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In this final paper -in the series we present the overall vibrational band structure of MP.s crystals based on the previously 
discussed two-particle, heavily doped mixed crystal, and neat crystal data, in addition to dilute mixed crystal studies. Caku- 
lations of ~a and us bands based on a quadrupole-quadrupolc intermolecular interaction model arc determined to be in 
substantial agreement with the observations. The ~1 bands are discussed in detail for a series of concentration studies and 
it is possible to demonstrate that MoF6 and WFs conform to the ideal mixed crystal model whereas crystals containing 
We do not. A consistent picture of gas-to-crystal shifts, rcsonancc interactions, band shapes and structures, densities of 
cxciton states, Fermi resonance, and simple multipolar interaction models cmcrges from these studies. 

1. Introduction 

In the two preceding papers [ 1,2] the Raman spec- 

tra of neat MO, W, and UF6 crystals were discussed 
and the structure of the overtone and combination 
Raman bands was investigated. In this paper we will 

analyze each of the exciton bands corresponding to 
the octahedral molecule normal modes of vibration in 
as much detail as possible. We are motivated in this 
phase of the investigation by an interest in the nature 
and magnitude of the intermolecular forces in the 
ground electronic state. Optical spectra of paramag- 
netic ReF6 and IrFg evidence several important dif- 
ferences in these various host crystals [3,4] ; it is sus- 
pected that host systems play a major role in pair- 
exchange couplings. Host systems also contribute sig- 
nificantly to spectra of guest molecules in the form 
of numerous intense two-particle features (guest elec- 
tronic transition and ground state host vibration). 
Moreover, the two-particle states do not falI into the 
usual classification schemes. It is believed that these 
phenomena are intricately related to the somewhat 
different intermolecular interactions that arise in 
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these inorganic molecular solids. 
In addition to the k = 0 structure of these bands in 

neat crystals, mixed crystal data will be used to ob- 
‘tin site information and crude band structures, to 
identify origins of k = 0 structure, and to obtain in- 
formation on the dispersion near k = 0. Approximate 
densities of states from two-particle bands of neat 
crystals and electrostatic multipole calculations for 
the v2 and us bands will also be employed to eluci- 
date the intermolecular interactions. 

Inherent in this analysis is the concept of an ideal 
mixed crystal [5] . In this limit, the substitution of 
one molecular type by another at a particular site in 
the crystal would cause no change in interzctions be- 
tween molecules but would simply remove the pos- 
sibility of resonant energy transfer between the dif- 
ferent type molecules. Initially these hexafluoride 
systems would appear promising in this regard because 
the crystal structures are very similar and there are 
significant differences in molecular vibrational fre- 
quencies. However, one must be aware that the differ- 
ences in these frequencies are by and large not asso- 
ciated with an isotope-like effect. Only the v3 vibra- 
tion includes a significant motion of the central met- 
al atom. The changes are largely consequences of the 
different electronic properties of the molecules. As 
will be shown, the MoF6 and WF6 systems have similar 
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interrnolecuIar interactions. However, in the UF6 
crystal, presumably due to the presence off orbital 
character in the motecuIe, the intermolecular interac- 
tions are somewhat different. Consequences of these 
differences will be discussed. 

There are some interesting phenomena in the mix- 
ed crystal series which can be discussed in light of 
existing binary mixed crystal theory [S] . The theory 
is quite restrictive in the cases for which quantitative 
predictions exist. Preservation of crysta1 structure 
and equality of resonance transfer integrals limits 
strictly valid discussion to modes of WF6/MoF6 mix- 
ed crystals. For this series, comparisons must be made 
only on a mode-by-mode basis. 

Finally, a summary of concIusions about the neat 
crystal Raman spectra [I ,2.] is in order as justifica- 
tion for division of the discussion of the series of vi- 
brational bands according to molecular vibrational 
label rather than chemical identity: (1) the reduction 
of molecular symmetry in the crystal allows Raman 
scattering intensity for all molecular vibrations. The 
differences of relative intensities in the spectrum of 
each compound appears to be controlled by crystal 
and molecular Fermi resonances; (2) the k = 0 struc- 
ture observed in UFs frequently spans roughly twice 

the width of the MoF6 or WFh structure. The larger 
electronic polarizability of LJF6 is correIated with this 
fact; and (3) the k = 0 structures, though on different 

energy scales, are extremely similar if allowance is 
made for overlapping bands. 

2. Theory 

2. I. Mired and neat crystals 

A number of recent reviews exist on the subject of 
excitons in molecular crystals [S-S]. Using the fro- 
zen lattice approximation (neglect of external molec- 
ular motions) the crystal hamiltonian is (in the tight 
binding approximation) 

9(= 810 + 91’, (1) 

in which 

(2) 

is the sum of site adapted molecular hamiltonians for 

the 2 sites indexed by 4 in the N unit cells indexed 
by n. The intersite hamiltonian is assumed to be the 
sum of ah pairwise terms 

The conventional solution scheme is to assume an 
orthonormal iocalized basis which diagonahzes each 
Q” separately. This basis is transformed into one- 
sitzxciton functions which transform irreducibly in 
the translational subgroup of the crystal space group 
and which diagonake the Z operators ( SK0 = Z, 81’ )_ 
Finally, R is diagonalized in a limited spaze of thestq 
functions. These spaces usuahy are restricted to single 
excitation functions derived from one isolated mole- 

’ cule level. In general, 9CY yields either site or molec- 
ular energies 4 (dependmg on the degree of approxi- 
mation employed) and 91’ gives rise to both diagonal 
of (static) and off-diagonal (resonance or dynamic) 
crystal terms. 

In order to use this model it is often convenient to 
have the static crystal terms included in go so that 
81’ wilI be traceless in the appropriate space. An ideal 
dilute mixed crystal would then have guest excitation 
energies equal to those generated by slf” for the cor- 

responding neat crystal of the guest. In’zther treat- 
ments the operator 5X0 
same molecule in mixe f 

may be different for the 
or neat crystals due to differ- 

ent effective site potentials. 

The theory of disordered molecular crystals is typ- 
icaIIy applied to isotopic mixed crystals [5] . The as- 
sumptions made are: (1) the lattice is conserved - on- 
ly substitutional disorder occurs; (2) only the static 
(site) interactions may vary, while the dynamic reso- 
nance exchange interactions are unchanged; and (3) 
the site symmetry is not effectively altered. It is con- 
ventional to write the site excitation energies for the 
J% excited state as 4 + of with 4 being the site (or 
often the molecular) energy and M being the static 
crystal interactions. In this case a more stringent con- 
dition than (2) can be imposed (ideal mixed crystal); 
only $ may change from molecule to molecule but 
the static interactions Df remain constant in the vari- 
ous crystals. 

Letting JA and dB be the site excitation energies, 
a convenient parameter is 
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with an energy scale defiled such that 

~(+&)=O. (5) 

The virtual crystal local energy is then defied to be 

-6=c*<+cB$B, (6) 

where CA and C’, are concentrations of the species A 
and B which constitute the mixed crystal. Using a 
configurationally averaged Green’s function to de- 
scribe binary disordered crystals and the method of 
moments (self-consistent expansion of the averaged 
Green’s function) to express this operator, various re- 
lationships have been obtained for a number of lirnit- 
ing cases. Specific results concerning appropriate mo- 
ments will not be given here but will be presented as 
needed. 

A classification scheme for the mixed crystal band 
of interest has been developed and sets of restrictions 
have been delineated. Letting W be the total bandwidth 
and requiring af to be positive, the limits are [S] : 

(1) Atomic limit: Af > W, W + 0. (7) 

(2) Separated bands: Af > W. (8) 

(3) Persistent case: CACB(Af)” > ~02, Af < W. (9) 

(4) Incipient bandgap: CACB(Af>’ d r_(;. (10) 

(5) Amalgamation Iimit; Af Q W (11) 

In the above fl: = J-p’(E)_!? dE; p’(E) is the neat 
crystal density of states of the pertinent band. 

2.2. i?and culcrclutiot~s 

A quadrupole-quadrupole interaction was used to 
model the v2 and vs exciton bands. Calculation has 
been restricted to these features for a number of rea- 
sons: the best, most complete series exciton data can 
be obtained for them; v2 (e,) and p5 (t2.& transform 
as the quadrupole components {2-l/2 [ Y$ + Yb2] , $1 
ad {2-l/2 e-id4 [yi - iy;‘], - i2-1i2 [Yi - Yy2 3 , 
2-1/2 eiX14 [Yi + iY,-I]}, respectively; quadrupole mo- 
ment sums converge quickly and unconditionally; di- 
polar bands (v3, v4) involve slowly converging sums 
and additional possible complications due to polari- 
tons [9] ; aud the calculations require only a few em- 
pirical parameters. Specifically, for u2 we employed 
a site splitting parameter and a value of the quadru- 
pole derivative For the actual ul. motion; for us, two 

site parameters, a mixing parametei, and the quadru- 
pole derivative For the ZJ~ motion are in principle need- 
ed. In fact, the us mode and band structure are not 
particularly sensitive to the mixing and one of the site 
parameters. Motions in the v2 and us coordinates 
were assumed to induce quadrupole moments linearly. 

Local coordinate systems for each site were con- 
structed to ensure proper phasing of the sites and the 
second rank tensor components. The interaction ener- 
gy, matrix elements of V;tq,,tVqV, is then calculated out 
to 16 8, by a multipole expansion of the two charge 
distributions involved. Interactions of each molecule 
with 156 neighbors are thereby generated; the sum- 
mation is constant to within better than 3% upon 
changing the interaction radius from 14 to 16 A. To 
calculate band structures and densities of states, the 
completely positive octant (smallest non-redundant 
volume) of the Brillouin zone was used. The octant 
was divided symmetrically into 125 units for ~2 and 
64 units for vs _ The hamiltonian was diagonalized for 
k values at the centers of these units. A more com- 
plete discussion and description of the calculational 
procedu_res can be found in ref. [IO]. 

3. Experimental 

Details of crystal preparation and Raman appara- 
tus may be found in refs. [l-3,10] _ It should be com- 
mented that some care was taken in calibrating the 
monochromator (and to include periodic drivescrew 
errors) so that absolute frequencies are believed accu- 
rate to at least + 0.2 cm-l for sharp features (the cali- 
bration curve was highly overdetermined). Precision 
and reproducibility have been observed at better than 
0.05 cm-l and thus relative shifts of transition fre- 
quencies within a limited range are known quite ac- 
curately. 

4. Results and discussion 

4.1. vl bands 

The breathing mode (v~) is expected to have neg- 
ligible dynamic (exciton or resonance terms) or static 
(D terms) interactions in these crystals. Since neat 
arid dilute mixed crystal spectra are quite sharp 
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(fwhh < 1 cm-l typically), changes in crystal site po- 
tential can be readily observed. In this section validi- 
ty of the ideal mixed crystal concept will be explored 
for the XF6 crystal system. It will be shown that the 
ideal mixed crystal approximation is a useful approach 
to WF6, MoF6 and (by implication) other 4d and Sd, 
mixed crystal systems, but is inadequate for mixed 
crystals involving UF6. 

Table 1 provides a summary of the observed vi 
peaks in the various crystals. ReF,j data is, also sum- 
marized there for a general comparison and complete- 
ness. The WF6/MoFs series displays small monotonic 
shifts of the frequencies. The MoFe ur feature (z 742 

Table 1 
vr Raman frequencies in various crystals near 77 K 

--- 

System 

MoFe 
95% htOF,#%WF6 
50% MoFhg/50% WFs 
w6 

50% WF,lSO% MoF6 
5% WF,/95% MO& 
95% WFe/S% UFe 
50% WF,/50% UF6 
10% WFs/90% UFs 
5% WFe/95% UFe 
m6 

95% UFs15% WFe 
90% UF&O% WI% 

Energy FWHH a) 
(cm-’ ) (cm-‘) 

742.19 c.30 
742.15 0.35 b) 
741.84 0.38 
772.25 0.28 
772.32 0.47 c) 
772.40 0.44 
772.56 
571.94 ;:; :; 

770.32 0178 
770.14 0.63 b) 
66396 0.52 
664.11 0.63 b) 
664.65 0.80 e) 

50% UF,ISO% WF; fl 666.92 1.49 
5% UFs/95% WF, fl 667.35 0.89 
ReFe 755.32 0.65 
1% ReFe/99% hloF,j 755.36 0.55 
5% ReFe/95% TeFe 755.44 0.69 
5% ReFe/95% UFs 752.78 0.91 
99% MoFe/l% RcFe 742.26 0.31 
95% UF.&% ReFe 663.89 0.60 

a) These vaIues arc measured from spectra with slit widths of 
0.2 cm“ _ 

b) Peak is noticeably asymmetric with high energy broaden- 
ing. 

c) Peak is noticeably asymmetric with low energy broaden- 
ing. 

d) Peak has a significant tail on the low energy side. 
e, Peak has a significant tail on the high energy side. 
p) Similar behavior was observed in UFe/MoFe mixed crystals. 

Energies for heavily doped and dilute crystals were 665.6 
(3.5 cm-’ fwhh) and 668.1 cm-’ with low energy broad- 

ening of 665.6 cm-r peak. 

cm-‘) moves to lower energy and the WF6 u1 feature 
(= 772 cm-l) moves to high energy with increasing 
dilution. This is the prediction of the separated band 
approximation. However, the prediction of shifts, in 
this instance given by, 

(12) 
with A = 30 cm-l and 1.1: G 1 cmB2, cannot come 
close to an explanation for the relatively large (z 0.5 
cm-i) shifts found for MoF6. Other eifects could 
contribute to the observed shifts: small changes in 
static interaction terms with dilution; other levels of 
WF6 interacting with the MoFs y1 level; or possibly 
other exciton branches associated with u1 (e.g., u- 
branches) induced by increased crystal doping, as evi- 
denced by line shape changes. Notice, however, that 
shifts of v1 WFg are almost a factor of five greater in 

uF6- 
me shifts of UF6 vi in the WF6/UF6 series are 

large and in the direction of the WF6 v2 band center- 
ed at 675 cm-l. This observation indicates changes 
in the static (D term) interactions. Further support 
for this conclusion is found in the fact that the ener- 
gy of vl 0fUF6 in WF6 increases and the energy of v1 
of WF6 in UF6 decreases in increased dilution. The 
increased line widths with increased dilution are indi- 
cations of inhomogeneous broadening due to the va- 
riety of site potentials possible, depending on the as- 
sortment of WF6 and UF6 neighbors. An extreme pos- 
sibility is that local lattice distortions may occur due 
to differences of interactions between neighboring 
molecules. Clearly, though, there is no exchrsion oc- 
curring despite literature reports of solid-solid phase 
separations at intermediate mole fractions [ 11,121. 
These studies dealt with solid-liquid equilibria while 
our crystals were vapor phase grown at temperatures 
below both the triple-point and solid-solid phase 
transition point. 

Table 1 also contains comparable data on ReF6 
neat and mixed crystal to indicate that similar ideal 
mixed crystal trends are followed even in the presence 
of exchange forces associated with paramagnetic spe- 
cies [3] . The Jahn-Teller nature of this system [ 131 
apparently plays a minor role in these considerations. 

Referring to the vapor phase frequencies in table 2, 
gas-to-crystal shifts (D terms) are very small for WF6 
and MoF6. However, the approximately 3 cm-l.shift 
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TabIeZ 
Vapor chase transition freouencies (in cm-r 1 

MOI;~ a) 741.8 652.0 741.1 d) 264 317 117 
WF6 b) 772.1 678.2 712.4 252.1 320 129 
UFe c) 667 534 625.5 186.2 200.4 143 

______ _-._-_ 

a) Ref. [14] _ b) Ref. [Xi]. C) Ref. [ 161. d) Ref. [ 18]_ 

(assuming no k = 0 shift) of UF6 in UF6 compared to 
Z 0 cm-l shift of UFg in WF6 is probably significant_ 
This difference is most likely associated with the in- 
creased molecular distortion in UF, crystal. 

To recapitulate, due to the small exciton interac- 
tions for v1 modes, it has been possible to determine 
that the static crystal interactions are small for WFc 
and hioF crystals (even for dilute mixed crystals with 
UF6 guests). However, in UF6 crystals the static terms 
are appreciable with respect to the other members of 
‘Jlis series. 

4.2. v2 bands 

The bands corresponding to the molecular v2 fun- 

damental offered the greatest possibilities for com- 
plete interpretation due to the limited degeneracy and 
strong Raman scattering. The neat crystal spectra 
were presented in fig. 3 of paper 1 [l] and are sum- 
marized here in table 3. The mixed crystal spectra are 
displayed in figs. 1,2,3, and 4. The site energies of 
the two components (A’ and A” on the C, site) of the 
split vibrations are summarized in table 3. Despite the 
static effects of the WF6/UF6 series mentioned in the 
last subsection, the WFg v2 centers of gravity in UF6 
and MoFs differ by less than 0.1 cm-l. This proba- 
bly arises from a cancehation of negative static and 
positive pseudoresonance contributions. Rough esti- 
mates of these Iatter second-order terms (z 5 cm-l) 
are in agreement with a balancing of the two effects. 

Table 3 
Summary of vz and us Raman k = 0 band structures of neat crystals. The raw data comes from tables 2, 3 and 4 of paper I. The 
k = 0 components are normahzed to give top and bottom component reduced energies of 1 and 0 

Crystal 

W. 

Width of k = 0 structure (cm-‘) 

“2 “5 

23.6 22.9 

Normalized k = 0 energies 

v2 *s 

1.000 1.000 
0.318 0.846 
0.259 0.389 
0.000 0.196 

0.000 

9.7 a) 8.0 i.000 a) l.ooo b) 
0.662 0.416 
0.458 O.OOG 
0.309 
0.000 

MoF6 10.0 8.7 1.000 
0.319 
0.269 
0.000 

I .ooo b) 
0.4Cl 
0.000 

a) Overlaps with va band, structure somewhat distorted and extra featuregenerated. See text and paper I [ 11 for further diicussion. 
b) Not weg resolved peaks. 
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670 

S6&ES SH1F.T Icm-ll 

Fig. 1. hnan spectra of the uz region of WFb in various crys- 
tals near 77 R. (A) 5% WF6 in BIoF6. (B) 50% WFe in hfoF6_ 
(C) Neat WF6. 

The site splittings for the WFs v2 vibration are, 
however, quite different: 3.9 cm-I for WF6 in UFs 
and 2.1 CITI-~ for WF6 in MoF6. Comparing these 
numbers with the observed 2.4 cm-1 site splitting of 
UF6 in WF6, dne concludes that the v2 site splitting 
for UFG in UFe is greater than 4 cm-I and about 
equal to 2 cm-I for WF6 in WFg. Since the k = 0 
structure approximately brackets the total bandwidth 
(see below), these splittings are = 20% of the total 
bandwidths. Using this value (with the A’ component 
higher than the A” component as predicted in the 

650 645 
STOKES SHIFT (cm-9 

Fig. 2. Raman spectra of the ~2 regionof More in various 
crystals near 77 K. (A) 50% bfoF6 in WF6. (B) 5% w6 in 
hfOF6. (c) Neat h10,-3. 

l,JQ.lJ_p 
540 

STOKES SHIFT (cm-9 

Fig. 3. Raman spectra of the ~2 region of UF6 in various crys- 
tals near 77 K. An 86% I_& With I\&, mixed CryStd spec- 
trum is also shown in fig. 1 of paper II 121. The features 
marked Ar+ are the 5287 A laser plasma line. Some of the 
concentrations have been achieved by examining the ends of 
crystals where the kinetic process of vapor to crystal growth 
and the large differences in vapor pressure of \vq and UFe 
have created concentration gradients. 

Dab model) in a quadrupole-quadrupole calculation 
of the exciton structure, a density of states curve 
matching the observed v1 + v2 two-particle band struc- 
ture (paper II [2] ) obtains. Not even qualitative agree- 
ment is found if the A” component is placed higher 
or if site splitting is omitted [IO]. This calculation 
predicts the site energy center of gravity (also the 
band center of gravity for an isolated band) to be at 
0.65 1 when the band is normalized on the k = 0 struc- 
ture (as in tables 3 and 4). 

Referring to the data of table 2, the averaged gas- 
to-crystal shifts are -2.5 and -3.2 cm-I for WF6 in 
MoFh or UF6 and UF6 in WF6. Using a value of -2.5 
cm-1 as a guess for D of MoF6 in MoF6, 649.5 cm-I 
(a normalized value of 0.71 in the band) would be 
the site energy center of gravity. The apparent incon- 
sistency for UFe in WF6 versus the neat crystal band 
centers can be rationalized on the basis of the afore- 
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w 
l- 
z - 

STOKES SHIFT (cm-9 

Fig. 4. Raman spectra of the q region of WFe in various crys- 
tals near 77 K. (A) 5% WF6 in UF6. (B) 50% WF6 in UFg- (C) 
5% UFS in WF6. (D) < 5% UF6 in WF,+ (E) Neat WFb. The 
peak in the 664 to 668 cm-l region is the v1 peak of UF6. In 
(B> the shoulder around 665 is UF6 ~3 structure. This band is 
complicated due to the overlap of the vz and ~3 WF6 struc- 
tures. 

mentioned pseudoresonance and static shift terms 
which lower the band center to ca. 0.7. Thus, all esti- 
mates of the band centers of gravity are in rough agree- 
ment, implying that all interactions are scaled propor- 
tionally in this band. 

The quadrupole-quadrupole calculation predicts 
k = 0 (normalized) energies and factor group (Dzh) 
symmetries at 0 (A& 0.250 (B,& 0.483 (B-&-and 
1.000 (BQ in reasonable agreement with data m ta- 
ble 3. The fmer atom-atom interaction ignored may 
in fact invert the ordering of the Bt, and B2p compo- 
nents. 

By comparing mixed crystal behavior with calcu- 
lated dispersion curves, the details of the calculated 
structure may be tested. All of the mixed crystal se- 
ries show a significant rise of the lowest energy com- 
ponent with the addition of small amounts of dopant. 
The reIaxation of strict k selection rules allows transi- 
tions to states in the region k = 0 of the Brillouin 
zone. The rise indicates definite upward dispersion in 

agreement with all calculated dispersion curves [lo]. 
Thus k = 0 occurs at the bottom of the band. The 
amalgamation of the inner two components with neg- 
ligible shift also agrees with the relative dispersion of 
these branches in all calculated dispersion curves. The 
upper branch, in the calculation, has weak upward 
dispersion in the b and c directions, but strong down- 
ward dispersion in the II direction. This fits the behav- 
ior of small shift but increased width (compared to 
the other components) in the Raman spectra. The k = 
0 structure occurs near, but not at, the top of the 
band; its width, therefore, is only an approximation 
to the total exciton bandwidth. 

It is interesting that the g, u character of the 
branches seems to be retained after k = 0 selection 

Table 4 
Summary of observed ~2 and vs Raman spectra in dilute mixed crystals 

Guest Host Vibration Gas phase 
energy (cm-*) b) 

VF, m6 u2 534 

*s 200.4 

m6 UF6 v2 678.2 

us 320 

w6 MoF6 v2 678.2 

Energy FWHH 
(cm-‘) (cm-’ ) 

529.56 1.0 
531.96 0.85 
204.5 2.8 

673.7 2.8 
677.6 2.5 
321.6 5.1 

674.73 1.8 
676.79 1.4 

Center of 
gravity (cm-‘) 

Normalized center 
of gravity 4 

530.76 0.847 c) 

204.5 -0.097 di 

675.7 0.669 

321.6 0.157 d) 

675.76 0.678 

a) Normalized as in table 3. 
b)See refs. [14-161. 
c) See text, section 4.2. 
d) See iext. section 4-4. 
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rules have been destroyed. Branches which become 
ungerade at k = 0 do not appear in the spectra for 
small dopant concentrations. This is probably corre- 
lated with the fact that the dispersion ofall of these 
nondegenerate branches must be zero at k = 0 (by 
spatial symmetry or by time reversal invariance). 

Consulting tables 3 and 4 of paper I or the gas 
phase data, an approximate value of A = 27 cm-l 
&wing site splittings) is determined for MoF6 and 
WF,. Since WE 10 cm -*, this is a separated-bands- 
disordered-mixed-crystal case provided there is no 
interference from other crystal bands. That is why 
the vz bands of WFg and MoF~ (figs. 1 and 2) retain 
their separate identities. 

It has been shown here, that the p2 band structure 

for alI three neat and mixed crystal systems is very 
nearly identical. A reasonably consistent picture of 
the v2 crystal properties and interactions emerges if 
the molecular properties of MO, W, and UFg (e.g., po- 
la&abilities) are considered. Interactions in crystals 
involving UF6 in significant concentrations are typi- 
c&y 2.5 times larger than those in the MoF6/WF6 
systems. The ZJZ k = 0 structure approximately brack- 
ets the band with the band center occurring - 70% 
of the distance into this structure- The gas-to-crystal 
shifts in this averaged band picture are roughly 20 

700 680 
STOKES SHIFT (cm-l) 

Fig. 5. Raman spectra of weak features to h&h energy of the 
intense vz structure of ST6 in various crystals near 77 K. These 
spectra are immediately adjacent to but lower in intensity 
than those of fig. 4. Neither structure is indicative of an iso- 
lated exciton band due to v2---vs crystal induced interactions. 
(See text.) (A) 50% WFa in UF6. (8) 5% UFg in WF6. (C) 
C 5% UF6 in WFe. (D) Neat WF,. 

to 30% of the totai band width as are the site split- 
tings. 

4.3. v3 bands 

The v3 Raman transitions are crystal induced and 
hence weak; consequently no dilute mixed crystal in- 
formation couId be obtained. The bands are also in a 
congested spectral region, as v3 falls between (and 
sometimes within) the regions of the more intense vI 
and v2 transitions. Figs. 5 and 6 display +&e neat and 
mixed crystal series (see also fig. 5 of ref. [I]). The 
v3 structure of UF, in the UF6/WF, mixed crystal 
series (fig. 6 of ref. [2] ) has been compared to the 
two-particIe structure of the PI+ 2~3 and v2 -f- z’3 in- 
frared absorption bands. Unfortunately, in MoFs, the 
intense v1 transition hinders complete observation of 
the upper energy end of the u3 band. Nonetheless, the 
k= 0 structure of MoFd (fig. 6) is very much like that 
of the Iower energy components in UFs. Since the 
unobstructed, observed exciton width is Z=Z 65 cm-l 
in UFs, one can s&e the spacings of the lower k = Q 
components of the neat crystals to arrive at an e‘sti- 

mated exciton band for MoF6 of L== 110% that of UFg. 
Presumably the corresponding higher energy compo- 
nents of MoF6 v3 are masked in MoF6 by q . The 

STOKES SHIFT km-‘) 

Fig. 6. Raman spectra of the v3 exciton region of MoF6 in 
various crystals near 77 X- (A) 50% MoF6 in WF6. (B) 5% 
WFd in MoF6. (C) Neat MoF,+ The feature at 688 cm’l is 
due to WF, ~3 (and ~7). The sizeable intensity is discussed 
in the text The rise at high energy is the MoF6 “1 and at 
low energy is the WFs V&J+ Very similar mixed crystal 
spectra of the 9 region of UF6 are shown in fig. 6 of pa- 
per II [2J. 



E.R. Bernstein, G.R. Meredith/Spectra of transition metal hexafluoride crystals. ZZZ 

Table 5 
Summary of us and IQ Raman k = 0 band stcuctures of neat crystals 
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Vibration 

Q 

03 

k = 0 component frequencies (cm-t) Normalized or shifted k = 0 frequencies (cm-‘) 

WF6 uF6 hiOF WF6 U&j MoFs 

(247.62) (-4.72) a) 
246.11 175.33 252.34 0 0 0. 
249.87 185.83 261.87 9.76 10.50 9.53 

191.64 267.25 16.31 14.91 
197.18 272.08 21.85 19.74 

265.85 275.81 25.74 23.47 

a) 586.39 694.60 a) 0 0 
590.06 702.63 3.67 8.03 
608.43 118.13 22.04 24.13 
610.74 721.64 24.35 2.7.04 
649.08 b) 62.69 .(=701 c) 

a) Overlapping band situation (see text). 
b) Conjectured to be obscured by Y,_ 
C) Extrapolated value (see text). 

similarity of MoFe and UF6 k = 0 structure is empha- 
sized in table 5. In fact, further evidence for the simi- 
lar band structure can be found in the behavior of 
both UF6 and MoF6 on addition of WF6 dopant. (One 
must consider that the lower energy structure of the 
MoFs/WF6 mixed crystals is due to WFg v3 and VI.) 
Here as for v2, the low energy k = 0 component ap- 
pears to be the bottom of the band. The WFs struc- 
ture is not easily analyzed due to the overlap and mix- 
ing with the u2 band. The observed structure (fig. 5) 
does not resemble that of MoFG and uF6. 

The vi band structure is most likely determined 
by electrostatic transition dipole-dipole interactions. 
The band width should then be proportional to the 
square of the transition dipole, as is the oscillator 
strength for infrared absorption. Whiie apparently no 
oscillator strengths are available in the literature, the 
published spectra [ 171 give some idea of the relative 
strengths. The UF6 v3 absorption maximum corre- 
sponds to 5.7 X 10-Z o.d.ltorr cm while in MoF6 it 
is 6;8 X 10H2 o.d./torr cm. This comparison is only 
intended to show that there is qualitative agreement 
between the bandwidths and the transition dipole os- 
cillator strengths. 

The behavior delineated for v3 is certainly in con- 
trast to that found for v2 and one can therefore con- 
clude that each band carries its own interaction mech- 
anism and that the scaling factors between crystals 

! 

(MoF6, WFg, UF6 neat crystals) must be determined 
for each band. In fact, we see here that the ordering 
of scaling factors has reversed for v3 compared to v2_ 
However, there is stili a correlation with the magni- 
tude of the appropriate molecular properties. 

The v3 gas phase frequencies (table 2) are 46.5 and 
39.1 cm- 1 above the lowest k = 0 components (ap- 
proximately the bottom of the bands) in MoF6 and 
UFs; the actual gas-to-crystal shifts are difficult to 
extract due to the lack of dilute mixed crystal data 
and the incomplete band structure. If the values are 
normalized for bandwidths, they agree to within 5% 
of the bandwidth. Using MoF6 parameters for WF6 
the bottom of an unperturbed band is predicted 
around 665 cm-l, ;1 value lower than the lowest ob- 
served k = Cl component in both the V-J and v3 struc- 
ture. The v2/v3 overlap and mixing must be severe for 
this crystal. 

A striking feature of the v3 exciton band further 
confirms these large exciton “dipoIar type” interac- 
tions. Only the v3 and v4 modes have appreciable mo- 
tion of the central metal. NaturaI uranium is greater 
than 99% 238U, but natura1 moIybdenum consists of 
seven isotopes all in roughly equal proportions [19]_ 
The v3 gas phase frequency varies by 8.1 cm-l be- 
tween looMoF and 92MOF6 [ 14]_ Despite this spread 
of frequencies the k = 0 structure is sharp. This is a 
very complicated amalgamated band situation. The 
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resonance interactions override differences in site 
energies, creating a band structure apparently identi- 
cal to that of an isotopically pure crystal. 

In the MoFS/WF6 mixed crystal series (fig. 6) 
structure attributed here to WFs appears quite strong 
in relation to the MoF6 u3 structure cokidering the 
relative concentrations. Possible expknations for this 
perturbation involve strongly interacting bands; WFc 
4 Ievels may amalgamate with the MoFG band and/or 
WF, 2~~ levels may steal additional intensity from the 
intense WF6 u2 transitions. 

An infrared investigation of these regions would 
be interesting not only because the dilute crysk~ls 
could be studied, but also because the nature of the 
WFG/MoF6 v3 amalgamation wouId be cIearer due to 
the change of intensity mechanism. 

The important conclusions from this section are: 
unperturbed v3 bands are dipolar in nature, band 
widths are Iarge, and resonance interactions dominate 
the smaller site energy differences. As with v2 bands 
the gas-to-crystal shifts scale approximately with band 
interactions. The scaling between the same bands of 
different crystak is largely determined by the appro- 
priate molecular parameter (Le., polarizability, dipole 
moment, etc.)_ 

44. us bands 

06, v4 and us comprise the crowded bending re- 
gion.of the spectrum and, to a greater or lesser extent 
in alI crystals, these modes must be treated as inter- 
acting bands. The mixed crystal spectra become espe- 
cially difficult to treat without prio; expectations 
based on v2 and v3 data. The neat crystal spectra have 
been presented in paper I [lJ (fig. 4 and tables 3,4 
and 5) and us density of states data are presented in 
paper II [2] (figs. 7 and 9). The similarity of the k = 
0 sttictures for MoF6, WF6, and UF6 is shown in ta- 
ble 3 and the dilute mixed crystal data are presented 

in table 4. 
In general, the mixed crystal data do not contra- 

dict the previous conclusions of two-particle u1 + us 
spectra. The WF@fOF6 series, and perhaps the other 
series as well, is a good example of an amalgamated 
band binary m:Ned crystal [SJO] _ Because of these 
compfcations and additional spectraI congestion, rath- 
er more than justifiabIe weight wiII be given to the 
quadrupole-quadrupole calculation in the band analysis. 

Table 6 
vs exciton band centers extrapolated from up + ~5 two-par- 
ticle spectra. The computed ~5 density of states was fit to the 
observed spectra and the vr frequency was subtracted to give 
the vs band center 

tryst+ v6 band center (extrapolated Normalized band 
from two-particle spectra center a) 
and calculations) 

m6 216.5 

w6 323.6 
MoFs 320.0 

a) Normalized as in table 2. 

0.429 
0.407 
0.458 

The dilute mixed crystal values of table 4 do not 
agree welI for the positioning of the site centers of 
gravity within the band structures. Consequently the 
calculated density of states function was positioned 
on the observed v1 + v5 two-particle structure and a 
center of the band (a value from the calculation) was 
determined. Subtracting the IQ frequencies gave the 
values listed in table 6. The normalized band position 
agree much better than the experimentally observed 
dilute crystal centers of gravity do. Moreover, in the 
physically reasonable regions of the site splitting space 
[lo], the calculated band center falls close to the UF6 
k = 0 component with (k = 0 band) normalized value 
= 0.39 in agreement with the extrapolated values. It 
thus appears that one need explain why the normal- 
ized dilute crystal values are significantly different 
than=o.40. 

Dilute mixed crystal quasi- or pseudoresonance in- 
teractions have been calculated for v5 in various hosts 
employing eqs. (12). Four precautions must be borne 
in mind when applying such calculations to real sys- 
tems: (1) excitonic interactions with overtones are 
weak since two vibrational quanta must be transferred. 
(Considering the intersite potential as an expansion in 
the site normal coordicates. the necessary terms are 

“higher order”.); (2) the interaction parameters used 
in eqs. (12) are properties of the hosts. As discussed 
in the ~1 section, however, the interaction is really de- 
pendent on both molecules, not just the host. Com- 
paring widths of vs bands, the UF6 in WFs and WF6 
in UF6 interaction matrix elements (p; is related to 
the square of these) should be scaled by some factor, 
say the geometric mean of the vs bandwidths. This in- 
creases the UF6 in WF6 shifts by a factor of 2.9 and 
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decreases the WFs in UF6 shifts correspondingly; (3) 
the shift terms are not additive. Formally one should 
solve a simultaneous coupling problem, but this is 
probably not the most severe approximation made 
for this correction; and (4) the comparison to neat 
crystal band centers must take account of the inter- 
band interactions which shift the band center From 
the ideal mixed crystal position. 

The main conclusion from these pseudoresonance 
calculations is that vs of the WF6 in UF6 is probably 
perturbed by less than 1 cm-1 but the UF6 in WFe 
v5 position is depressed by more than 10 cm-l. Thus, 
the UF6 neat crystal band center would be expected 
at Z= 0.45 in substantial agreement with table 6 and 
the WF6 data would remain unchanged. 

If one accepts the band centers of gravity in table 
6, gas-to-crystal shifts are 3.0,3.6 and 16.1 cm-l for 
MoF6, WFg and UFs respectively (see table 2). The 
latter value appears out of line until one considers the 
proximity of both the v4 and v6 vibrational levels in 
UF6. The larger C, distortion of the UF6 molecules 
in neat crystal undoubtedly destroys the true octa- 
hedral vibrational description and the ensuing crystal 
site Fermi resonance may push the 9~~” vibration up- 
ward. Indeed, the v4 and v6 bands are more intense 
relative to the vs mode in UFg , than in the other sys- 
tems. There is also the possibility of significant con- 
tributions from interacting band terms (off diagonal 
transfer integrals pushing the vs band upward), al- 
though the similarity of WFs, MoFs and UF6 bands 
should be altered by this effect. ’ 

Another important factor in frequency changes 
from vapor to solid in this region is the shift of the 
2 v6 energy levels (see later discussion). On entering 
the solid, Fermi resonance between 2 vs and vs should 
increase for both WFg and MoFs, but decrease for 
UFs. Since 2 us is above vs of UF6, this will also con- 

tribute to an increase in the UFg us Frequency. How- 
ever, the positioning of these levels in the other two 
molecules should also create increase of the vs fre- 
quency on entering the solid. While these arguments 

are all qualitative, they are corroborated by the ob- 
served upward (positive) gas-to-crystal shift. 

In summary, we have shown that the v5 bands are 
indeed similar for all neat crystals and are mostly qua- 
drupolar in nature, in rough agreement with calcula- 
tions (see paper II [2] ). The magnitudes of respective 
resonance interaction (tables 3,4 and 6) scale qualita- 

tively with expectations of molecular polarizabilities. 
Details of gas-to-crystal shifts are complicated by 
pseudoresonance host-guest interactions and crystal 
induced and altered Fermi resonances which contrib- 
ute to the observed large positive us shifts. 

4.5. v4 bands 

The neat crystal spectra of the v4 bands are sum- 

marized in table 5. In MoF6 and WF6 the intense 2 v6 

band masks and possibly perturbs (but see below) the 
high energy portions. In UF6 the vs and v6 bands 
bracket the v4 structure and may also be masking and/ 
or perturbing it. The above notwithstanding, by shift- 
ing the energy reference to the lowest corresponding 
k = 0 components (table 5) the similarity of the bands 
is portrayed. Vapor phase frequencies (table 2) for 

MoF6, WF6, and UF6 occur 11.7, 12.0 and 10.9 cm-l 
above the common reference components, again em- 
phasizing a consistency of details. 

As with the v3 band, exciton structure is probably 
determined largely via dipole-dipole interactions. The 
MoFs infrared absorption spectrum of Claassen et al. 
[20] and the UF6 infrared absorption spectrum of 
Frlec and Claassen [21] and Burke et al. [ 171 give v3 
to v4 peak height o.d. ratios of 3.2 and 5.0 agreeing 
(considering the crudeness of the gas phase oscillator 
strength ratio estimates) with the ratios of observed 
and extrapolated exciton bandwidths. 

A comment should be made about the dissimilar 

structure observed at k = 0 for the two “dipole” bands. 
In a high symmetry crystal, all dipole-dipole bands 
would have the same structure but for a scaling factor 

(the square of the transition dipole moment). In the 
transition metal hexafhrorides, site splittings occur 

and may be appreciable fraction of the width of the 
narrower bands. Consequently, since these splittings 
may vary from band to band, there is no requirement 
that bands with similar resonance mechanisms have 
similar structure. 

Weak features corresponding to v4 of the guests 
have been observed in some mixed crystals. The spec- 
tra are summarized in table 7. To help with the anal- 
ysis, data of ReF6 in TeP6 have also been included. 
Performing a calculation similar to that for the us vi- 
brations in mixed crystals based on eqs. 12, estimates 
of pseudoresonance shifts are greater than 10 cm-1 

WP6 in UF6 and less than 1 cm-r for UF6 in WF6. 
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Table 7 
Summary of the observed v4 Ramn spectra in dilute mixed crystal 

Guest Host Frequency 
(crnei ) 

FWHH 
km-‘) 

ReIative 
intensities 

Center of 
gravity <cm-t ) 

tins-to-csystal 
shift (cm-‘) 

WF, VF, 250.45 2.6 2 
267.45 1.3 1 256.05 14.0 

f-&s WF, 168.91 1 
373.47 2.6 2 171.95 -14.2 

ReF6 T&b 246.81 2.8 2 
250.71 1 248.11 -8.9 

Scatter of the centers of gravity is again both a static 
and a pseudoresonance effect, the latter being suggest- 
ed to be more important. No detailed explanation is 
known for the increased site splitting of WF, in UF,. 
Perhaps selective pseudoresonance rather than just 
static interactions are responsible. A reasonable esti- 
mate of the v4 gas-to-crystal shift for an ideal mixed 
crystal is between -15 cm-l and -5 cm-l_ These 
negative values fall into the scheme presented in the 
last section where the static site shifts due to crystal 
induced Fermi resonances would shift v5 upward and 
13 downward. 

The comments about MoFs isotope effects for the 

v3 vibration apply to v4 _ For 92MoFg and 100MoF, 
the.gas phase frequencies 1141 are 265.7 and 262.7 
cm-l .. Scaling the isotopic splitting by the width of 
the exciton band, these differences are seen to be com- 
parable to those found for the v3 band. Again, reso- 
nance interactions dominate the site identities OF 
these species. 

Table 8 
us and 2 “6 freqaencies 

The most important observations for ~4 bands are: 
(1) the bands are similar in aU systems; (2) they are 
bipolar in nature; (3) the band width ratios for v3/v+ 

for each crystal scale semiquantitatively with the gas 
phase u& osctiator strength ratios; and (4) gas-to- 
crystal shifts invoIve crystal induced Fermi resonance 
and pseudoresonances, as occurred with u5, in this 
crowded spectral region. 

4.6. vs bmds 

The v6 bands were the weakest fundamental transi- 
tions observed; consequently only neat crystal spectra 
were obtained. Table 8 lists the vapor phase frequen- 
cies of v6 (derived from combination and overtone 
transitions) and 2 v6 transitions (observed in Raman) 
[I4-161 along with the observed crystal transition 
frequencies. The crystal values are only (a part of) the 
k = 0 structure. Even so, the CiXWS of the 2 v6 StIUC- 
tures are nearly harmonic with respect to the centers 

Molecule 

MoF6 

w6 

m6 

p6 frequency (cm-‘) 

vapor a) crystal (this work) 

117 140 

129 147 

143 145.8 
149.0 
155.3 
163.3 

2 ~6 frequency (cm”) 

vapor W crystal (this work) 

233 278.2 

255 291.4 

281 308.4 

a) Derived from combinations and overtones (refs. [14-l@). 
b) Observed Raman transition frequencies (refs. [14-X]). 
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of the observed v6 features. In the absorption spectra 
of ReFe in these host crystal [3], the corresponding 
two-particle ban& are approximately centered around 
144,155 ar1d158cm-~ inMoF6,WFs,andUF6. 
These values for r+j might be true indicators of the . 
band centers or they might reflect the mixing of single 
particle and two-particIe states.. Regardless, it is clear 
that a sizeable positive gas-to-crystal shift has oc- 
curred. These shifts are especially large when consid- 
ered with respect to the absolute frequency of us. 

Consider the effect of adding a perturbing qua- 
dratic (crystal) potential energy term to a harmonic 
oscillator so that its frequency increases from u to 
(1 + x)v. The effect of adding the same potential to 
an osc,iUator of frequency au is to raise it to R--(1 + 
xla2)ov. A shift of xu in the original oscillator cone- 
sponds to a shift of a(x/a)v in the other when the 

same acUtiona.l quadratic potential is applied. This 
effect is observed in the gas-to-crystal shifts of the 
series MoF6, WFd , and UF,. However, exact agree- 
ment would require (besides more accurate experi- 
mental data) consideration of the variation of reduced 
masses and differences of crystal potentials. 

This analysis seems rather ad hoc in view of the 
consistent previous discussions of large gas-to-crystal 
shifts associated with crystal induced Fermi resonance_ 
it may well be, however, that the crystal potential 
function projects preferentially or disproportionate- 
ly onto the ~6 (tzg‘, octahedral coordinate. Nonethe- 
less, the trends in the gas-to-crystal shifts (MoFe > 
WF, > UF6) are also consistent with a substantial 
v4-v6 Fermi resonance in UF6. It is likely that both 

Fermi resonance and the previous potential function 
arguments are responsibIe for the total gas-to-crystal 
(albeit neat crystal) behavior. 

5. Evaluation of the transition multipoIe interaction 
modet 

Table 9 is a summary of the excitonic interaction 
mechanisms based on electrostatic multipolar models 
for the various bands and a comparison of their mag- 
nitudes in the various crystals. As discussed in ref. [3], 
all crystals have very nearly identical crystal dimen- 
sions. The trend of the dipolar band widths, which are 
larger than the other bands, are followed semiquanti- 
tatively by the infrared transition intensities. 

The quachupolar bands have been fit with a calcu- 
lation. A sizeable part of the distinction between &e 

UF6 and the WF,, MoF6 sets of interactions stems 
from the larger amplitudes of vibration, the larger 
metal-fluorine distances, and hence the large deciva- 
tives of the polarizabiity [ lo]. A point charge model 
would require partial fluorine charges of 0.62 in the 

WFs, MoFd set and 0.80 in UFg to fit the v2 band 
widths. These values then predict us band widths of 
8.9 and 28 cm-l, A static model is too simple, though. 
Electronic charge polarization is undoubtedly impor- 
tant during nuclear displacements and is probably 
more important for UFe than for WF6 and MoF6 _ A 
greater eIectronic polarizability for UFe is not incon- 
sistent with, for instance, the smaller UFe u3 band 
width compared to that of MoF6. The central metal 

Table 9 
Summary of hand parameters and electrostatic excitonic mechanisms 

Vibrations Approximate bandwidths (cmLL) Apparent excitonic mechanisms Kust non- 
vanishing electric multipolar moment) 

MoF6 w6 w 

VI 51 Sl 51 hexadecapokr and crystal induced lower 
transition moments 

V2 10.0 9.7 a) 23.6 quadrupolar 
*3 =7ob) ~65 

26 b) 
dipolar 

v4 24 26 djpolar 
us 8.7 8.0 22.9 qUadNp&r 

a) Mixed strongly with I& band 
b) Extrapolation of observed structure onto more completely observed bands of other crystals. 



324 E.R. Bemstein. G-R. Meredith fSpe&a of tramitkm nit+tal hkafluoride crystak.. 1.1 

moves in this mode so that greater relative motion of 
charge centers occurs for the molecule with lighter 
metal (MoF6). The greater motion must be balanced 
against the difference in electronic polarizabilities to 
give the approximately equal dipole derivatives (or 
excitor? bands). 

lonicity of transition metal hexafluorides has been 
discussed and found to be necessary for treatment of 
vibrational force fields [22,23]. In fact, in a recent 
series of Xa calculations of UF6 electronic properties 
[24], a crude population analysis of the results placed 
a charge of -0.27 on each fluorine. Examination of 
the electron density plots for PtF6, determined also 
via Xa calculation 1251, shows that the charge dis- 
tribution on the central metal is increased along the 
bonds and there.is also significant density blossoming 
outward from the fluorine nuclei (on the same axes). 
These factors would increase the effective quadrupole 
moment above that of a point charge assignment. 

This discussion should not be construed as proof 
of the adequacy of the multipolar model; it does, how- 
ever, support it. It would be interesting to perform 
the dipolar calculation and compare parameters. At 
some level the timer points of the atom-atom inter- 
actions must be included (although formally they 
could be projected onto higher multipolar interac- 
tions). The ~6 bands would have (ii the molecules 
were perfect octahedra) an octupole-octupole term 
as the fast nonvanishing interaction. It would be quite 
a test to see what molecular parameters would be re- 
quired to fit the z 18 cm-l band of UF6 with this 
presumably weaker interaction. 

6. Conclusions sgd summary 

The vibrational exciton bands of MF6 (M = MO, W, 
U) have been investigated through the Raman spectra 
of neat and mixed crystals. Site energies (gas-to-crystal 
shifts), k = 0 structure, k = 0 dispersions, and the 
densities of states have been examined using funda- 
mental band neat and mixed crystal spectra, two-par- 
ticle (vl + Yi) neat crystal spectra, and v2 and vs qua- 
drupole-quadrupole calculations as sources of infor- 
mation. 

The individual neat crystal bands have been under- 
stood in terms of electrostatic multipole models with 
the scaling between crystals or bat& of the same cays-. 

tal being reasonably consistent with molecular param- 
eters (dipole derivatives, partial charges, bond dis- 
tance, amplitudes of vibration, electronic p&rizabll- .. 
ity). 

In discussing site energies (or band centers) and in- 
tensities.of Raman spectra, crystal induced Fermi 
resonances were found to be important; The v6 mode 
evidenced the effects of additional potential energy 
terms on a low.energy vibration. 

In discussing dilute mixed crystals it becomes ap- 
parent that pseudoresonances were important. This 
appears somewhat at odds with the fact that the band 
structures are relatively independent of the compound 
and its exact distribution of vibrational energy levels 
and resonance mechanisms. It may be that the inter- 
action between bands is partially projected onto a 
band center shift term. Such overall band shifts can 
be incorporated quite nicely into a general crystal in- 
duced Fermi interaction. The remaining differential 
shift terms, which change relative k = 0 positions, may 
be small. These interactions which appear most prom- 
inently in the bending region, may be associated with 
the inability to obtain an accurate iit of the calculated 
us k = 0 structure with that observed for UF6 (most 
clearly resolved). A good fit to the 29 bands of MoF6 
and UF6 is obtained with the same quadrupolar cal- 
culation. 

The concept of the ideal mixed crystal has been 
shown not to be rigorously correct for the mixed 
crystal vibrational properties of MoF6 or WF6 with 
UF6. 
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