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Abstract

In part II of this series two techniques for obtaining densities of

exciton states are discussed : heavily doped mixed crystals and two-

particle overtone and combination bands. It is demonstrated through Raman

spectra and calculations that (v
~ 

+ v 1) combination bands yield very nearly

true density of states functions for in the case for which v 1 is essentially

dispersionless. The mixed crystal method for density of states determinations

is compared to the combination band technique and approximate mixed crystal

concentrations appropriate for such studies can be calibrated for individual

bands. It is pointed out that the overtone method , whenever applicable , is

both simpler and more accurate for exciton state studies. Detailed analyses

of v~ and 2v1 show that the major contribution to overtone intensity comes

from the second order polarizability derivative and not anharmonic contri-

but ions.
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I. INTRODUCTION

In the previous paper in this series (paper I, preceeding)1 , we dis-

cussed the neat crystal single particle spectra of MoF6, WF6, and UF6. The

similarities and trends in these systems were emphasized and the spectra

were seen to be characteristic of molecular solids. The vibrational spectra

of molecular crystals generally display sharp structure corresponding to

elementary crystal excitations associated with single molecule vibrational

modes . The predominance of this structure is generally due to the fact that

crystal transition operators are associated wi th first order derivatives of

electric dipole or polarizability operators wi th respect to molecular vibra-

tional coordinates. The latter cause only ~v = ±1 vibrational trans~t ions

of the molecule in the harmonic approximation .

In isolated molecules , weaker features are observed corresponding to

transitions to combination and overtone levels. These multiple excitations

may be qualitatively different in molecular solids. Loosely speaking, they

may correspond to the creation of two or more separate elementary excitations

rather than one single excitation which is associated with the molecular level .

In ionic and covalently bonded crystals these transitions are coniiionly observed ;2

the number of such cases in molecular crystals , though very small not long ago ,

is increasing .3 In this paper the two-particle (two-phonon ) Raman excitations

in  MoF 6, WF 6 and UF 6 crystals will be presented and intensity mechanisms dis-

cussed . Under certain restrictions the basic density of state s shape of

various vibrational fundamental bands may be observed in these two—phonon

spectra .

Another technique which allow s experimental observation of the density

:

1
. 

of states shape is based on the spectra of heavily doped mi xed crystals. In 

-~~~ - . . -- -~~~~~. - -.- -— --~~- —,.—- - - - ,-- . . - —. . —-—~~~~- —.-- - -,,, . -— . - .— .



2 

i

such a system (say, 25% MoF6/75% UF6) wavevector (k) selection rules have

been destroyed. An inherent disadvantage of this l atter technique is that

the perturber of the translational symmetry also perturbs the details of the

band . Spectra of mixed crystals of the three systems mentioned above will be

presented and discussed in this light , allowing a comparison of the mixed

crystal and two-particle techniques for determining density of states functions.

Electrostatic multipolar calculations of the density of states (paper III ,

fol lowing)4 for two of the fundamental bands will also be compared to the

experimental shapes.

L.A



3

I I .  THEORY

A. Crystal States

Discussions of the one-phonon5 and two-phonon6 states of molecular

crystals have appeared in the literature , so only a brief review is pre-

sented here. Greater detail may be obtained in the references cited .

Assuming that the separation of one-phonon and two-phonon states is

a valid concept for the cr~stal system being studied , the one-phonon states

are generated from a set of molecular site functions (X~q) which covers all

molecular levels f, unit cells n , and sites in the unit cells q. Th~. one-

site exciton functtons

~~~(k)  = N~~ Z ~~ X° cicp(~k r ) (1)
— 

‘3 /~~ 
~~~~~~~~~~~~~ ,~~~ —

in which N is the number of unit cells and !~q is a position vector , are

defined for the Z sites th a unit cell and are used as a basis set in which

H the crystal potential is diagonalized . Wavevector is conserved so that

the dynamical matrix can be factored into diagonal blocks characterized by

k. Usually, for isolated modes, the intramolecular vibrations may be treated

separately so that each k block is partitioned into smaller blocks involving

only one molecular level (fundamental , combination , or overtone). One then

obtains the isolated band exciton functions

Ø~ ~~ 
Z~ ~ f (2 )

in which V is a member of the possibly degenerate molecular level .

Similarly, two-site exciton functions

~~~~ 
~~~~~~~~

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
may be constructed as a crystal basis. The restriction is incorporated that

the f and g excitations not occur simultaneously on the same site . Instead

- -— - - - . -
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of the separate wavevectors kf and ~~~~~~, it is convenient to define the differ-

ence wavevector K = ½ (kf - ~~
) and the total wavevector k = k.f + ~~~~~~. k is  a

good quantum number and so characterizes a block diagonalization of the

Hamiltonian matrix. For each value of k, K may take on N values equivalent

to the total first Bri llouin zone. For each value of k and K there are Z2

two-site exciton functions. Even if one assumes K to be a good quantum number 6

and uses an isolated band model , diaqonalization of the Hauii l tonian is a

significant undertaking. A reasonable approximation might be the direct sum

of energies of one-particle states.

The large number of k = 0 states and their large band width make tran-

sitions to these two—particle states readily distinguishable from single

particle overtone and combination transitions. The latter display only a few

narrow k = 0 features. The transfer integrals responsible for the two-particle

exciton bands must involve operators which move two vibrational quanta between

sites. Additionally, a small anharmonicity may allow the larger one quantum

transfer integrals to contribute to the two-particle band ; however,these terms are

reduced by the square of a mixing coefficient (one factor for each site in the integral

When the one-phonon/two-phonon separation breaks down , there are two ways

to solve the dynamical problem . The first is to set up general k blocks

of the Hamiltonian includin g both sets of crystal basis functions and diagon-

a]ize in this larger basis. A variation of this procedure , the second

method , has been suggested by Rashba and Sheka ,7 in which interaction of

two independent elementary excitations is described by a general Hami l tonian .

The coupling problem is then solved under certain simplifying assumptions wi th

Greens function techniques.7 An important point which stems from an analysis

such as theirs Is that anhannonicity is essential for the creation of single

particle (overtone and combination) states. In the absence of anharmonicity

I 

- -  ~~~~~~~~~~~~~~~ _ _ _
_ _ _ _ _ _
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the particles are independent except for small perturbations of transfer

integrals and site energies when the excitations are in proximity.

I I

, _ _ _ _  _ _ _  _ _ _ _ _ _
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B. Intensity

The appearance of Raman scattering intensity at molecular combination

and overtone frequencies has two sources in free mol ecules: anharmon icity

and higher order polarizab ility deri vatives.8 The general treatment of the

scattering process reduces to the evaluat ion of the electronic polarizability

tensor .~m 
between two scattering states of the mol ecule. 

~m 
is assumed to

depend parametrically on the normal coordinates , for instance

t7< = ~~( 
C’ ÷ ~~ 

I
. +

The implied summation is over all normal coordinates , but within one elec-

tronic l evel it is effectively over only the gerade modes if an inversion

center exists. The nuclear coordi nates in this expansion are operators to be

evaluated between the vibrational parts of Born-Oppenheimer functions. In the

harmonic approx imation , the second term in the expansion will cause AV = ±1

tra~,~itions and the much smaller third term will cause ~v = 0, ±2 transitions

(or scattering). In the presence of anharmonicity , the latter type scatter-

ing may also be caused by the second term of the expansion .

The crystal polarizability tensor is assumed to be the sum of individual

molecular (site ) polarizability tensors

= 

~L 0 D ~C ii (~ f

~~~ ~~m (5)

in which the last term expresses the fact that the molecular polarizability

tensors are all equivalent but oriented differently with respect to the

crystal fixed axis system. The Qnq are unitary rotation matrices which

depend only on the site label q, but the n is carried through as a remi nder

that each term only operates in one unit cell. Matrix elements of 
~c between

the crystal ground state and a single particle state described by equation 2 are

— 
.-
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ø~f ( , J
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) ~~~~
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I -  

(6a)
in which the equivalence of sites has been used . For k = 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (6b)

In (6b) the equality 
~nq 

= 

~Oq has been used . The total Raman scattering

intensity is proportional to

K x °l.~~ Xe
~>.  

. (7a )

The total Raman intensity in the sZ Davydov components (ignoring frequency

factors and summing f over the s degenerate or nearly degenerate functions of

the molecular basis ) is proportional to

~~ Rø0!;t~~~~O)>.E}Z~~NZkXdIc I X~>~~~
5
~ V ( 7b)

The scalar scattering intensity is proportional to
, . i  7 2. r - Ii (7c)

with ~~~~~~~~~~~
=

This is just the scalar scattering of NsZ randoml y oriented mol ecules. Such

a simple expression does not follow for the symmetric scattering intensity.

In that case the expression is the sum of scattering intensities from Z sets

of N molecules at definite orientations. The resultant scattering must be

evaluated for each crystal structure .

The coment should be made that Eq. 7a is an expression of the (possibly

distorted ) oriented gas model .9 The scattering is dependent on crystal

structure and molecular polarizability tensors (and hence molecular transition

mechanisms). h

— ... —. 
---——-~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.—.~~~ — -

~~ .~~~~ ~~~~~~~~—.- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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By noting tha t f -

~ 
(
~~, L~~~ )N(N 

~P~
] 

, ~~~~~ ~~~~~~~~ ~

~~~~~~~~~~~~~~ 0
because the \~ ) bracketed term is identically zero, one sees there is no

scattering intensity to pure two-particle states in this approximation .

Rather than challenge the adequacy of eq. 5 one would expec t intensity to be

brought into two-particle transitions by a mixing wi th the pure sing le

particle states. This mixing preserves the total scalar scattering intensity

over the set of one- and two-phonon k = 0 states. 

~~~~~~~~~ 
..--.

~~~~
.-
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— -~~
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III. EXPERIMENTAL

The details of crystal preparation and of the Raman apparatus have been

discussed in paper I and in ref. 10. The crystals studied were MoF6, WF5 and

UF5 neat crystals and various binary combinations of these compounds as mixed
1 crystals in nomina l concentrations rang ing from less than five mole percent

to greater than ninety-five mole percent. All spectra were obtained with

samples immersed in liquid nitrogen .

I I -

L~
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IV. RESULTS AND DISCUSSION

Many features in the neat crystal spectra have been assigned to molecular

vibrational combination and overtone bands. The overall breadth , lack of

structure,and in some cases, signifi cant frequency shifts indicate that these

features are generally two—particle transitions. The bending mode combination

region has been presented in paper I, Figure 7. In this paper we wish to deal

specifically with the combinations and overtones involvin g at least one stretch-

ing mode , largely because the spectra are more easily interpreted . This section

is organized with respect to individual molecular vibrations as fundamentals , as

combinations with v 1,  and as overtones. Inherent in this entire discussion is

the fact that , despite small crystal structure and molecular differences , the

excitonic interactions , though different in magnitude , are quite similar in

nature for the crystals of these compounds.

A. v~

v 1 is essentially a dispersionless band. The widths of the V
1 

= 2 v1 bands

and the shifts from 2 x v~ (Tabl e 1) serve as indications 0f the bandwidths and

anharmonicities . Since the anharmonicities are small , it is likely that the

increased width of the 2 v 1 features is due to the convolution of the band on

itself generating k = 0 two-particle states .

The relative intensities of the 
~ 1 and 2 v 1 bands can be used as a test

of the scattering intensity mechanisms . In the or D4h model s of the molecule ,

v 1 and 2 v1 have a 1g syninetry and consequently only scalar scattering mechanisms .

Therefore the scalar scattering intensity (Sect. IIB.), suimied over the k = 0

components of the band, is identical to that of an equal number of free molecules .

The anharmonic vibrational Hamiltontan can be modeled by the operator

wi th

~j~~°/ n  > = (~i1 # / ~ ) / f l  > and c3~’ 
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using a one-dimensional harmonic oscillator basis Jn> . In order to calculate

intensities of overtones using the above model , a sufficiently large basis must

• be employed to obtain accurate lower eigenvalues and eigenvectors. n is then

varied to yield apparent experimental anharmonicities A[ = (E
0÷2 

- 2E
0 1

)/hvj . In

the calculation 0 < A< 2 x lO 2 . Assuming only the linear term in eq. 4 is

important , i t  is found that

H I O~~ L J I  ~ O . l I ~~~~/ ~~ —~~i

Since in the Born-Oppenheimer approximation the eigenfunct ions are still orthogonal ,

no contributions arise due to the zero order term in equation 4.

A comparison of anharmonicities and intensities in Table 1 indicates that second

order transition operators must account for at least 50% of the intensity in any

given crystal ; one-site operators are expected to be more important than two-

site operators. A vapor phase comparison would be enlightening.

The possibility of two successive first order Raman scattering steps

yielding photons at v0— 2v1 (v= laser frequency) is not likely for the

following reasons: a) there are significant anharmonicities at least in MoF6

and WF 6 ; b) the Raman effect scattering efficiencies are quite small (l0 7)11 ;

and c) power densities in the focus region yield electric fields of -lO
g 

V/cm

which are not large enough to cause significant mol ecular perturbations for the

Raman process.

Since the v 1 band has a very small (<2 cm~~) dispersion , two-particle

states formed in combination wi th v1 will evidence a density of states essen-

tially that of the second vibrati onal fundamental band . This fact will be

exoloited in the following sections.

I
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B. v2

Figure 1 presents the v1 + v 2 bands of UF 6 and MoF 6 neat crystals. The

lack of any sharp structure indicates two-particle character. While the trans-

itions to the various k = 0 levels are regulated by separate matrix elements ,

it is striking that the perturbed band structure from the mixed crystal experi-

ments (shown also in Figure 1) show similar shapes. Neither technique , of

course , rigorously displays the correct density of states for v2. In neat

crystals k dependence of transition probabilities across the band cause diffi-

culties while in mixed crystal band states are perturbed by high con-

centrationsof guest molecules. Nevertheless , both are in substantial agreement.

Fi gure 2 is the calculated density of states of the v2 band based on an electro-

static quadrupole-quadrupole interaction . The magnitude of the induced quadru-

poles is an adjustable parameter (see paper III , fol lowing4). The agreement

is again favorable. It appears that variation of the scattering intensity to

individual two-particle states is small throughout the k = 0 structure. If

single-particle mixing is the important intensity mechanism , then the mixing

coefficients must be evenly distributed over the band.

Figure 3 shows the 2 v2 overtone band. Again there is no sharp structure

and the general shape is similar to the v2 density of states just discussed .

If one treats a single branch vibrational exciton band in the limit of

small interaction between the separate excitations , the energy of the zero

total wavevector or two-particle states is the sum of two (equal energy ) funda-

mental excitons with opposite wavevectors. That is,

E2(k =  0, K =  k’) 
= 2 E 1(k’) ,  (8)

and consequen tl y

p2 (E ,o) ~ ‘/z~~(’E/Z ) , (9)

t

~

.• . -~~~~~ - ,— -.-- ., •----- -“ -- - - — - - • - --~~-.--- ~~~~~~~~~~~~~~~~~ •—• . •-- ----—--~~~~~~- - -
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in wh ich  E 1(k ), p1(E) and E2 (k ,K), p2 (E ,k) are the fundamental and overtone

band energies and densities of states , k and K are the total and relative wave-

vectors as descri bed in Sect. IIB., and p2 (E ,k)  is a partial density of states

integrated over K but preserving k. Equation 8 is a consequence of time reversal

i nvariance , E1 (-k) 
= E1(k) and the factor of 1/2 in equation 9 is necessary to

preserve normalization . An obvious prediction is that the overtone band will be

exactly twice the width  of the fundamental band and the structure will be identi-

cal but on an extended scale as is observed in the 2 v1 Raman band . However, the

v 2 band has eight branches. Figure 4 is the total convolution of the calculated

~ band under the requirement that the sum of wavevectors equal zero. There is

only qualitative agreement in shape with the observed 2 v~ band (Fig. 3).

Apparently there are branch selection rules which are not understood at this time .

L~A
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C. v 3

The 
~~ 

+ 
~ 

or 2 v 3 Raman bands have not been observed wi th sufficient

intensity to allow a study of their shapes. However , the infrared absorption

+ v3 band of crystalline UF6 has appeared in the literature12 and is repro—

duced in Figure 5. Figure 6 shows the Rama n spectra in the v3 region of a

series of mixed crystals. The two—humped distribution in the infrared spectrum

was assigned as site splitting, but can be seen here to be a mapping of v 3

density of states (times transition operators) since the band has the character-

istics of two-particle states.

~~ —-_ _ .A
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D. “ 5

Figure 7 presents the v1 + v 5 bands of UF 6 and MoF 5 neat crystals.

Figure 8 shows the electrostatic quadrupole-quadrupole calculation of the

density of states. The conclusions reached for the v2 band are also valid

for v5. The mixed crystal spectra are complicated . To support (not prove)

the general validity of the observed v1 + v 5 two-particle shape as a good

• approximation of the v5 density of states some UF6 in WF6 mixed crystal spectra

are shown in Figure 9. The spectra were observed to change significantly with

concentration . A concentration somewhere between the two depicted might give

the two-particle shape. The WF6 in MoF6 mixed crystal series is not useful for

this discussion because an amalgamated v
~~ 

band is formed as discussed in the

fol lowing paper. 4

The 2 v5 overtone band was also observed and is presented in Figure 7 of

paper I. The computer generated two-particle density of states is presented in

Figure 10. There is general agreement in overall shapes , but this is a crude

comparison since the features are not wel l defined. The 36 cm~ FWHH of the UF6 2 v5

band can only be obtained if the v5 density of states includes both features

observed in the v1 + v5 band (Fig. 7). This indicates that the component

located at v
~ 

+ 204.9 cm~ (the low energy component) is not a single particle

peak (compare Figures 7 , 8, 9, and 10). A puzzling feature of the UF6 2 v5

distribution is the significant upward shift from the predicted location ,

[observed : I(2 v 5) max 450 cm~~; predicted : 1(2 v 5) max ~43O cm~ using I(V 5) max

-215 cm~~)]. This displacement may , however , be due to interaction of 2 v 5 with

the many two-particle overtone and combination state between 300-450 cm~~.
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V. COMPARISON OF MIXED CRYSTAL AND TWO-PARTICLE DENSITY OF STATES TECHNIQUES

Employing mixed crystals for which translational invariance is no longer

conserved , it has been possibl e to observe the breakdown of k = 0 selection

rules. In principle this affords one optical access to the entire Brillioun

zone of wavevec tor space. However , what is actually observed experimentally

is that the k = 0 structure begins to broaden , intensity builds up between the

k = 0 peaks~and new structure develops as the concentration of dopant is in-

creased . A practical and not readily soluble probl em is to determi ne where in

this continuum of changing Raman spectra the neat crystal density of states is

being displayed faithfully (if at all). If the dopant concentration has become

very large , the density of states cannot be that of the neat crystal and if it

is too small , the translational syimnetry is not completely destroyed. For the

vibrations considered , one can see that concentrations of roughly 20 to 30

percent dopant in these crystals give the shapes which agree best with the two-

particle band shapes.

Aside from the fact that the correct density of states can be obtained

from (v 1 +~1) combination spectra when they can be observed , there i s a real

experimental advantage to thi s method. Only one crystal need be used and no

special concentrations need be determined and/or verified . This takes on a

more significant meaning when sample preparation becomes a major part of the

experimental effort. Limi tations are that combination bands must be

observabl e and must have two-particle character. The observation of Raman

scattering from overtone and combination bands is experimentally inherently

difficult. These transitions are frequently intense in infrared absorption ,

however.
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V I .  SU MMA RY A ND CONC LUSI ONS

The major conclusions of thi s phase of our study are:

1) The major Raman intensity mechanism for the transitions to higher

vibrational levels in these crystals is the second order transition operator

rather than the first order transiti on operator acting in conjunction with

anharmonic mixing of level s (at least for the v1 modes).

2) Many of the combination and overtone bands in these crystals dis-

play two—particle character.

3) Accurate information concerning the density of states of a funda-

mental vibrational exciton band can be obtained from the two-par tic le  band

corresponding to combination with the v1 mode.

4) The two-particle determined density of states has allowed an eval-

uation of the appropriate mixed crystal concentration region in which k

selection rules are significantly destroyed but in which band structure is not

greatly altered .

5) Reasonable agreement between quadrupole-quadrupole band structure

calculati ons and (v i + v 2) and (v1 + v 5) two-particle data indicate that band-

to-band scattering intensity variations are small throughout the k = 0 structure .
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Table 1. Data Pertaining to the v~ Fundamental and Overtone Spectra of Neat

Crystals Near 77K.

Crystal Observed v 1 FWHH Observ~d 2v~ FWH~ I 2/~ 1
a

(cm-fl (cm~~) (cm ) (cm ) A

UF 6 663.96 .5 1327.96 1.6 +.00008 .0016

WF5 772.25 <.3 1542.49 <1 .8 -.0026 .0015

MoF6 742.19 <.3 1482.79 1.2 -.0021 .0008

a. Accuracy probably not better than + 50%.
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Figure 1. Raman spectra of regions involving v7 exciton structure of

several crystals at 77K. The two-phonon v1 + ‘~2 
spectra

of neat UF6 and MoE6 are shown at bottom. Above are the v2

regions of crystals into which WF6 has been doped to destroy

k = 0 selection rules and display approximate densities of

states. The MoF6 two—phonon spectra were obtained with a

signal averager. The 80% concentration is an estimation

based on ratios of v
~ 

peaks. Note the difference in energy

scale dispersions between UF5 and MoF6.
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Figu re 2. Calculated density of states for the v2 exci ton band. A

quadrupole—quadrupole calculation using the published UF6

crystal parameters (ref. 4) was performed . The energy scale

- 
I is directly related to the square of the i nduced qua d rupole

moment per unit normal coordinate displacement. The site

splitting used in the calculation corresponds to the observed

splittings (ref. 4) with the Eg G component l ower in energy

(D4h site model prediction).
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Figure 3. Raman spectra of 2v 2 exciton region of neat crystals near 77K.

A is UF6 and B is MoF6. Note the difference in energy scale

dispersions. The MoF6 Spectrum was obtained with a signal

averager.
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Figure 4. Calculated partial density of states of the 2v2 two—phonon -

exciton band . The k = 0 two-phonon density of states was

constructed from the calculated 
~ 2 band presented in Figure

2. The energies of the eight branches were sunnned in pairs

under the constraint that the wavev ectors sum to zero (or

dealing in only one unique octant of thi s Brillouin zone,

requiring that the wavevectorsbe equal). The a- and ~~~
- 

-

densities are essentially identical except at the zone -

center and boundaries. ~ or u states are those which are

syninetric or anti-symetric when the two-phonon branch

l abel s or wavevectors are interchanged.
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Fi gure 5. The infrared absorption spectrum of solid UF6. The spectrum

is reproduced from reference 12. It displ ays the u~ + v 3 and

V2 + v 3 two-phonon k = 0 structures.
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Figure 6. Rama n spectra of the v3 regi on of UF6 in various mixed crystals

near 77K. The nominal concentration of these crystals were

tested by comparison of v1 intensities of the two components.

The higher energy component in the neat crystal spectrum was

discovered only after the mixed crystal spectra and infrared

absorption spectra (ref. 12 and Figure 5) were examined .
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Figure 7. Raman spectra of the v1 + v5 exciton region of neat crystals

near 77K. A is UF6 and B is MoF6. The spectra were obtained

with a signal averager. Note the difference in energy scale

dispersions. The scales are not normalized but nonetheless

evidence general similarity of structure .
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Figure 8. Calculated density of states for the “s exciton band . A

quadrupole—quadrupole calculation using the published UF6

crystal parameters (see paper III ) was performed . The

energy scale is directly proportional to the square of the

induced quadrupol e moment per unit normal coord inate displace-

ment. The site splitting for this band is in general complex ,

as discussed in reference 4. In keeping with the 04h site

model the component which is b2g in  04h was raised in energy

by an amount corresponding to observed splittings in the

reso l ved ReF6 ~~~~ absorption spectra as reported previously.

[E. R. Bernstein and G. R. Meredith , J. Chem. Phys. 64, 375

(1976)].
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Figure 9. Raman spectra of the v , region of UF6 in mi xed crys tals near

77K. A is nominally 50’ WF6 in UF6 while B is nominally 20-’

WF6 in UF6 based on relative v 1 intens i ty measurements . Note

that the d i rection of the energy scale i s opposi te tha t of

Fi gures 7 and 8. The important point is that intensity shifts

from the 220 cm~ region to the 204 cm~ peak as dopant is

added . At some intermediate concentration the structure of - -

Fi gures 7 and 8 may occur.
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Figure 10. Calculated partial density of states of the two-phonon 2v ,

exciton band . The k = 0 partial density of states for the 12

branch band of Figure 8 was calculated as described in the

caption to Figure 4.
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