v, and v, of both SiF, and GeF, are discussed in
Sec. V.

il. REVIEW OF PREVIOUS STUDIES
A. Experimental

Both SiF, and GeF, are gases at room temperature
and their infrared and Raman spectra have been studied
and interpreted.! The four vibrations of an XY, T,
molecule, v, through v,, transform as a,, e, {,, and {,,
respectively.

The crystal structure of SiF, was determined® at
- 145°C via x-ray diffraction to belong to the space
group T3. This is a body centered cubic structure and
was reported to have one molecule per primitive unit
cell at a T, site. The only solid-solid phase transition
known® is a first order transition observed at 8.2x10%
kg/ cm? and 175 K. Heat capacity measurements down
to 15 K have revealed no transitions at normal pres-
sures. *

The vibrational spectra of SiF, crystals first appeared
in connection with a discussion of dipole summations.®
Based on the cubic crystal structure, the expected
k =0 Raman spectrum should contain four single lines
corresponding to v, ... v,. However, for the dipole
allowed vibrations (¢,), a TO/LO splitting should exist
for the 2~ 0 observed levels due to the occurrence of
the accompanying longitudinal coulombic field. The
low resolution spectra show just this: single features
for v; and v, and apparent doublets for v, and v,. The
early infrared absorption spectra were consistent with
this interpretation in that only v, and v, TO (lower en-
ergy branches) were found with appreciable intensity.
In addition to large TO/LO splittings, a further split-
ting was noted for the low energy v, component, If the
polariton assignment is then still accepted, the TO
mode degeneracy is removed. An alternative crystal
structure was proposed’ 0% with eight molecules per
primitive unit cell, which is entirely too complex to fit
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the relatively simple infrared and Raman spectra., Fox
and Hexter® later suggested that the low energy v, com-
ponent splitting is a consequence of crystal size and
shape (boundary conditions on the slowly converging
dipole summations). Subsequently, Bessette ef al.’
showed that the v, splitting was present even for “large”
melt grown crystals. They also observed a similar but
smaller splitting in v, and observed v, in the infrared.
Coupling these facts with constancy of spectra as tem-
perature was varied, they concluded that the crystal
‘structure was indeed in error. They suggested C; or
C3, space groups (with one molecule per unit cell) to
describe structures differing from T3 only slightly.
These authors also maintain that the large splitting of
the v, and v, modes should be assigned to TO/LO struc-
ture. They base their conclusion on the following ob-
servations: (1) the higher energy component of v, and v,
bands is relatively much more intense in the Raman
spectra than in the infrared spectra (the LO peak is for-
bidden in cubic crystals’ infrared absorption spectra
but observed due to beam convergence); (2) strong v,/v,
infrared reflection bands are bracketed by their high
and low energy components; (3) approximate agreement
of calculated TO/LO splittings for the v, and v, bands
(based on vapor phase oscillator strengths) with the ob-
served splittings; and (4) line shapes for v, and v, in
liquid Raman spectra are asymmetric with widths com-
parable to the TO/LO splittings observed in crystals.

The remaining crystal investigations deal with the ob-
servation of two-particle bands (which have only been
reported for infrared absorption). The marked similar-
ity of v;+v,, v+ vy, and v;+ v; bands is considered

" strong support for TO/LO band structures.® Calculated
2y, two-phonon band structure is in reasonable agree-
ment with experiment.? In these studies the T3 crystal
structure was assumed.

Many of these points will be discussed further, in
light of our new data and revised interpretations, in
Sec. V.

B. Polariton theory

The theory of energy levels and first order Raman
processes in crystals has been discussed extensive-
ly.'®!' Briefly, we will review those pertinent qualita-
tive features of the theory upon which our basic reason-
ing and conclusions are founded.

For crystals with inversion centers, factor group
analysis (k=0 exciton predictions) will explain the first
order Raman spectra since the dispersion (dE/dk) is
very small over the range of optically accessible wave-
vectors. On the other hand, for crystals without inver-
sion centers, Raman allowed states which are also
dipole allowed may interact with electromagnetic radi-
ation such that very rapid dispersion obtains near 2=0.
This assures that dispersion surfaces are continuous
and meet degeneracy predictions of the factor group,
since coulombic dipole sums which determine phonon
energies for £>0 are nonanalytic around £=0. In the
presence of spatial dispersion or when crystal symme-
try is low, energies may depend on wavevector direc-
tion as well as magnitude. These rapid variations of
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energy with crystal wavevector are, under certain geo-
metric or phase matching scattering conditions, acces-
sible toRaman spectroscopy.!'=** This description holds
even when weak to moderate phonon damping compli-~
cates the character of the crystal response.

The theoretical conclusions for Raman scattering by
polariton modes are roughly the same in all crystal
structures. Since, however, the specifics of light prop-
agation are different for cubic, uniaxial, and biaxial
crystals, the particular details for polariton Raman
scattering in each crystal system warrant separate con-
sideration. Below, we present comments on just those
aspects of polariton modes and Raman processes which
pertain to the present discussion. More compiete de-
tails and specific examples can be found in Refs. 10
through 19.

1. Cubic crystals.'0™ 1%

In isotropic crystals 90° Raman scattering spectra
show TO/LO (coulombic dipole summation) mode split-
tings for dipole active vibrations, Small angle scatter-
ing experiments generate appropriate phase matching
conditions to observe regions of large phonon—photon
coupling and hence strong polariton dispersion. Such
effects have been identified in both oriented single crys-
tal and polycrystalline samples. Since, however, there
may be a number of causes for mode splittings in a real
crystal, scattering angle dependent spectra are the con-
clusive evidence for polaritons.

2. Uniaxial crystals.,11713:17.18

The above conclusions are basically the same for uni-
axial crystals except that both 90° and 0° Raman scatter-
ing are wavevector direction dependent in the crystal.
The “TO” modes will depend on polariton wavevector
inclination to the uniaxis ¢. For kIl ¢, the perpendicular
{perpendicularly polarized) modes couple to the electro-
magnetic field as ordinary polaritons and the LO modes
are the parallel phonons. For k1 ¢, half of the perpen-
dicular modes and the parallel modes couple to the field
to become, respectively, ordinary and extraordinary
polaritons while the LO modes are now perpendicular
phonons. For arbitrary wavevector inclination, half
of the perpendicular modes couple to the field to become
ordinary TO polaritons, but general mixing occurs -
among the other modes. The ordinary dispersion
curves are independent of wavevector direction (no spa-
tial dispersion of the phonon component) while the other
curves are not. The overall dispersion relations and
final Raman spectra depend on the relative strengths of
the anisotropy in crystal properties and mechanical
mode-radiation field coupling. There are four Raman
phase matching curves, only one of which is independent
of crystal orientation, since both incident and scattered
beams may be ordinary or extraordinary. Polycrystal-
line samples will generate spectra simultaneously evi-
dencing many or all of these characteristics.

3. Biaxial crystals.\!

For this crystal optical class, any direction of propa-
gation results in nondegenerate “TO modes” or polariton
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branches. Only if the phonon modes are polarized along
the principal axes and % is perpendicular or parallel to
one of these, does a polariton branch possess simple,
pure transverse or longitudinal polarization. All dis-
persion curves are functions of wavevector direction.
Here also, four phase matching curves for each scatter-
ing geometry and crystal orientation exist, and both 90°
and 0° spectra demonstrate polariton effects. Such spec-
tra are in general quite complex and do not lend them-
selves to simple generalizations. Barker and Loudon
review some of these features, !!

Intensities, polarizations, and selection rules are dis-
cussed in the literature for all three systems.%® The
important points here are that not only do polaritons
evidence different spectra in low angle and 90° scatter-
ing, but for the lower symmetry crystals, the spectra
change with crystal orientation as well.

ll. EXPERIMENTAL
A. 90° scattering geometry

Since 90° scattering experiments are the typical
Raman configuration, little need be said about the ex-
perimental arrangement. The laser radiation (Ar*
5145 A~ 1 to 2 W) entered the sample at the bottom
through a polished Pyrex cell wall, The beam was par-
allel to the double monochromator’s vertical slits, fo-
cused with an f/20 lens to give a beam waist of <20
over a slit height of about 1 cm. Scattered radiation
was focused into the monochromator using magnifying
(a factor of 2) collection optics and was detected with
photon counting techniques. All reported data were
collected on samples at 77 K. More details are avail-
able in Ref. 16.

B. 0° or low angle scattering geometry

Experimental configuration for low angle Raman
scattering was similar to the 90° geometry with the ex-
ception that the beam entered the sample in the horizon-
tal plane and was not focused in the crystal. Beam
quality did not appear to be substantially altered by the
clear sample. Angles through the sample were varied
by a system of two mirrors which directed the laser
beam over a 2 m length on an optical table. A low
power He-Ne laser was used to define the scattering
direction and to test (with back reflections) for per-
pendicularity of surfaces. Additionally, to obtain ac-
curate 0° scattering data, collection optics were limited
in aperture to roughly f/100; this gave an angular ac-
ceptance of about 0. 5° for the unfocused TEM,, laser
beam. More details can be found in Ref. 16,

It was necessary to determine wavelength accurately
in separate experiments to compare line positions ob-
tained at different scattering angles. Over 600 Fe—Ne
hollow cathode lamp lines were fitted to a calibration
curve which included a term to correct for the small
cam action of the monochromator drive screw. Each
measurement had a standard deviation of less than
0.05 A, Since spectra were obtained in second order
of a 1200 g/mm grating mounted in a 0.5 m double
monochromator, the absolute energy uncertainties
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(three standard deviations) are expected not to exceed
+0.3 ecm™. Reproducibility was seen to be better than

+0.1 cm™,

C. Sample preparation, crystal growth, and crystal
handling

Both SiF, and GeF, were prepared by burning the pure
elements in prepurified fluorine.'® Since these materi-
als are gases at STP, crystals were grown from large
(~ 2 1) volumes into small polished square cross section
Pyrex (6X6X 20 mm) or disc shaped (25%3 mm) cells
at 77 K. The large volume was later removed by glass
blowing.

These techniques produced high purity and optical
quality samples. The samples extinguished uniformly
though not completely when rotated inside a glass dewar
between crossed polarizers. SiF, data were obtained
on four separate crystals. It was not possible to study
or orient samples conoscopically because they needed
to be maintained at 77 K in sealed cells.

IV. RESULTS

Results of the 90° scattering experiments for GeF,
and SiF, are presented in Table I and Figs. 1 and 2 de-
pict the spectra for v, and v, of both samples. The pre-
vious TO/LO designations are included in the table and
figures for comparison and discussion purposes only.
There are three points to be noted about these data:

(1) the new GeF, data are similar in most respects to
the SiF, data; (2) the lower energy components of v, and
v, are split in SiF, [by roughly 3.4 and 0.5 cm™!, re-
spectively] but not in GeF,; and (3) the SiF,/GeF, ratios
of v, and v, total band splittings are about what would be
expected based on transition dipole derivatives® *2* for
these modes in the different molecules.

To test the hypothesis that the large v,/v, splitiings
are in fact due to dipolar TO/LO splittings, low scatter-
ing angle experiments were performed on a thin dise-
shaped single crystal of SiF,. No peaks were observed
at enevgies differing by move than 0.3 cm™ from the
90° scattering spectra. It was necessary to enhance
these spectra on a signal averager due to the requisite
small scattering solid angle. After ten to twenty scans,
the spectra were integrated and intensities of the var-
ious peaks tabulated and normalized to v, peak inten-
sities. The “TQ” to “LO” branch intensity ratio re-
mained constant to within roughly 20%. The absence of
any angle-dependent intensity (or in general, an in-
crease in the baseline) at lower energy than the 90° v,
peaks is at variance with the polariton model. '~

Relative peak to peak intensity variations for the dif-
ferent SiF, and GeF, samples studied were less than 20%
for both 0° and 90° spectra. Unfortunately, due to the
lack of orientational information on each crystal, little
can be said concerning crystal optical properties based
on this observation.

Motivated by the uncertainty over crystal structure,
mixed crystal experiments were attempted to obtain in-
formation about the crystal site symmetries. These
experiments were not entirely successful. GeF, oc-
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TABLE I. Summary of crystal spectra,

Frequencies (cm™) Assignment?
Infrared Raman
Bessette ef al.® Schettino®  Bessette ef al, Schettino This work®
A, SiFy 258,3 261 259.0 (0.4) v,
370.3 374 370,6 374 373.5
¢ ’ 1.2
373.7 373.3 374.0 ¢ )} u4} (Transverse)
409 407.5 410 408.3 (0,8) (Longitudinal)
795 795.3 797 796.2 (0.9) vy
987.7 988 987.8 988.2 (2.2)
° T
991,2 992 991.3 991 991, 6 (1.8)J vs' (Transverse)
1059 1057,3 1058 1058.3 (1.1) (Longitudinal)
B. GeF, 194.8 (1.0) v,
253.2 (0.9) (Transverse)
301.8 (1.0)| " (Longitudinal)
729.5 (<0.3) v,
774.4 (0.8)} ’ (Transverse)
817.9 (0.6)] ° (Longitudinal)

%0ld (8iFy) TO/LO vy - v, assignments and parallel ones in GeF, are indicated in parentheses for discus-

sion purposes only (see text).

*Reference 7,

°Reference 8.

dMeasured FWHH are listed in parentheses,

cupies several sites in SiF, and, at higher concentra-
tions, a portion is excluded (deduced from variation of
spectra along the length of the crystal and occurrence
of neat crystal peaks). On the contrary, SiF, appears
to occupy unique sites in GeF,. (See Figs. 3-5.) This
behavior can be correlated with the fact that the Si—-F
bond length (1. 56 A)? is less than the Ge-F bond length!
(1.67 A) for the gas phase molecules. However, the
situation is not so straightforward since the densities

of SiF} at —170°C (2. 18 g/cc) and GeF,? at — 195°C

(3. 148 g/cc) yield nearly equal packing densities
(1.23x 10® and 1. 25X 10?2 molecules/cc). Apparently
the larger number of electrons in Ge increases the
Ge~-Ge and Ge-F attraction requiring shorter F-F con-
tacts to create balancing repulsive interactions. Un-
fortunately, however, even for SiF,/GeF, crystals,
weak signals necessitated the use of slit widths too large
to yield useful v; and v, site information. These spec-
tra, however, indicate that reevaluation of the structure
would be quite useful.

V. DISCUSSION OF v;/v, CRYSTAL SPECTRA

The implications of the SiF, (GeF,) v, and v, data, re-
ported in the previous section, require further discus-
sion. We believe the major conclusions to be drawn from
these results deal with the crystal structure of SiF, and
GeF, and the question of the mechanism for vy and v,
splitting. Clearly these are not independent problems.
The possibilities for the structure are: (1) T as re-
ported originally; (2) either C} or C3, (uniaxial with one
molecule/unit cell) as proposed in Ref. 7; (3) any other
noncentrosymmetric structure; or (4) a centrosymmet-
ric structure (required to have a multimolecular unit
cell) with inversion not a site operation. Below, each
of these four cases will be specifically considered.

Case 1. This possibility for the crystal structure of

SiF,, T: with one molecule per primitive unit cell, was
originally suggested by Atoji and Lipscomb.? It has
been rejected by most subsequent workers due to the
splitting of the low energy components of SiF, v and v,,
as was pointed out in Sec. II. A. Such splittings do not
occur for GeF,. However, splittings of the supposed
SiF, TO branches can be accounted for within the scope
of a T} structure by spatial dispersion of the phonon
modes. 2 An effect of spatial dispersion is to lift the
degeneracy of transverse polariton modes for nonzero
wave vectors which do not fall on one of the cubic sym-
metry axes. Typically, for the small band widths found
in molecular solids, such spatial dispersion effects
would be vanishingly small. However, it is possible
that this dispersion might be enhanced in SiF, by inter-
action of the two dipolar modes. Disregarding spatial
dispersion effects for the moment, w vs % cubic disper-
sion curves can be calculated for reasonable values
(unmeasured) of €, and the observed 90° spectrum.
These, together with the phase matching requirements
for various angles, have been plotted and can be found
in Ref. 16. Raman scattering at a particular angle is
allowed at the intersection of a dispersion curve and
the appropriate phase matching curve.!! Scattering
angles (in the crystal) between 0 and 4.5 (€.)""/2 de-
grees were investigated. While observation of polar-
iton dispersion in the v, branch might be beyond the ex-
perimental capacity, the behavior of the largely v, po-
lariton (TO) branch should have been quite dramatic.
The vy curves predict a deviation of at least 40 cm™
for angles less than 4° (in vacuum exterior to the crys-
tal). Even if there were destructive interference be-
tween the three-wave mixing and true Raman mecha-
nisms, a complete cancellation could occur only at one
angle; that is, only for one ratio of photon to phonon
admixture coefficients. However, at the “knees” of
the dispersion curves, both the energies and the ad-
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FIG. 1, 90° Raman spectra of the SiF, and GeFy v, region at
77 K. The low energy feature for SiF, has previously been
asgigned as a transverse optical (TO) mode branch for this
dipole allowed vibration, Note that this low energy feature is
split in SiF, but not in GeF,, The higher energy mode would
then correspond to a longitudinal optical (LO) branch and has
been previously so designated,

mixture are changing rapidly. This fact, coupled with
the earlier discussion of scattering geometry and ap-
proximate polarization rules,'"'® suggests that the mag-
nitude of the scattering matrix element is not respon-
sible for failure to observe any intensity to lower energy
than v, in small scattering angle experiments. On this
basis, one must reject the T3 space group for SiF,
(GeF,); the cubic structure can only be maintained if
the small scattering angle data are to be attributed to
large angle Raman scattering caused by back reflections
from nonindexed matched surfaces and optical imper-
fections. Since scattered beam intensity was estimated
at less than a factor of ten of the main laser beam, we
consider this possibility unlikely. The anticipated po-
lariton scattering is therefore not present.

Cases 2 and 3. Although similar dispersion curves
obtain for Case 2,! the certainty of observation of low

E. R. Bernstein and G. R. Meredith: Raman spectra of SiF, and GeF, crystals

angle scattering dispersion is not easily arguable in the
absence of detailed optical properties of the crystal.
However, the polariton energies should vary not only
with scattering angle, but with crystal orientation. We
reiterate that no peaks were observed at energies dif-
fering by more than 0.3 cm®! in any of our spectra of
SiF, crystals. It might be suggested that the differences
between “TQ-mode” splittings reported in Ref. 7 and
those reported here (see Table 1) for SiF, could be at-
tributed to such angular effects. However, the nature
of these differences is not consistent with expectations
for Case 2 if random orientation of crystals or powders
is allowed, 16

Case 4. Having observed no shifts in energies or
changes in intensily with scattering angle, we must ad-
mit the possibility that no polariton effects are observed
in Raman scattering and that the crystal is centrosym-
metric. Since the molecules are noncentrosymmetric,
inversion must be an interchange operator. Then, of
course, every molecular vibration has both g and u
factor group states and can be allowed, subject to ten-
sorial selection rules, in both infrared and Raman spec-
tra. Strong phonon-photon coupling can occur only for
u states, however. In this regard, it should be noted

GefFy vy

>
L
w
=z
)
'—
=z
i & QAL#"L? J 4 g 3
364 300 255 25
STOKES SHIFT (em-")
Sif Yy
>
Ly
wy
2
ul
-
Z
alo——a06 7/ 375 373
STOKES SHIFT (cm-')

FIG, 2. 90° Raman spectra of the SiF, and GeF, v, region at
77 K. See Fig, 1 for explanation.
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INTENSITY

1 1 il I L

740 730
STOKES SHIFT (cm-1)
FIG. 3. 90°Raman spectrum of the v, region of GeF, in a nomi-
nal 5% GeF, in SiF, crystal, The multiplicity of peaks indicates
several sites. The peak near 730 ¢cm™! corresponds to the neat
crystal vibrational transition. The relative intensities of these
peaks were observed to vary depending on the particular portion
of erystal examined.

that v, has been observed in infrared’ as well as Raman
spectra. It would be interesting to examihe v, in the
infrared to determine if it too has induced dipolar prop-
erties. In the ensuing paragraph we will show that this
interpretation, which we favor, is consistent with ob-
servations previously considered to support assignment
of the vy and v, structures to TO/LO splittings, under
the assumption of either Case 1 or 2,

First, the approximate agreement of the large ob-
served splittings with those calculated from the squares
of v,/v, dipole derivatives based on the T} polariton
model'® is not unique. Davydov splittings also depend
on these parameters through crystal sums. Second, the
agreement of transitiondipole calculations with observed
two-particle structure found in the infrared is also
not unique. In this regard, similarities between SiF,
(vy+v3), (Vy+v,), and (v,+v,) two-particle spectra® and
UF; (vy+ vy) and (v,+ vg) two-particle spectra (v, v,, vq

INTENSITY

. i " 1

A 200
STOKES SHIFT

FIG. 4. 90° Raman spectrum of the v, region of GeF, in a
nominal 5% GeF, in SiF, crystal, Comments given in the cap-
tion of Fig, 3 are applicable here, The neat crystal transition
is also observed near 195 em™!, The similarity of this struc-
ture to that of Fig. 3 should be noted.
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INTENSITY

8‘00 L i ~1 1 7I90
STOKES SHIFT (cm-!)

FIG, 5. 90° Raman spectrum of the v, region of SiF, in a
nominal 5% SiF, in GeF, crystal. The slight upward shift

(~ 0.4 em™!) and single peak are indications that the SiF, oc-
cupies substitutional sites in the GeF, structure,

are a,,, e,, and?,, inO,) are particularly striking and
revealing, 23" In general, UF, fundamental single par-
ticle spectra are characterized by site and large ex-
citon spliftings, which derive from four translationally
inequivalent molecules in a centrosymmetric unit cell.
Nonetheless, except for the sharp single particle com-
bination peaks in SiF, (associated with large anharmo-
nicity), the SiF, and UF, two-particle spectra are prac-
tically identical. This, of course, implies that the den-
sity of states for the dipolar levels are similar in these
cases. Since, however, gerade 2=0 components have
been observed throughout the UFg v; fundamental band
region,  a simple identification of the bimodal distribu-
tion of states with unit cell transverse or longitudinal
character is not correct. We would suggest that it is
the approximate crystal packing (spacings and orienta-
tions of molecules) which determines the overall density
of states and consequently the observed two-particle
(combination and overtone) spectra. Apparently this
type of data is related only to the dipolar property of the
vibrational bands and not specifically to the nature of
k=0 modes. Third, the observed reflection bands of the
crystal are consistent with this interpretation as can be
seen from qualitative oriented gas arguments. In the
oriented gas approximation, the sums of the squared
transition dipole moments over all factor group compo-
nents is equal to the product of the number of molecules
in the unit cell times the molecular dipole moment
squared. Since the transverse/longitudinal shift (width
of reflection band) is approximately proportional to the
moment squared divided by the unit cell size, the sum
of the reflection band widths over all factor group states
is nearly constant and independent of crystal structure
if (as in this case) the infrared intensity falls within a
few transitions. And finally, the above arguments also
predict that liquid state spectra will have band widths
comparable to the crystal band widths as has been ob-
served.

The major difficulty with the interpretation of vibra-
tional spectra of SiF, and GeF, crystals based on Case
4, above, is that the less than ~2 cm™ shifts between
reported infrared and Raman transitions must now be
agsociated with different factor group states and polar-
itons. Nonetheless, we believe this to be the most like-
ly and most consistent approach to all the existent data
on both crystals.
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VI. SUMMARY AND CONCLUSIONS

The Raman scattering spectrum of GeF, is somewhat
simpler than that of SiF,. Splitting of the low energy
components of v, and v, has not been observed. Either
the crystal structure of GeF, is closer to an ideal high
symmetry space group than is that of SiF, or spatial
dispersion in GeF, is smaller than that of SiF,.

Failure of GeF, to occupy simple unique (substitution-
al) sites in SiF, is observed, as is the apparent exclu-
sion of GeF, at moderate concentrations, even though
the neat crystals have nearly equal molecular packing
densities.

The polariton model for the v, and v, vibrations is not
successful in explaining the observed 0° and 90° Raman
spectra of SiF, or GeF,. The main unique feature of
this model is crystal orientation and/or scattering angle
dependent spectra; neither of these effects has been ob-
served. We would suggest that the observed splittings
previously assigned as transverse and longitudinal com-
ponents are gerade Davydov components of dipolar ex-
citon bands, The polariton dispersion curves in this
case would be drastically altered; the electromagnetic
field vibrations must couple with ungerade unit cell me-
chanical vibrations. This would remove the expecta-
tions for angle and crystal orientation dependent Raman
spectra.

A detailed study of the structure and interactions in
these molecular crystals seems warranted. There are
several ambiguities in the vibrational spectra which
could thereby be resolved. Moreover, careful polariza-
tion studies on oriented single crystals would then be
worthwhile.
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