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Isotropic collision-induced light scattering by gaseous CF4
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The binary isotropic collision-induced scattering spectra of the gaseous tetrafluoromethane has been mea-
sured in absolute units in the 50–150 cm21 frequency range. Corresponding theoretical intensities taking into
account multipolar polarizabilities have been calculated in a semiclassical way. From a comparison with
experiment, the independent components of dipole-quadrupole and dipole-octupole polarizability tensors have
been estimated. They have been compared with those previously deduced from depolarized spectrum and with
recent theoreticalab initio calculations.@S1050-2947~97!02706-6#

PACS number~s!: 34.50.Gb, 33.20.Fb, 33.70.2w
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I. INTRODUCTION

Collision-induced scattering~CIS! in fluids arises from
polarizability variations caused by interactions between m
ecules@1#. For low-density fluids, interactions are binary a
CIS comes from collisional polarizabilities of the molecul
pairs. In the case of gases consisting of optically isotro
molecules, pure collision-induced depolarized spectra are
served in the vicinity of the Rayleigh line where no mon
molecular scattering is allowed@2,3#. Information on the mo-
lecular interactions may be obtained from these spectra.
the lower-frequency part of these collision-induced depo
ized spectra, the dipole-induced-dipole~DID! interaction ac-
counts for most of the observed scattering intensit
whereas, at high-frequency shifts, multipole polarizabilit
have to be taken into account and play a leading role@3#. For
isotropicmoleculesthe excess polarizability induced by in
teractions in a pair is a tensor that has two invariants:
anisotropyb(r ) and its tracea t(r ) related to the depolarize
and the isotropic CIS, respectively. From intensity measu
ments of depolarized CIS spectra, anisotropy models h
been proposed for several pairs of identical isotropic m
ecules~CH4, SF6, and CF4! @3–5#. However, up to now, no
isotropic CIS spectra have been reported for globular m
ecules and the trace of the collisional polarizability tensor
dimers involving such molecules is not available.

It is the purpose of our present work to study the isotro
CIS spectra for pairs of CF4 and to deduce information o
the molecular interactions that contribute to the trace of
collision-induced polarizability tensor for a pair of CF4 mol-
ecules. In particular, the influence of successive multipo
contributions is considered. After a presentation of the
perimental procedure and theoretical fundamentals base
semiclassical principles~which do not take into accoun
quantum effects such as overlap and exchange!, a compari-
son between experimental and theoretical results is
formed. Values for the independent components of
dipole-quadrupole and dipole-octupole polarizability tens
are obtained. Finally, we discuss the coherence of the la
results with those deduced by us earlier from the depolar
551050-2947/97/55~6!/4230~8!/$10.00
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spectrum@5# and those recently computedab initio by Ma-
roulis @6,7#.

II. EXPERIMENT

The scattered intensities have been measured at 294
using a typical scattering experimental setup described
viously @8#. We used the green line~514.5 nm! of an argon
laser to illuminate the gas sample contained in a fo
window high-pressure cell. The CF4 gas was provided by
L’Air Liquide with a purity of 99.995%. Before using this
gas for the experiment, we subjected it to thermal purifi
tion in order to eliminate traces of air, which could affect o
measurements. Densities were deduced fromPVTdata given
in Ref. @9#. The scattered radiation was collected at 9
within a solid angle of 6.2° and then detected with a lo
dark-noise bialkali photomultiplier connected to a phot
counter. In order to obtain the isotropic intensities we m
sured two types of scattering intensitiesI H(n) and I V(n),
recorded with an incident laser beam polarization para
and perpendicular, respectively, to the scattering plane~de-
fined by the laser beam and the axis of the scattered be!.
The change of laser polarization was obtained using a
plate associated with a Glan polarizer. No analyzer was u
for the scattering beam. We calculated the isotropic inten
I iso(n) using @10,11#

I iso~n!5Fd2bhn~n!

chn~n!2aG I d~n!, ~1!

where hn(n)5I H(n)/I V(n) is the observed depolarizatio
ratio and I d(n) the depolarized scattering intensity@5#. a,
b, c, andd are coefficients dependent on the collection sc
tering angleQc @11#. SinceQc was relatively small in our
experiments (Qc56.2°), we hada!chn(n) and

I iso~n!5F 1.004hn~n!
21.1695G I d~n!. ~2!
4230 © 1997 The American Physical Society
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55 4231ISOTROPIC COLLISION-INDUCED LIGHT . . .
Then, using the CF4 intensitiesI d(n) measured previously
in absolute units@5# and depolarization ratio values, the is
tropic intensities have been directly obtained in absol
units from Eq.~2!. For each experimental intensity a spect
correction was applied to take into account the change
sensitivity of our apparatus~double monochromator plus de
tector! with wavelength.

III. ISOTROPIC COLLISION-INDUCED
SCATTERING MECHANISMS

For a laser beam polarized in the scattering plane
detected with no analyzer the theoretical isotropic light sc
tering double differential cross section is given by@12#

S ]2s

]V]v D
iso

5
1

3
kiks

3 1

2p E exp~2 ivt !F00~ t !dt, ~3!

where

F00~ t !5^A0~0!(A0~ t !& ~4!

denotes the autocorrelation function of the irreducible sph
cal isotropic component of the pair polarizability tensor.
Eq. ~4! ( stands for the scalar tensor product and^ & is a
canonical average.

The pair polarizability tensorA0 splits into two parts

A05 ~M !A1DA0 , ~5!

the isotropic polarizability of two monomers(M )A0 and the
excess pair polarizability originating in intermolecular inte
actionsDA0 . The excess spherical irreducible pair polar
ability tensorDAKM can be easily calculated by standa
methods of statistical mechanics and angular-momen
theory ~see the Appendix!. In the space fixed laborator
frame it can be written in the form~the most adequate for ou
calculations!

DAKM5A4p (
j 1 , j 2 ,N
l1 ,l2

Aj 1 j 2xN
~K ! R12

2~N11!

3$YN~R12! ^ @a j 1

~1,l1!
~1! ^ a j 2

~1,l2!
~2!#x%KM , ~6!

wherea j i

(1,l i )( i ) is the irreduciblej i th rank spherical tensor o

the dipole–l i th rank multipole polarizability of a molecule
i , ^ denotes the irreducible spherical tensor product,
YN stands for the spherical harmonic function. The nonz
coefficientsAj 1 j 2NN

(0) of Eq. ~6!, up to orderR12
27, for the iso-

tropic componentDA00 of the excess interaction-induced p
larizability are assembled in the Appendix. For tetrahed
molecules, in contrast to the anisotropic scattering@5#, ef-
fects arising from nonlinear polarization in the strong ele
tromagnetic field, up to orderR12

27, do not contribute to the
isotropic pair polarizability.

When considering radiation scattered by low-density g
eous systems with almost spherical CF4 potential, it is gen-
erally justified to assume that the molecules of the scatte
volume are radially correlated but orientationally uncor
lated. Then, using Eqs.~4! and ~6! and isotropically averag
e
l
in

d
t-

i-

-

m

d
o

l

-

-

g
-

ing over the initial orientations of molecules 1@V1(0)# and
2 @V2(0)# as well as over the initial orientationV12(0) of
the intermolecular vector forF00(t) we obtain

F00~ t !5 (
j 1 , j 2 ,N
l1 ,l2

3

~2 j 111!~2 j 211!

3uAj 1 j 2NN
~0! u2~ ã j 1

~1,l1!
(ã j 1

~1,l1!
!

3~ ã j 2

~1,l2!
(ã j 2

~1,l2!
!SN~ t !Rj 1

~ t !Rj 2
~ t !, ~7!

where@5#

SN~ t !5^D00
N
„dV12~ t !…R12~0!2~N11!R12~ t !

2~N11!&, ~8!

Rj~ t !5^Dnn
j
„dV~ t !…&, ~9!

with Dmn
j (V) standing for the Wigner matrix@13# and

dV(t) and dV12(t) denoting the reorientational angles
time t of the molecule and intermolecular vector, respe
tively. The tilde denotes the multipolar polarizability tens
in the frame of the principal axes of a molecule. From E
~7! it results that knowledge of the pair polarizability expa
sion coefficientsAj 1 j 2NN

(0) and molecular frame multipolar po

larizability irreducible spherical components enables us
calculate the spectral line shape of the isotropic part of
scattered radiation. The isotropic light scattering correlat
functions resulting from Eq.~7! for successive multipolar
induction operators are assembled in Table I.

When using spherical top wave functions for the evalu
tion of transition matrix elements, the Fourier transform
Rj 1

(t)Rj 2
(t) has the form@14#

Ft@Rj 1
~ t !Rj 2

~ t !#5
~2J111!~2J211!~2J1811!~2J2811!

Z1Z2

3expF2
~EJ1

1EJ2
!

kBT
Gd~v2vJ1J2J18J28

!,

~10!

where

vJ1J2J18J28
52@J18~J1811!1J28~J2811!

2J1~J111!2J2~J211!#B. ~11!

TABLE I. Isotropic light scattering correlation function
F00(t) for successive multipolar induction operators.

Mechanisms F00(t)

aTaTa 48a6S0(t)
aTA 160

7 a2A2S3(t)R0(t)R3(t)
aTE 224

9 a2E2S4(t)R0(t)R4(t)
ATA 1408

189A
4S4(t)R3(t)R3(t)

ATE 416
21A

2E2S5(t)R3(t)R4(t)
ETE 55

3E
4S6(t)R4(t)R4(t)
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4232 55ELLIASMINE, GODET, Le DUFF, AND BANCEWICZ
B is the rotational constant andZi denotes the rotationa
partition function. The selection rules have the form

DJ150,61,62,...,6 j 1 , J11J18> j 1 ~12!

DJ250,61,62,...,6 j 2 , J21J28> j 2 . ~13!

We calculate the rotational stick spectrum of each mu
polar mechanism using Eqs.~10!–~13!. The successive ligh
scattering contributions are then obtained by convolut
each stick spectrum with the corresponding translational o
These contributions are not very sensitive to the profile
the translational spectral component, which mainly serve
fill in the intensity between the sticks@15# and to provide an
absolute spectrum. Therefore, following the procedure
we have previously employed@5#, we simply make use of the
Birnbaum-Cohen~BC! formula @16# in order to model the
translational parts involved. This implies the computation
translational spectral moments for a given intermolecular
tential. Several CF4 potentials are available. Lennard-Jon
@17–19# and Kihara@18# potentials have been tested in th
work. In addition, for the BC formula different choices o
moments may be done: either the classical zero-, seco
and fourth-order translational spectral moments@20,21# or
semiclassical moments of zeroth, first, and second order@22#.
However, as expected for a relatively large molecule such
CF4, the quantum corrections to the zero- and second-o
moments are less than 1% whatever the multipolar mec
nisms and the used potential interactions are; we have fo
that the CF4 Birnbaum-Cohen spectral profiles do not diff
significantly for both methods~classical and semiclassica!
and these will be treated in what follows without distinctio

IV. RESULTS AND DISCUSSION

We measured theI H(n) and I V(n) intensities that are
scattered by the gaseous CF4 up to 340 cm21, in the 2–105
amagat density range and at 294.5 K. A typicalI H(n) spec-
trum obtained at 20.3 amagat is shown in Fig. 1. It exhib
two weak bands at about 200 and 280 cm21, which may be
attributed to combinations between fundamental vibratio
frequencies@23#. For several frequency shifts we have plo
ted the ratiosI H(n)/r and I V(n)/r versus the densityr as
shown in Fig. 2 for I V(n)/r at n520, 30, 40, 110, and
130 cm21. Except for the low frequencies, for which a neg
tive contribution due to the three-body processes appea
high pressures~for frequencies below 20 cm21 and pressures
above 40 amagat!, it is clear thatI V (n,150 cm21) is pro-
portional tor2 @this behavior had also been observed pre
ously for the I H (n,150 cm21) values @5##. From these
curves, we have deduced the pair contributionsI V

p(n) and
I H
p (n) to the scattered intensitiesI V(n) and I H(n) and de-
duced the pair depolarization ratiohp(n)5I H

p (n)/I V
p(n),

given in Fig. 3 up to 150 cm21. We do not providehp(n)
beyond 150 cm21 since in the frequency range of the tw
Raman bands, namely, at'200 and'280 cm21, the spec-
tral intensities vary linearly with the gas density and the
fore are not of collision-induced nature~the depolarization
ratio of these two bands are' 6

7!. On the contrary, below
150 cm21, the intensities are completely induced by molec
lar interactions and the depolarization ratio acquires a
-
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creasing tendency with frequency, from67 ~which is the ex-
pected depolarization ratio of a completely depolariz
spectrum! to less than'0.4. This is in conformity with the
following ascertainments: ~i! the weakness of the DID iso
tropic light scattering mechanism, for which the isotrop
part of the first-order DID,aTa mechanism is zero and
therefore the correspondingh is 6

7 ~it is noteworthy that the
isotropic part of the second-order DID,aTaTa mechanism
is relatively weak and alone yields a depolarization ratioh
5 2

9'0.22!, and~ii ! the leading role, with increasingn, of the
dipole-multipole mechanisms such as the dipole-quadrup
~aTA! and the dipole-octupole~aTE! mechanisms, for
which the depolarization ratios are923'0.39 and22

63'0.35,
respectively@24#.

Having provided the functionhp(n) and the pair depolar-
ized absolute intensitiesI d(n), pair isotropic absolute inten
sities can be deduced from Eq.~2!. We report them in Fig. 4
together with error bars. The uncertainties are generally s
stantial, especially for the lowest and highest frequenc
studied. This is mostly due to the fact that the isotropic sp
trum is deduced by the substraction of two quantities clos
each other ashp(n) goes to the value67 at low frequencies
and relatively weak ashp(n) goes to'0.4 at high frequen-
cies. Thus the intensities indicated by squares in Fig. 4~for
frequencies below 40 cm21! represent estimations rather tha
real measurements. Nevertheless, the pair isotropic inte
ties have been measured within satisfactory accuracy in
50–150 cm21 frequency range and may be compared w
theoretical models. In the same Fig. 4, we report the theo
ical aTaTa ~second-order DID!, aTA @dipole-induced-
quadrupole~DIQ!#, aTE @dipole-induced-octupole~DIO!#,
and ATA1ATE1ETE contributions to the isotropic spec
trum for the polarizability valuea52.93 Å3 ~extrapolated at
514.5 nm from the data provided in Ref.@25#!, a 12-6
Lennard-Jones potential@17#, and the following choice of

FIG. 1. Experimental depolarized intensitiesI H(n) in absolute
units (cm6) for the Stokes scattering of CF4 gas versus frequency
shifts in cm21 at 20.3 amagat and 294.5 K.
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55 4233ISOTROPIC COLLISION-INDUCED LIGHT . . .
independent componentsA andE of the corresponding mul
tipolar polarizability tensors: uAu50.7 Å4 and uEu
52.5 Å5. These values give the best fit between the exp
mental and theoretical spectra. We found similar results
the other quoted Lennard-Jones and Kihara poten
@18,19#. Considering the error bars and the mutual comp
tion of the aTA and aTE contributions, it is nonetheles
obvious that the latter choice ofuAu anduEu is not unique. On
the other hand, we have calculated themaximumvalues of
uAu and uEu resulting from the CIS isotropic spectrum. W
defineAmax as the maximum value ofuAu for which theaTA
contribution alone ~without any contribution from DID or
aTE mechanisms! remains lower than or equal to the upp

FIG. 2. Experimental polarized intensitiesI V(n) ~arbitrary units!
divided by densityr versusr in amagat units for several frequenc
shifts: ~a! 20, 30, and 40 cm21 and ~b! 110 and 130 cm21.
i-
r
ls
i-

error-bar limits of the experimental spectrum whatever
frequency is. A similar procedure is followed in order
determineEmax. Moreover, assuming that the multipola
mechanisms are predominant in the 50–150 cm21 frequency
range, an approximate estimation of the correspond

FIG. 3. Experimental pair depolarization ratiohp5I H
p /I V

p versus
frequency shifts in cm21 for the two-body CIS of gaseous CF4 at
294.5 K.

FIG. 4. Two-bodyisotropic scattering spectrum for CF4 gas at
294.5 K. The full circles~d! indicate our experimental data wit
error bars; squares~h! are estimated data. Theoretical curves a
provided for several contributions usinga52.93 Å3, A50.7 Å4,
andE52.5 Å5: DID ~---!, aTA ~— - —!, aTE ~— - - —!, ATA
1ATE1ETE ~——!, as well as total theoretical intensities~——!.
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4234 55ELLIASMINE, GODET, Le DUFF, AND BANCEWICZ
minima is possible. For example, we setuEu5Emax and take
Amin as the largest value ofuAu for which thetotal theoretical
spectrum remains lower than or equal to the upper error
limits of the experimental spectrum for any frequency. W
repeat this procedure forEmin . The intervals@Amin , Amax#
and @Emin , Emax# are provided in Table II first for the cited
Lennard-Jones potentials@17–19# and then for the Kihara
potential @18#, which gives slightly different results. The
can be compared with those deduced in a similar manne@5#
from the study of the experimental depolarized spectrum
well as with the fitted values of a previous measuremen
the CF4 depolarized spectrum@26#. Also in Table II we have

FIG. 5. Two-bodydepolarizedscattering spectrum for CF4 gas
at 294.5 K. The full circles~d! indicate experimental data@5# with
error bars. Theoretical curves are provided for several contribut
using a52.93 Å3, A51 Å4, and E51.5 Å5: DID ~---!, aTA
~— - —!, aTE ~— - - —!, ATA1ATE1ETE ~——!, as well as
total theoretical intensities~——!.

TABLE II. Theoretical and experimental fitted values of th
independent componentsuAu and uEu of the dipole-quadrupole and
dipole-octupole polarizability tensors, respectively, for the C4
molecule. The intermolecular potentials used for the calculati
are either 12-6 Lennard-Jones~LJ! or Kihara potentials.

Method Potential uAu (Å 4) uEu (Å 5) Reference

Theory
bond model 2.2 3.5 @3#

ab initio 0.97 1.15 @6, 7#

Experiment
depolarized CIS LJ@17# 2.2 2.2 @26#
depolarized CIS LJ@17# 0.5–1.7 2.5–4.3 @5#

depolarized CIS Kihara@18# 0.4–1.4 1.4–3.3 this work
isotropic CIS LJ@17–19# 0.5–1.2 1.0–3.5 this work
isotropic CIS Kihara@18# 0.3–1.0 1.0–2.5 this work
ar

s
f
reported the theoretical values deduced from the rough b
polarizability model@3,27# and those recently calculatedab
initio by Maroulis ~i.e., his ‘‘best or recommended’’ SCF
values taking into account electron correlation correctio!
@6,7#. The two intervals ofuAu values deduced from our de
polarized and our isotropic data partly overlap with ea
other for both types of potentials~Lennard-Jones or Kihara!.
This is also the case for two corresponding intervals of
uEu values. We may note that the ‘‘best fit’’ of the CIS iso
tropic spectrum shown in Fig. 4 is obtained for values th
are within the intervals deduced from our depolarized sp
trum @5#. Also, theA50.97 Å4, computed by Maroulis, be
longs to the two intervals@Amin , Amax# obtained from depo-
larized and isotropic spectra, respectively. When t
Maroulis value is assumed forA, our best choice for both the
calculated depolarized and isotropic spectra correspon
uEu51.560.5 Å5, as shown in Figs. 5 and 6 for th
Lennard-Jones potential given in@17#. The result is nearly
the same as the Kihara potential for which we obtainuEu
51.060.5 Å5. These values are coherent with the oneE
521.15 Å5) computedab initio by Maroulis, although he
provides static values for the polarizabilities@6,7#, whereas
in our study dynamic ones would be preferable. Finally, M
roulis’s A and E are coherent with our isotropic spectru
~Fig. 6! as well as with our depolarized one~Fig. 5!. How-
ever, with the valuesuAu51 Å4 and uEu51.5 Å5, we ob-
serve in Figs. 5 and 6 that the highest-frequency theoret
intensities are smaller than the experimental ones, for
depolarized spectrum for frequencies beyond 50 cm21 and
for the isotropic one beyond 120 cm21. In our opinion this
may be, at least partly, due to two sources of incertitude

s

s

FIG. 6. Two-bodyisotropic scattering spectrum for CF4 gas at
294.5 K. The full circles~d! indicate our experimental data wit
error bars; squares~h! are estimated data. Theoretical curves a
provided for several contributions usinga52.93 Å3, A51 Å4, and
E51.5 Å5: DID ~---!, aTA ~— - —!, aTE ~— - - —!, ATA
1ATE1ETE ~——!, as well as total theoretical intensities~——!.
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55 4235ISOTROPIC COLLISION-INDUCED LIGHT . . .
our theoretical spectra:~i! short-range effects~such as
overlap and exchange processes, molecular distortion, an
spatial charge distribution of the non-point-like CF4 mol-
ecule!, which should be superimposed to the classical D
and dipole-multipole mechanisms and contribute especi
to the high-frequency spectrum of each contribution@28#,
and~ii ! the overall simplicity of the Lennard-Jones or Kiha
potentials used in our calculations.

For CF4, the numerical details of short-range contrib
tions are not as yet available. In particular, the influence
the short-range effects on the pure translational contribut
to the CIS spectra is not known. In our model, we take i
account only the classical DID mechanism. However,
shown in Figs. 4–6, the DID contribution to the trace is we
even in the low-frequency range of theisotropic spectrum.
Figure 5 shows that for the depolarized scattering the D
contribution plays the leading role below 50 cm21 with good
agreement between theory and experiment~except in the
0–15 cm21 frequency range where the contribution of bou
and metastable dimers is not considered@5#!. Nevertheless,
there is no indication that this DID model for the depolariz
spectrum is still a good description of the pure translatio
contribution beyond 50 cm21, where the dipole-multipole
mechanisms become predominant. A significant increas
the computed pure translational intensities due to short-ra
effects in the 50–120 cm21 frequency range would affect th
‘‘depolarized spectrum fit’’ of theuAu and uEu values~see
Fig. 5!. It is the reason why the measurements of the dipo
quadrupole and dipole-octupole polarizabilities of
Td-symmetry molecule such as CH4 or CF4 found through a
comparison of a single depolarized CIS spectrum with
periment are uncertain. In contrast, Figs. 4 and 6 show
the pure translational part of the isotropic spectrum is v
small and cannot perturb the ‘‘isotropic spectrum fit’’ of th
dipole-multipole tensor components. Therefore, despite
larger uncertainties, the isotropic spectrum is the m
adapted to obtain theuAu value and to estimate theuEu one.

V. CONCLUSION

Previously, absolute unit CIS isotropic spectra for atom
rare gas homonuclear diatoms@29,11#, and hydrogen and
deuterium@30,28,31# have been reported. Here the trace
nary CIS spectrum of optically isotropic molecules—in th
case, of gaseous CF4—has been measured in absolute un
in the 50–150 cm21 frequency range. We have shown th
this very weak spectrum may be calculated theoretic
mainly as a result of two dipole-multipole mechanism
namely, the dipole-quadrupoleaTA and the dipole-octupole
aTE mechanisms. A comparison with previous measu
ments of the depolarized CIS spectrum of CF4 @5# has been
performed. We obtain the following ranges forA andE val-
ues: uAu50.5–1.2 Å4 and uEu51.0–3.5 Å5. Theab initio
computedA value of Maroulis@6,7# (A50.97 Å4) is coher-
ent with all our data. When this value is used forA, the
maximum uEu value that can be assigned for both depol
ized and isotropic spectra isuEu'1.560.5 Å5, whereas Ma-
roulis computedE521.15 Å5. This shows that for CF4 the
most recent values ofA andE computedab initio @6,7# are
compatible with both isotropic~this work! and depolarized
CIS data@5#. However, with theseA andE values, the the-
/or
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oretical intensities referring to the highest frequencies lie
low the experimental ones~beyond 50 and 120 cm21 for de-
polarized and isotropic spectra, respectively!. This behavior
may be in part due to some short-range contributions that
not yet known in the case of CF4 ~such as exchange an
overlap effects, molecular frame distortion, and/or spa
charge distribution of the non-point-like molecule! and are
neglected in our model. The resulting doubt on the stro
pure translational contribution to thedepolarizedspectrum
cast a shadow on the accuracy of the ‘‘depolarized spect
fit’’ of the uAu anduEu values made in previous works@26,5#.
On the contrary, the weakness of the trace translational c
ponent implies that theaTA ~DIQ! andaTE ~DIO! mecha-
nisms play the leading role in the isotropic spectrum and
isotropic spectrum fit of theuAu and uEu values can be con
sidered as reliable below 120 cm21 if we assume that~i! the
rotational stick spectrum is mostly responsible for the sp
tral profiles of the latter mechanisms@15# and ~ii ! the abso-
lute intensities of these dipole-multipole contributions a
mainly classical in the case of CF4 and are not significantly
affected by the choice of the available potentials, as we h
observed. In conclusion, the isotropic CIS spectrum is a g
tool of investigation to measure the CF4 dipole-multipole
independent components. The agreement between the
roulis ab initio computations and the theoretical analys
made here encourages further isotropic CIS studies on o
optically isotropic molecules.
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APPENDIX

We consider the interaction energy of two perturbed m
ecules in the form@32#

U5 (
l1 ,l2

S 2l11 l2

~2l 1!! ~2l 2!!
D 1/2 XN

Xl2

3$@Ql1
~1! ^TN~R12!# l2(Ql2

~2!%, ~A1!

where N5 l 11 l 2, Xa,b . . . f5@(2a11)(2b11) . . . (2f
11)#1/2, Ql1

( i ) denotes thel i th-order spherical multipole

moment of moleculei , andTN(R12) denotes the spherica
interaction tensor

TN~R12!5~21!NS ~2N!!

2N D 1/2A 4p

2N11
R12

2~N11!YN~R̂12!.

~A2!

The multipole moment of a perturbed moleculei can be
written as the expansion@33#

Qk1

n1~ i !5Qk1

n1~ i ,0!1 (
k2 ,n2

āk1k2

n1n2~ i ,0!Vk2

n2*1••• , ~A3!
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whereQki

n1( i ,0) andāk1k2

n1n2( i ,0) denote, respectively, the mu

tipole moment and symmetrized spherical reduci
k1th-k2th-order multipole polarizability of an unperturbe
molecule i and Vk stands for thekth-order regular solid
spherical harmonic. The symbol 0 indicates here the mu
pole moment and the polarizability of an unperturbed~iso-
lated! molecule. Further on, to simplify notation, we drop th
0.

Using Eqs.~A1! and~A3!, we calculate the excess redu
ible dipolar pair polarizability tensor as the derivative

DA11
m1m252 S ]2U

]V1
m1* ]V1

m2* D
V→0

~A4!

and, consequently, taking into account the multipolar con
butions in Eq.~A3!, we have

DA11
m1m252 (

l1 ,l2
S 2l11 l2

~2l 1!! ~2l 2!!
D 1/2 XN

Xl2

3 (
a,b,g

$~21!aCl1bNg
l2a

3@ā l11
bm1~1!TNg~R12!ā l21

2am2~2!

1ā l11
bm2~1!TNg~R12!ā l21

2am1~2!#%, ~A5!

whereCaabb
cg is the Clebsch-Gordan coefficient@13#. With

the notation used elsewhere this Clebsch-Gordan coeffic
compares asCaabb

cg [C(abc;abg).
All polarizability tensors in Eqs.~A3!–~A5! are reducible

under the three-dimensional rotation group. Irreducible t
sors may be constructed from them by the standard coup
method

ā l11
bm15 (

j 1 ,f
Cl1b1m1

j 1f a j 1f
~1l1! , ~A6!

ā l21
2am25 (

j 2 ,h
Cl22a1m2

j 2h a j 2h
~1l2! , ~A7!

DAKM
~1,1!5 (

m1 ,m2

C1m11m2

KM DA11
m1m2. ~A8!

The sum of four Clebsch-Gordan coefficients of Eq.~A5!
reduces to@13#

(
a,b

m1 ,m2

~21!aCl1bNg
l2a Cl1b1m1

j 1f Cl22a1m2

j 2h C1m11m2

KM

5~21! j 11 j 21L1N1 l2Xj 1 j 2l2

3(
x,j

XxCj 1f j 2h
x2j Cx2jNg

KM H j 11
l 1

j 2
1
l 2

x
K
N
J . ~A9!

In the absence of magnetic effects the wave functions use
calculating the multipolar molecular polarizabilities can
e

i-

i-

nt

-
g

in

chosen to be real@32#. This implies the symmetry relation
a j n

(k1k2)5a j n

(k2k1) and a sumj n1k11k2 to be even. Finally,

for the excess interaction-induced irreducible spherical m
tipole pair polarizability tensor we have

DAKM52 (
j 1 , j 2 ,x
l1 ,l2

~21! j 11NS 2N

~2l 1!! ~2l 2!!
D 1/2

3Xj 1 j 2NxH j 11
l 1

j 2
1
l 2

x
K
N
J $TN~R12!

^ @a j 1

~1l1!
~1! ^ a j 2

~1l2!
~2!#x%KM . ~A10!

Our derivation applies to static pair polarizability. W
note, however, that the dynamic pair polarizabilityDAKM
formula derived by us previously@34# for nonabsorbing me-
dia has the same structure as Eq.~A10!. Both pair polariz-
ability formulas differ only by the fact that in the dynam
pair polarizability the dynamicmolecularmultipolar polariz-
abilities stand in place of the static ones of Eq.~A10!.

By Eqs. ~A10! and ~A2! the excess interaction-induce
pair polarizability in the space-fixed laboratory frame can
written in the form

DAKM5A4p (
j 1 , j 2 ,N
l1 ,l2

Aj 1 j 2xN
~K ! R12

2~N11!

3$YN~R12! ^ @a j 1

~1,l1!
~1! ^ a j 2

~1,l2!
~2!#x%KM .

~A11!

The transformation

a j 1m1

~1,l1!
~ i !5(

m18
D
m1m18

j 1* ~V i !ã j 1m18

~1,l1!
~ i ! ~A12!

defines the multipolar polarizability angular dependence
the laboratory frame. Within theR12

27 range the following
irreducible spherical components of molecular frame mu
pole polarizability are active in the description o
DAKM : ~a! dipole-dipole, ã00

(1,1)52)a; ~b! dipole-
quadrupole,ã362

(1,2)56 i&A; and ~c! dipole-octopole,ã40
(1,3)

5(A7/2)E and ã464
(1,3)5(A10/4)E. For the isotropic compo-

nent of the excess pair polarizabilityDA00 the nonzero coef-
ficients of Eq. ~6! for the successive light scatterin
mechanisms have the following forms:aTA, A3033

(0)

52A0333
(0) 52 2

3A15; aTE, A4044
(0) 5A0444

(0) 5 4
3A7; ATA, A3344

(0)

52 2
3A154/3; ATE, A4355

(0) 52A3455
(0) 52A13; and ETE,

A4466
(0) 5A165.
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