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VIBRATIONAL SPECTRA OF TRANSITION METAL HEXAFLUORIDE CRYSTALS.
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FOR DETERMINATION OF DENSITIES OF STATES*

E.R. BERNSTEIN and G.R. MEREDITH*
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523, USA

Received 11 March 1977

In part II of this series two techniques for obtaining densities of exciton states are discussed: heavily doped crystals and
two-particle overtone and combination bands. It is demonstrated through Raman spectra and calculations that ("i + 1) com-
bination bands yield very nearly true density of states functions for v; in the case for which v, is essentially dispersionless.
The mixed crystal method for density of states determinations is compared to the combination band technique and approx-
imate 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 2v,; show that the major contribution to overtone intensity comes from the second order polarizability derivative and

not anharmonic contributions.

i. Introduction

In the previous paper in this series (paper I, preced-
ing [1]), we discussed the neat crystal single particle
spectra of MoF¢, WF¢, and UF. The similarities and
trends in these systems were emphasized and the spec-
tra 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 vi-
brational modes. The predominance of this structure
is generally due to the fact that erystal transition
operators are associated with first order derivatives of
electric dipole or polarizability operators with respect
to molecular vibrational coordinates. The latter cause
only Av = %1 vibrational transitions of the molecule
in the harmonic approximation.

In isolated molecules, weaker features are observed
corresponding to transitions to combination and over-
tone levels. These multiple excitations may be quali-
tatively different in molecular solids. Loosely speak-
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ing, they may comespond to the creation of two or
more separate elementary excitations rather than one
single excitation which is associated with the molecu-
lar level. In ionic and covalently bonded crystals these
transitions are commonly observed [2]; the number of
such cases in molecular crystals, though very small not
long ago, is increasing [3]. In this paper the two-par-
ticle (two-phonon) Raman excitations in MoFg, WF¢
and UFg crystals will be presented and intensity me-
chanisms discussed. Under certain restrictions the
basic density of states shape of various vibrational
fundamental bands may be observed in these two-pho-
non spectra.

Another technique which allows experimental ob-
servation of the density of states shape is based on the
spectra of heavily doped mixed crystals. In such a sys-
tem (say, 25% MoF/75% UF ) wavevector (k) selec-
tion rules have been destroyed. An inherent disadvan-
tage of this latter technique is that the perturber of
the translational symmetry also perturbs the details of
the band. Spectra of mixed crystals of the three sys-
tems mentioned above will be presented and discussed
in this light, allowing a comparison of the mixed crys-
tal and two-particle techniques for determining dens-
ity of states functions, Electrostatic multipolar calcu-
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lations of the density of states (paper III, following
[4]) for two of the fundamental bands will also be
compared to the experimental shapes.

2. Theory
2.1. Crystal states

Discussions of the one-phonon [5] and two-phonon
[6] states of molecular crystals have appeared in the
literature, so only a brief review is presented here.
Greater detail may be obtained in the references cited.

Assuming that the separation of one-phonon and
two-phornon states is a valid concept for the crystal
system being studied, the one-phonon states are gen-
erated from a set of molecular site functions (x,fuﬂ
which covers all molecular levels f, unit cells 7, and
sites in the unit cells g. The one-site exciton functions

= 1/2 (¢} s
@=L I exptier), )
in which ¥ is the number of unit cells and r,, is a posi-
tion vector, are defined for the Z sites in a unit cell
and are used as a basis set in which the crystal poten-
tial is diagonalized. Wavevector is conserved so that
the dynamical matrix can be factored into diagonal
blocks characterized by &. Usually, for isolated modes,
the intramolecular vibrations may be treated separate-
ly so that each & block is partitioned into smaller
blocks involving only one molecular level (fundamen-
tal, combination, or overtone). One then obtains the
isolated band exciton functions
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in which f” is a member of the possibly degenerate

molecular level and « denotes particular factor group

component.
Similarly, two-site exciton functions
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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 of the sep-
arate wavevectors kg and K, it is convenient to define
the difference wavevector K =% (ks — k;) and the to-
tal wavevector kK = k¢ + k,. kisa good quantum num-
ber and so characterizes a block diagonalization of the
hamiltonian matrix. For each value of &, K may take
on NV values equivalent to the total first Brillouin zone.
For each value of k and K there are Z2 two-site ex-
citon functions. Even if one assumes K to be a good
quantum number [6] and uses an isolated band model,
diagonalization of the hamiltonian is a significant un-
dertaking. A reasonable approximation might be the
direct sum of energies of one-particle states.

The large number of & = 0 states and their large
band width make transitions to these two-particle
states readily distinguishable from single particle over-
tone and combination transitions. The latter display
only a few narrow & = 0 features. The transfer inte-
grals responsible for the exciton bands must involve
operators which move two vibrational quanta between
sites. Additionaily, a small anharmonicity may allow
the larger one quantum transfer integrals to contribute
to the two-particle band; however, these terms are re-
duced by the square of a mixing coefficient (one fac-
tor for each site in the integrat).

When the one-phonon/two-phonon separation
breaks down, there are two ways to solve the dynam-
ical problem. The first is to set up general & blocks of
the hamiltonian including both sets of crystal basis
functions and diagonalize in this larger basis. A varia-
tion of this procedure, the second method, has been
suggested by Rashba [7] and Sheka [8], in which in-
teraction of two independent elementary excitations
is described by a general hamiltonian. The coupling
problem is then solved under certain simplifying as-
sumptions with Green’s function techniques [7,8]. An
important point which stems from an analysis such as
theirs is that anharmonicity is essential for the crea-
tion of single particle (overtone and combination)
states. In the absence of anharmonicity the particles
are independent except for small perturbations of
transfer integrals and site energies when the excita-
tions are in proximity.

2.2. Intensity

The appearance of Raman scattering intensity at
molecuiar combination and overtone frequencies has
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two sources in free molecules: anharmonicity and
higher order polarizability derivatives [9]. The general
treatment of the scattering process reduces to the
evaluation of the electronic polarizability tensora
between two scattering states of the molecule.a  is
assumed to depend parametricaily on the normal
coordinates, for instance
a, =ad +al .0 ... @
The implied summation is over all normal coordinates,
but within one electronic level it is effectively over on-
ly the gerade modes if an inversion center exists, The
nuclear coordinates in this expansion are operators to
be evaluated between the vibrational parts of Born—
Oppenheimer functions. In the harmonic approxima-
tion, the second term in the expansion will cause Av=
+] transitions and the much smaller third term will
cause Av = 0, *2 transitions (or scattering). In the
presence of anharmonicity, the latter type scattering
may also be caused by the second term of the expan-
sion.

The crystal polarizability tensor is assumed to be
the sum of individual molecular (site) polarizability
tensors

@ = 238, = 2 Dpy e Dhgs )
ngq nq
in which the last term expresses the fact that the mo-
lecular polarizability tensors are all equivalent but
oriented differently with respect to the crystal fixed
axis system. The D,,, are unitary rotation matrices
which depend only on the site label g, but the n is car-
ried through as a reminder that each term only oper-
ates in one unit cell. Matrix elements of &, between
the crystal ground state and a single particle state de-
scribed by eq. (2) are

(Pl ol &y =N Zj)r exp (ik-r,,) B (k)
nqf’
X Dy {x lamix’ D}, (63)
in which the equivalence of sites has been used. For

k=0

(¢Olaclef )y =12 ;L;) BiF©)
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In (6b) the equality D,;q =Dgq has been used. The to-
tal Raman scattering intensity is proportional to

1 lalel &) - ET? =N§f" BLYBL (73
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The total Raman intensity in the sZ Davydov compo-
nents (ignoring frequency factors and summing f over
the s degenerate or nearly degenerate functions of the
molecular basis) is proportional to

:Z, el lo Oy - E

=N 23 KX lap I/ DG, - B2 (7b)
f'q
The scalar scattering intensity is proportional to
NsZo2|Ef? =GB, (7¢)
with

ol = ;2 Z) OO e )i 2.

This is just the scalar scattering of NsZ randomly orient-
ed molecules. Such a simple expression does not fol-
low 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 re-
sultant scattering must be evaluated for each crystal
structure. Mixing single and two-particle states does
not alter these conclusions.

The comment should be made that eq. (72) is an
expression of the (possibly distorted) oriented gas
model [10]. The scattering is dependent on crystal
structure and molecular polarizability tensors (and
hence molecular transition mechanisms).

By noting that

(Wl o Ky, k)
=[N(N=8,,)] V2 an) %)n CVAPICAN N Ve JOV. A

X X(1—84,8,m )} eXp (KT +iKoT,,,) =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
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challenge the adequacy of eq. (5) one would expect in-
tensity to be brought into two-particle transitions by

a mixing with the pure single particle states. This mix-
ing preserves the total scalar scattering intensity over
the set of one- and two-phonon &k =0 states.

In the above discussion of intensities we have as-
sumed that the transition probabilities are independent
of wavevector. This is correct for the Frankel limit [10],
which we have assumed to apply to the present situa-
tion. While such an assumption is not a prior? justified,
it appears to be valid based on agreement between cal-
culated and experimental two-particle structure [4,11]. *

3. Experimental

The details of crystal preparation and of the Raman
apparatus have been discussed in paper I and ref. [11].
The crystals studied were MoFg, WF¢ and UFg neat
crystals and various binary combinations of these com-
pounds as mixed crystals in nominal concentrations
ranging from less than five mole percent to greater
than ninety-five mole percent. All spectra were obtain-
ed with samples immersed in liquid nitrogen.

4. 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, significant frequency shifts indicate
that these features are generally two-particle transi-
tions. The bending mode combination region has been
presented in paper I, fig. 7. In this paper we wish to
deal specifically with the combinations and overtones
involving at least one stretching mode, largely because
the spectra are more easily interpreted. This section is
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organized with respect to individual molecular vibra-
tions as fundamentals, as combinations with v, and
as overtones. Inherent in this entire discussion is the
fact that, despite small crystal structure and molecular
differences, the excitonic interactions, though differ-
ent in magnitude, are quite similar in nature for the
crystals of these compounds.

4.1. 141

v| is essentially a dispersionless band. The widths
of the vy =2 v, bands and the shifts from 2 X v,
(table 1) serve as indications of the bandwidths and an-
harmonicities. Since the anharmonicities are small, it is
likely that the increased width of the 2, features is
due to the convolution of the band on itseif generat-
ing k = 0 two-particle states.

The relative intensities of the v} and 2»; bands can
be used as a test of the scattering intensity mechanisms.
In the Oy, or Dy, models of the molecule, v and 2v;
have a,, symmetry and consequently only scalar scat-
tering mechanisms. Therefore the scalar scattering in-
tensity (section 2.2), summed over the k = 0 compo-
nents of the band, is identical to that of an equal num-
ber of free molecules.

The anharmonic vibrational hamiltonian can be
modeled by the operator

H=0 +5¢",

with

HOny=(n+L)Indand H'=9Q>,

using a one-dimensional harmonic oscillator basis {n).
In order to calculate intensities of overtones using the
above model, a sufficiently large basis must be em-
ployed to obtain accurate lower eigenvalues and eigen-

vectors. i is then varied to yield apparent experimen-
tal anharmonicities A [= (Ey_, , —2Eg, { )/A»]. In the

Table 1

Data pertaining to the v; fundamental and overtone spectra of neat crystals near 77 K

Crystal Observed v, FWHH Observed 2u, FWHH a Iyallyoy @
(em™) (em™) (cm™) (cm™)

UFg 663.96 0.5 1327.96 1.6 +0.00008 0.0016

WFg 77225 <03 154249 <18 —-0.0026 0.0015

MoFg 742.19 <0.3 1482.79 1.2 -0.0021 0.0008

) Accuracy probably not better than + 50%.
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calculation 0 < A<C 2X 10~2. Assuming only the lin-
ear term in eq. (4) is important, it is found that

Iy ofly, ~-0.114A.

Sirice in the Born—Oppenheimer approximation the
eigenfunctions are still orthogonal, no contributions
arise due to the zero order term in eq. (4). A compar-
ison of anharmonicities and intensities in table 1 indi-
cates that second order transition operators must ac-
count for at least 50% of the intensity in any given
crystal; one-site operators are expected to be more im-
portant than two-site operators. A vapor phase com-
parison would be enlightening,.

The possibility of two successive first order Raman
scattering steps yielding photons at vy-—22; (vg =laser
frequency) is not likely for the following reasons: (a)
there are significant anharmonicities at least in MoFg
and WFg; (b) the Raman effect scattering efficiencies
are quite small (~10~7)[12]; and (c) power densities
in the focus region yield electric fields of 104 V/cm
which are not large enough to cause significant molec-
ular perturbations for the Raman process.

Since the v, band has a very small (<2 cm™1) dis-
persion, two-particle states formed in combination
with vy will evidence a density of states essentially
that of the second vibrational fundamental band. This
fact will be exploited in the following sections.

4.2. Vz

Fig. 1 presents the » +v, bands of UF4 and MoFy
neat crystals. The lack of any sharp structure indicates
two-particle character. While the transitions to the
various £ = 0 levels are regulated by separate matrix
elements, it is striking that the perturbed band struc-
ture from the mixed crystal experiments (shown also
in fig. 1) show similar shapes. Neither technique, of
course, rigorously displays the correct density of states
for 5. In neat crystals k dependence of transition
probabilities across the band cause difficulties while in
mixed crystal band states are perturbed by high con-
centrations of guest molecules. Nevertheless, both are
in substantial agreement. Fig. 2 is the calculated densi-
ty of states of the v, band based on an electrostatic
quadrupole—quadrupole interaction. The magnitude
of the induced quadrupoles is an adjustable parameter
(see paper III, following [4]). The agreement is again
favorable. It appears that variation of the scattering in-

BO%UE/WE, 50% Mo/ WE,
v, v,
. . \
, [5% 560 | 655 645
: .
@ UF MoF,
Eluty LA
=
1200 1160 1400 * =80

STOKES SHIFT (cm-)

Fig. 1. Raman spectra of regions involving v, exciton struc-
ture of several crystals at 77 K. The two-phonon v; + vs spec-
tra of neat UFg and MoFg are shown at the bottom. Above
are the vs regions of crystals into which WFg has been doped
to destroy k = 0 sclection rules and display approximate den-
sities of states. The MoFg two-phonon spectra were obtained
with a signal averager. The 80% concentration is an estimation
based on ratios of »; peaks. Note the difference in energy
scale dispersions between UFg and MoFg-

tensity to individual two-particle states is small through-
out the k = 0 structure. If single-particle mixing is the
important intensity mechanism, then the mixing coef-
ficients must be evenly distributed over the band.

pIE}

—

[ ¢]
ENERGY
Fig. 2. Calculated density of states for the vp exciton band. A
quadrupole—quadrupole calculation using the published UFg
crystal parameters [4] was performed. The energy scale is di-
rectly related to the square of the induced quadrupole mo-
ment per unit normal coordinate displacement. The site split-
ting used in the calculation corresponds to the observed split-
tings [4] with the £ 8 component lower in energy (Dap site
model prediction).
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Fig. 3. Raman spectra of 2, exciton region of neat crystals
near 77 K. (A) is UFg and (B) is MoFg. Note the difference in
energy scale dispersions. The MoFg spectrum was obtained
with a signal. ’

Fig. 3 shows the 2v, overtone band. Again there is
no sharp structure and the general shape is similar to
the v, density of states just discussed.

If one treats a single branch vibrational exciton
band in the limit of small interaction between the sep-
arate excitations, the energy of the zero total wave-
vector or two-particle states is the sum-of two (equal
energy) fundamental excitons with opposite wave-
vectors. That is, -

E;(k=0, K=k')=2E1(k'), @3
and coﬁsequently
P2 (E 0) =7 py(E]2), ©)

in which £1(k"), p;(E) and E, (k,K), p; (E, k) are the
fundamental and overtone band energies and densities
of states, k and K are the total and relative wave-
vectors as described in section 2.2, and p, (E, k) isa
partial density of states integrated over K but preserv-
ing k. Eq. (8) is a consequence of time reversal invari-
ance, £;(—K) = E, (k) and the factor of 1/2 in eq. (9)
is necessary to preserve normalization. An obvious
prediction is that the overtone kand will be exactly

p(EO

2 I 0 - -2
ENERGY

Fig. 4. Calculated partial density of states of the 2v, two-pho-

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

was constructed from the calculated v, band presented in

fig. 2. The energies of the eight branches were summed in

pairs under the constraint that the wavevectors sum to zero

(or dealing in only one unique octant of this Brillouin zone,
requiring that the wavevectors be equal). The g- and u-densities
are essentially identical except at the zone center and bound-
aries. g or u states are those which are symmetric or anti-sym-
metric when the two-phonon branch labels or wavevectors

are interchanged.

twice the width of the fundamental band and the
structure will be identical but on an extended scale as
is observed in the 2v, Raman band. However, the v,
band has eight branches. Fig. 4 is the total convolu-
tion of the calculated v, band under the requirement
that the sum of wavevectors equal zero. There is only
qualitative agreement in shape with the observed 2v,
band (fig. 3). Apparently there are branch selection
rules which are not understood at this time.

4.3. V3

The v, +v5 or 2v; Raman bands have not been ob-
served with sufficient intensity to allow a study of
their shapes. However, the infrared absorption vy +v3
band of crystalline UFg has appeared in the literature
[13] and is reproduced in fig. 5. Fig. 6 shows the
Raman spectra in the »3 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 v5 density of states
(times transition operators) since the band has the
characteristics of two-particle states.
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Fig. 5. The infrared absorption spectrum of solid UFg. The
spectrum is reproduced from ref. [13], It displays the vy +v3
and v3 +v3 two-phonon k = O structures.
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Fig. 6. Raman spectra of the v3 region of UFg in various mix-
ed crystals near 77 X. The nominal concentration of these
crystals were tested by comparison of v, intensities of the two
components. The higher energy component in the neat crys-
tal spectrum was discovered only after the mixed crystal spec-
tra and infrared absorption spectra (ref. [13] and fig. 5) were
examined. The presence of WFg in the UFg crystal structure
has destroyed tiie Ak = 0 sefection rules (translational sym-
metry), thereby allowing spectroscopic access to all k-states
in the Brillouin zone. (See text for further discussion.)
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Fig. 7. Raman spectra of the v; +vs exciton region of neat
crystals near 77 K. A is UFg and B is MoFg. The spectra were
obtained with a signal averager. Note the difference in energy
scale dispersions. The scales are not normalized but nonethe-
iess evidence general similarity of structure.

4.4. Vs

Fig. 7 presents the v; +vg bands of UFg and MoFg
neat crystals. Fig. 8 shows the electrostatic quadrupole—
quadrupole calculation of the density of states. The
conclusions reached for the v, band are also valid for

PLE)
2 ' ’ 2
ENERGY

Fig. 8. Calculated density of states for the vg exciton band. A
quadrupole—quadrupole calculation using the published UFg
crystal parameters (see paper L1l [4]) was performed. The ener-
gy scale is directly proportional to the square of the induced
quadrupole moment per unit normal coordinate displacement.
The site splitting for this band is in general complex, as dis- .
cussed in ref. [4]. In keeping with the D}, site model the com-
ponent which is bzg in D4p, was raised in energy by an amount
corresponding to observed splittings in the resolved ReFg 2u
absorption spectra as reported previously [i4].
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Fig. 9. Raman spectra of the vs region of UFg in mixed crys-
tals near 77 K. (A) is nominally 50% WF¢ in UFg while (B) is
nominally 205% WI' in UFg based on relative v intensity meas-
urements. Note that the direction of the energy scale is oppo-
site that of figs. 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 figs.7 and 8 may occur.

v5. The mixed crystal spectra are complicated. To sup-
port (not prove) the general validity of the observed
v| +vs two-particle shape as a good approximation of
the v;5 density of states some UFg in WFg mixed crys-
tal spectra are shown in fig.9. The spectra were ob-
served to change significantly with concentration. A
concentration somewhere between the two depicted
might give the two-particle shape. The WFg in MoFg
mixed crystal series is not useful for this discussion be-
cause an amalgamated v band is formed as discussed
in the following paper [4].

The 2v5 overtone band was also observed and is
presented in fig. 7 of paper [. The computer generated
two-particle density of states is presented in fig. 10.

There is general agreement in overall shapes, but this
is a crude comparison since the features are not well

defined. The 36 cm~! FWHH of the UFg 205 band can
only be obtained if the v5 density of states includes
both features observed in the »; +v5 band (fig. 7).
This indicates that the component located at v, +
204.9 cm~1(the low energy component) is not a single
particle peak (compare figs. 7, 8,9, and 10). A puz-
zling feature of the UF¢ 2v; distribution is the signifi-

p(E.OY

—_ M 4

ENERG Yo
Fig. 10, Calculated partial density of states of the two-phonon
2vs exciton band. The & = O partial density of states for the
12 branch band of fig. 8 was calculated as describéd in the
caption to fig. 4.

3
—+

=&

cant upward shift from the predicted location, [ob-
served: 1(205)may =450 cm~L; predicted: 1(2v5) pmax
=430 cm~1 using /(¥5)y, ax =215 cm~1)]. This dis-
placement may, however, be due to interaction of 2v5
with the many two-particle overtone and combination
state between 300—450 cm—L

5. 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 possible
to observe the breakdown of & = 0 selection rules. In
principle this affords one optical access to the entire
Brillouin zone of wavevector space. However, what is
actually observed experimentally is that the k=0
structure begins to broaden, intensity builds up be-
tween the k =0 peaks, and new structure develops as
the concentration of dopant is increased. A practical
and not readily soluble problem is to determine 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 sym-
metry is not completely destroyed. For the vibrations
considered, one can see that concentrations of roughly
20 to 30% dopant in these crystals give the shapes
which agree best with the two-particle band shapes.
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Aside from the fact that the correct density of
states can be obtained from (v; + v;) combination
spectra when they can be observed, there is a real ex-
perimental advantage to this method. Only one crys-
tal 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. Limitations
are that combination bands must be observable 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 absorp-
tion, however.

6. Summary and conclusions

The major conclusions of this 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 transition operator acting in conjunction
with anharmonic mixing of levels (at least for the v,
modes).

(2) Many of the combination and overtone bands
in these crystals display two-particle character.

(3) Accurate information concerning the density
of states of a fundamental vibrational exciton band
can be obtained from the two-particle band corre-
sponding to combination with the »; mode.

(4) The two-particle determined density of states
has ailowed an evaluation of the appropriate mixed
crystal concentration region in which & selection rules
are significantly destroyed but in which band structure
is not greatly altered.

(5) Reasonable agreement between quadrupole—
quadrupole band structure calculations and (¢, +,)
and (v, +v5) two-particle data indicate that band-to-
band scattering intensity variations are small through-
out the £ =0 structure. '
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