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Coupled Phonon Modes and 
Infrared Band Shapes in Crystal SiFJ 
R. RIGHINI, P. R. SALVI and V. SCHETTINO 
lstituto di Chimica Fisica, Universita di Firenze, Via G. Capponi 9. 50121 Firenze. Italy 

The absorption intensities of combination bands in the infrared spectrum of crystal SiF, have 
been measured. One- and two-phonon energies and densities of states have been calculated with 
a dipole-dipole interaction potential. The contribution to absorption intensities due to non 
linear electric moments have been calculated. It is shown that most of the two-phonon infrared 
absorption is due to phonon-phonon coupling. 

INTRODUCTION 

The infrared and Raman spectra of the molecular crystal SiF, have been 
described in previous papers.'-3 From the band profiles it was argued that 
most of the infrared absorption in the two quantum regions could be due 
to absorption processes where two vibrational quanta are excited at different 
lattice sites by a single photon. The mechanisms for two-phonon absorption 
have been discussed by Dows and Schettino4 in a form suitable to molecular 
crystals and can be outlined as follows. A biexcitation can be caused directly 
by the radiation field through nonlinear terms in the expansion of the 
electric dipole moment or indirectly by means of an anharmonic coupiing 
of an intense discrete state with the two-phonon continuum. On this basis 
general expressions for calculation of band intensities and shapes have been 
derived in the framework of exciton theory. 

it was concluded from qualitative arguments that 
most of the two-phonon structure in crystal SiF, could arise from the direct 
excitation mechanism. We have now measured the absorption intensity of 

In previous 

t Supported by the Italian Consiglio Nazionale delle Ricerche. 
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224 R .  RIGHINI. P. R .  SALVl AND V. SCHETTINO 

the two-phonon bands observed in the infrared spectra and made quantita- 
tive comparison of calculated and measured intensities. This has led to 
changes in previous conclusions. It will be shown in the present paper that 
the absorption intensity in the two-phonon region is mainly due to the 
indirect mechanism. By adapting Fano's configuration interaction theoryS 
to the SiF, crystal a satisfactory agreement between calculated and observed 
band shapes can be obtained. 

METHOD OF CALCULATION 

The calculations to be described have been performed in the harmonic 
approximation. Symmetrized wavefunctions describing the excitation of a 
quantum of the i-th degenerate component of the vibrational modefpropa- 
gating in a crystal of N unit cells are 

where Q0 = llq; is the crystal ground state and 6; = qli/q." is the one site 
harmonic oscillator quotient function6 In this case the cell index n is sufficient 
to label the molecular wavefunction as the SiF, crystal contains only one 
molecule per unit cell.' States describing simultaneous excitation of two 
phononfand g are defined in terms of the wave vector k, and k, of the two 
excitations 

(2) 

where the renormalization prevents from the two excitations being at the 
same site. The two-phonon states (2) may be expressed explicitly as a function 
of the total wave vector k, + k, and lattice vector Rnm = n - m 

I j ,  gj : k,, k,) = N*% 18 : k,) lgj :kg) 

In optical absorption the momentum conservation requires the total 
wave vector k, + k, = 0 and therefore the only states of interest in the 
manifold (3) are, with k, = - k, = k D
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CRYSTAL PHONON MODES 225 

Calculation of energies of phonon states of the type (I)  and (3') have been 
performed in the harmonic limit and with neglect of intermode mixing by 
expanding the crystal potential in the local normal coordinates 

In the dipole model the coefficients in the expansion (4) are different from zero 
only for normal modes vj and v4 of species F ,  corresponding tof = 3 and 4, 
respectively, and are easily obtained from the general expressions of the 
interaction energy of a dipole 

F{i ,mj  = (i?,u/dqr)2e{*K,,,(E + aTnrn)-'eAj ( 5 )  

where the transition dipole moment (dp/ldq,-) is known from experiment," 
e is a unit vector in the direction of the transition dipole moment, a is the 
static molecular polarizability and T is the field propagator. 

Using the procedure described in (3) energies and crystal states for the 
one- and two-phonon states are evaluated. Energies, as a function of k, of 
the one-phonon states for modes vj and v4 are obtained by diagonalization 
of the 3 x 3 perturbation matrix Hf whose elements are 

H&k) = ( J i :  k J  V l f J :  k) = C eik.'n-m) <c~~,d'I FL.mjq?dJI~:~fi) (6) 
n 

and the crystal states are obtained from the appropriate eigenvectors 

The elements of the perturbation matrix for the two-phonon states (3') can be 
expressed in terms of those for states ( l ) ,  according to Craig and S~het t ino,~ 
as follows 

( f i ,gj:k,  -klVIfk,gI:k,  -k) = 6,H:,(-k)+ hjrHi(k) (8) 

In our approximation, a simplification arises in the energy calculation 
of the two-phonon combination states of the triply degenerate modes v 3  and 
v4 (f = 3,4) with the infrared inactive modes v t  and v 2  (g = 1,2), because 
the first term on the right side of (8) vanishes. Correspondingly, the crystal 
wavefunctions for the two-phonon combination states are 
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226 R. RIGHINI. P. R. SALVI AND V. SCHETTINO 

and for the two-phonon overtone 2v, and 2v4 are 

Iaf.Pf:k -k )  = CBja(k)Big(-k)IJi,fj:k, -k )  (10) 

Evaluation of the transition probability from the ground state directly 
to the crystal states (9) and (10) involves the quadratic terms in the expansion 
in the phonon coordinates qLi of the crystal dipole moment operator: 

i j  

M = Mo + 1 ML'qf + c 2' Mfm.gjqcq$J + . . . (1  1) 
n f i  n f i  mgj  

where the prime indicates that nf # mg. 

polarizability derivative a'gj and transition dipole moment (dp/dqf)4 
By expressing the second order coefficients MLA in terms of the molecular 

MLLgj = dgJT,,efi(a,u/aq ,.) (12) 

the transition matrix element to crystal states (9) assume the form 

M$ = (OlMIGPg:k, - k )  = (olqlf)(olqlg> 

x c c Biahgj 1 ML-fgJeik'Rnm (13) 
i i  n 

wheref = 3 , 4  and g = 1,2, while in the case of states (10) 

The total intensity of the two-phonon absorption is then calculated as the 
sum for all values of k of the squared modulated contributions ( I  3) or (14) 

I"((o) a 11 I MLj12h[w - - ~ g p ( k ) ]  (15) 
aQ k 

In the model adopted the two phonons are coupled directly to the electric 
field by the quadratic terms'in the electric moment. From the form (12) of 
the coefficients in the electric moment expansion this mechanism may be 
pictured as follows. When an infrared active mode is excited at a given lattice 
site charges are induced at other lattice sites: vibrations of the induced 
charges can couple to the radiation field even if the second mode is not 
infrared active. Therefore this mechanism requires the two modes be 
one infrared and the other kaman active. From the range of values of the 
polarizability derivatives it is expected that intrinsic intensity in the two 
quantum region should be of order 10-3-10-5 of the fundamentals. 
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CRYSTAL PHONON MODES 221 

RESULTS AND DISCUSSION 

The broad structure of the combination modes v 1  + v 3 ,  v 2  + v j  and v ,  + v4 
and of the overtone 2v3 are shown in Figures 1-4. The density of states in 
these two quantum regions have been calculated with the method described 
in the preceding section using the experimental values of the parameter 
(8p/dq3) ,  (dp/dq4) and al0. l*  and with an interaction radius of 30 A. The 
present calculation differs from those described in previous since 
the effect of mutual polarization of the molecular dipoles has been included 
in the intermolecular potential (5 ) .  This, as described in other  case^,^^,^ has 
the effect of shifting the crystal levels to lower energies but does not affect 
to a greater extent the dispersion curves and the densities of states. The 
estimated LO-TO splittings are in good agreement with the experimental 
values showing that most of the dispersion of these phonons comes from 
dipole-dipole interaction. 

In order to calculate the two-phonon intensities with the direct mechanism 
according to (15) the poiarizabiiity tensors for the modes v l ,  v 2  and v 3  are 
needed. By symmetry these have the form 

Only the value of the parameter a is known from  experiment^'^ to be 3.15 x 
10- c.g.s.u. To estimate the parameters b and c the intensity of the v 3  and v 2  
Raman bands in the crystal have been measured relative to that of v l .  The 
values obtained forb and c are0.5 x 10- and i .7 x 10- c.g.s.u., respectively. 
The calculated intensities are shown in Figures 1-4 in an arbitrary scale. 
It can be seen that the important features of the two-phonon spectra are 
reproduced in the calculated intensity pattern, and also in the two-phonon 
densities of states (see Refs. 1 and 3). However, we have measured the infrared 
intensity of two-phonon bands in the  infrared spectrum of the crystal. The 
intensity measurements have been done adding to SiF4 1 ”/, of sulfur hexa- 
fluoride as an internal standard. The intensity of the two-phonon bands have 
been then measured by comparison with that of the v6 fundamental of SF6 
which is well known.” From these results it is seen that the ratio lobs/Zcalc of 
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228 R .  RIGHINI. P. R .  SALVl AND V. SCHETTINO 

I I I 

1200 1160 
c In-’ 

FIGURE 1 Infrared absorption in the i t j  + if., region of crystal SiF,. a-absorption profile 
due to non-linear moments. b-absorption profile according to Fano’s theory. c-experiment. 
Scale is arbitrary; for comparison of integrated areas see text. 
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CRYSTAL PHONON MODES 229 

a 

I I I I I 
1860 1820 1780 

CVI" 

FIGURE 2 Infrared absorption in the i s1  + 11, region of crystal SiF,. a-absorption profile 
due to non-linear moments. b-absorption profile according to Fano's theory. c-experiment. 
Scale is arbitrary: for comparison of integrated areas see text. 
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230 R .  RIGHINI. P. R .  SALVI A N D  V. SCHETTINO 

I I I I I I I I 

2120 2080 2040 2000 1960 

FIGURE 3 Infrared absorption in the 2r3 region of crystal SiF,. a-absorption profile due 
to non-linear moments. b-absorption profile according to Fano’s theory. c-experiment. 
Scale is arbitrary; for comparison of integrated areas see text. 

the observed and calculated intensity for the modes v 1  + v 3 ,  2v3, v,  + v4 and 
v 2  + v 3  is 70, 100, 300 and 450, respectively. The scatter of the results of 
various experiments for the v 2  + v 3  is very large and in general the entries 
reported are average values. 

Regardless of the exactness of the above figures it must be concluded that 
the direct excitation mechanism through the nonlinear dipole moment 
accounts for only a small fraction of the observed absorption intensity. The 
main source of disagreement is most likely due to the fact that not all the 
states of interest have been considered in the manifold (3). In fact the factor 
(1 - d”,,,) prevents the two quanta from being on the same site. These states 
excluded in (3) describe the excitation of the vibrational quanta on the same 
molecule and will hereafter be identified as “molecular combination ” 
modes. Although these states are in principle two-phonon states it is more 
convenient to consider them separately from the manifold (3) for two reasons. 
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CRYSTAL PHONON MODES 23 I 

b: 

I I I I I 

1290 1250 
cm-' 

FIGURE 4 Infrared absorption in the i t 2  + i n 3  region of crystal SiF,. a-absorption profile 
due to non-linear moments. b-absorption profile according to Fano's theory. c-experiment. 
Scale is arbitrary; for comparison of integrated areas see text. The values of the Fano's param- 
eters are shown in the insert. 
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232 R. RIGHINI. P. R. SALVI AND V .  SCHETTlNO 

First, in contrast to states (3) the molecular combinations can be defined also 
in the gas phase and their energy is affected from the intramolecular an- 
harmonicity. Secondly, although in the particular cases of combination of 
two different modes the molecular combination modes are simply obtained 
from (3) by substituting the factor (1 - a,,,,,) with a,,,,, it is not always necessarily 
SO. This happens for instance in the case of the molecular overtone 2v,, 
as it can be seen from the form of the Hermite poIynomials. Molecular 
combination states are then more properly expressed as 

n 

It is understood that only the states (1 7) with k = 0 are of interest in optical 
absorption. Therefore, as far as the present experiment. is concerned, the 
molecular combination is to be considered as a sharp state which has associ- 
ated a relatively strong transition dipole moment, since these combination 
modes give prominent bands in the infrared skctrum of the gas.16 The 
infrared activity of combinational modes is assumed by the nonlinear 
terms in the dipole moment, and more exactly by the terms excluded in the 
expansion (1 1 ) by the prime on the second summation. 

From the assumed form of the crystal wavefunctions (3) and (1 7) it is seen 
that there is a harmonic coupling between the molecular combination and 
the two-phonon states and, in addition, an anharmonic coupling can be 
effective. This is a type of intermolecular Fermi resonance that will re- 
distribute the intensity of the molecular combination tones through the two- 
phonon continua. Since the two-phonon intensity due to direct mechanism is 
only a very small fraction of the total intensity it is legitimate to assume that 
the two-phonon absorption is essentially due to the molecular combination 
which is diluted into the continuum by the coupling discussed above. The 
peculiarities of the present problem are further specified by noting that the 
intramolecular anharmonicity in SiF4 is srnalll6 and therefore the molecular 
combination falls into the continuum of the two-phonon states (3) toward its 
lower frequency limit. 

A theory of configuration interaction between overlapping sharp and 
diffuse states has been developed by Fano' and has been successfully 
applied in the analysis of the electronic" and vibrational' spectra. This 
formalism is amenable for appiication to the present case. 

According to Fano we define a sharp state rp, (corresponding to our 
molecular combination) and a continuum of states rp,, corresponding to the 
two-phonon states (3), which interact through a perturbation Hamiltonian H' 
such that the perturbation matrix elements are 

(cPoIH'lcp,) = VE (1 8)  
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CRYSTAL PHONON MODES 233 

By diagonalization of the perturbation matrix, new hybrid states of the form 

(19) *E = avo + Jh€% dE 

are produced, where I a 1' and I b 1' give a measure of the mixing of the initial 
configurations. We may express the transition probability from the ground 
state t o  the perturbed states $€as a function ofthat to the unperturbed states 
pE as follows 

where E ,  is the resonance energy of the sharp state +* after perturbation, 
h/T is the mean lifetime of the discrete state 'po with respect to the decay into 
the continuum and q is a parameter such that q2r is a measure of the strength 
of the transition to $* relative to that to the states of the continuum. In 
application of (20) to the two-phonon bands in SiF, we require an intensity 
enhancement to reproduce the experimental observation, and, in addition, 
the peculiarity of the present situation is that the continuum has a structure 
and an intrinsic intensity. Although in Fano's theory the three parameters 
q, Eo and r appearing in (20) are in principle different for each state of the 
continuum, in previous applications' '-I9 it has been assumed that they vary 
very slowly in the region of interest and therefore have been assumed to be 
constant. With this assumption it is always possible to reproduce the 
integrated band intensity but, as to the band profile, this assumption gives 
a satisfactory result only for the v1 + v3 region as shown in Figure 1. In all 
other cases it is not possible to reproduce the peculiar sharp peak observed 
in the low frequency side of the two-phonon bands. It is possible to circum- 
vent this difficulty assuming that the parameters q, Eo and are not constant 
in all the region of interest. In the case of v1 + v3 and 2v3 satisfactory results 
are obtained assuming two different sets of parameters, one for a small range 
around the discrete state and another for the remaining two-phonon states. 
The results obtained are reported in Table I. Even in this approximation 
it  is not possible to obtain a satisfactory result for the v2 + v3 region, where 
the low frequency sharp peak dominates over the intensity of the continuum. 
In this case it is possible to obtain a satisfactory result only assuming that 
the parameters have a continous variation with increasing energy separation 
from the discrete state. The result is shown in Figure 4. 

On the basis of the intensity measurements and calculations described in 
the present paper it can be concluded that the states giving rise to the two- 
phonon absorption in SiF, crystal are an hybridization of molecular 
combinations and proper two-phonon states where the two quanta are 
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234 R. RIGHINI, P. R. SALVI A N D  V. SCHETTlNO 

TABLE I 

Fano's parameters in Eq. 20 for combination bands 
of crystal SiF,. 

Eo -4 -30 -12 -59 -45 
r 6 2 35 2.5 135 
Y 50 14 12 20 12 

E, and I- are in cm-I. a and b refer to parameter 
values in the vicinity and far away from the discrete 
state (see text). 

excited on different molecules. The bulk of intensity in the two-phonon regions 
derives from excitation of two quanta on a single molecule and subsequent 
stealing of intensity into the two-phonon continuum through intermolecular 
coupling. The peaks in the calculated band profiles are considerably sharper 
than observed experimentally. This is due to the assumption that the two- 
phonon states (3) are in the form of delta functions. If these states are allowed 
to have an intrinsic width the agreement would be improved. 
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