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Isotropic collision-induced light scattering by gaseous Cf
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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 chirequency 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 theoreticadb initio calculations[S1050-294®7)02706-9

PACS numbe(s): 34.50.Gb, 33.20.Fb, 33.76w

I. INTRODUCTION spectrum[5] and those recently computed initio by Ma-

Collision-induced scatteringClS) in fluids arises from roulis [6,7].

polarizability variations caused by interactions between mol-
eculed1]. For low-density fluids, interactions are binary and Il. EXPERIMENT

CIS comes from collisional polarizabilities of the molecular . .
P The scattered intensities have been measured at 294.5 K

pairs. In the case of gases consisting of optically isotropic sing a tvpical scattering experimental setup described pre-
molecules, pure collision-induced depolarized spectra are ob- gabp g exp P P

served in the vicinity of the Rayleigh line where no mono- viously [8]. We used the green lin&14.5 nm of an argon

molecular scattering is allowd@,3]. Information on the m laser to illuminate the gas sample contained in a four-
olecular scattering IS aflo 2l Information on th€ mo- iy high-pressure cell. The ¢CRas was provided by

lecular interactions may be obtained frqm these spectra. Fqr i, Liquide with a purity of 99.995%. Before using this
the lower-frequency part of these collision-induced depolary, for the experiment, we subjected it to thermal purifica-
ized spectra, the dipole-induced-dipg2/D) mtgract_lon aC-  tion in order to eliminate traces of air, which could affect our
counts for most of the observed scattering intensitiesyeasurements. Densities were deduced fRMT data given
whereas, at high-frequency shifts, multipole polarizabilitiesijy Ref. [9]. The scattered radiation was collected at 90°
have to be taken into account and play a leading[@)eFor  within a solid angle of 6.2° and then detected with a low
isotropic moleculesthe excess polarizability induced by in- dark-noise bialkali photomultiplier connected to a photon
teractions in a pair is a tensor that has two invariants: itgounter. In order to obtain the isotropic intensities we mea-
anisotropyB(r) and its tracex,(r) related to the depolarized sured two types of scattering intensitigg(v) and I(v),
and the isotropic CIS, respectively. From intensity measurerecorded with an incident laser beam polarization parallel
ments of depolarized CIS spectra, anisotropy models havand perpendicular, respectively, to the scattering plaee
been proposed for several pairs of identical isotropic molfined by the laser beam and the axis of the scattered beam
ecules(CH,, SF;, and CR) [3-5]. However, up to now, no The change of laser polarization was obtained using a half
isotropic CIS spectra have been reported for globular molplate associated with a Glan polarizer. No analyzer was used
ecules and the trace of the collisional polarizability tensor offor the scattering beam. We calculated the isotropic intensity
dimers involving such molecules is not available. liso(¥) using[10,17]

It is the purpose of our present work to study the isotropic
CIS spectra for pairs of GFand to deduce information on
the molecular interactions that contribute to the trace of the liso( V)=
collision-induced polarizability tensor for a pair of £fol-
ecules. In particular, the influence of successive multipolar
contributions is considered. After a presentation of the exwhere »,(v)=14(v)/l\y(v) is the observed depolarization
perimental procedure and theoretical fundamentals based @gtio andl,(») the depolarized scattering intensity]. a,
semiclassical principleswhich do not take into account p, ¢, andd are coefficients dependent on the collection scat-
quantum effects such as overlap and exchgrge&ompari-  tering angle®, [11]. Since®, was relatively small in our
son between experimental and theoretical results is pegxperiments @ .=6.2°), we hada<cz,(») and
formed. Values for the independent components of the
dipole-quadrupole and dipole-octupole polarizability tensors
are obtained. Finally, we discuss the coherence of the latter
results with those deduced by us earlier from the depolarized
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Then, using the CFRintensitiesl 4(») measured previously TABLE I. Isotropic light scattering correlation functions

in absolute unit$5] and depolarization ratio values, the iso- Foo(t) for successive multipolar induction operators.

tropic intensities have been directly obtained in absolute

units from Eq.(2). For each experimental intensity a spectralMechanisms Foolt)

correction was applied to take into account the change in

e TaT 48a5S(t
sensitivity of our apparatuglouble monochromator plus de- oo 160 242  Solt)
tectop with onath aTA La?AZS,(1) Ry(t) Ry(t)
ecton with wavelengin. aTE %‘aZEZS‘,(t)RO(t)Rll(t)
ATA LREAYS, (1) Ra(t) Ry(t
lll. ISOTROPIC COLLISION-INDUCED o ORAORs(1)
SCATTERING MECHANISMS ATE 2 B S(DR(UR()
ETE FE*Ss(t)Ra(t)R4(1)

For a laser beam polarized in the scattering plane and
detected with no analyzer the theoretical isotropic light scat-

tering double differential cross section is given [4y2] ing over the initial orientations of molecules{2,(0)] and
2[Q5(0)] as well as over the initial orientatio,(0) of

the intermolecular vector fofyo(t) we obtain

( 6?20'> 151 .
iso_§ kikSEJ exp(—iwt)Foy(t)dt, (3)

N dw 3
Foo(t)= - .
where ool 1) jlg,N (2j1+1)(2j,+1)
11,05
Foo(t) =(Ao(0)OA(1)) (4) ~(Lly) ~~(1)
e enctonof e edoci e A 07 )
denotes the autocorrelation function of the irreducible spheri-
cal isotropic component of the pair polarizability tensor. In x('&}l"z’Q’&;l"z))SN(t)le(t)Rjz(t), (7)
Eq. (4) © stands for the scalar tensor product gndis a 2 2
canonical average.
The pair polarizability tensof splits into two parts where[5]
o= A+ AA, ®5) Sn(D)=(Dgo(8Q1(1))R1(0) " N URp(1)~NFY), (8)

the isotropic polarizability of two monomerg)A, and the Rj(t):<DLn(5Q(t))>, 9)

excess pair polarizability originating in intermolecular inter-

actionsAA,. The excess spherical irreducible pair polariz- ;i Dj}nn(ﬂ) standing for the Wigner matri¥13] and
ability tensorAA,_(M' can be eaglly calculated by standard 5Q(t) and 6Q4,(t) denoting the reorientational angles at
methods of statistical mechanics and angular-momentuma t of the molecule and intermolecular vector, respec-

theory (see the Appendix In the space fixed laboratory e, The tilde denotes the multipolar polarizability tensor
frame it can be written in the foritthe most adequate for our the frame of the principal axes of a molecule. From Eq.
calculations (7) it results that knowledge of the pair polarizability expan-
sion coefficientsﬁxj(‘l’j)2NN and molecular frame multipolar po-
—(N+1)

AAw=\4m > " AflKj)szRlz larizability irreducible spherical components enables us to
'1|1’2,2 calculate the spectral line shape of the isotropic part of the
scattered radiation. The isotropic light scattering correlation
><{YN(R12)®[aEi"1)(1)®a}i"z)(Z)]x}KM, (6)  functions resulting from Eq(7) for successive multipolar
induction operators are assembled in Table I.
When using spherical top wave functions for the evalua-

tion of transition matrix elements, the Fourier transform of
the dipole;th rank multipole polarizability of a molecule R;,(t)R; (t) has the forn{14]
1 2

i, ® denotes the irreducible spherical tensor product, and
Yy stands for the spherical harmonic function. The nonzero (23,4 1)(23,+ 1)(23]+1)(23,+1)
coefficientsAJ(fl’j)2NN of Eq. (6), up to orderR;,, for the iso- FIR (DR (H)]= ! 2 == ! 2
tropic componenfA Ay, of the excess interaction-induced po- 172
larizability are assembled in the Appendix. For tetrahedral (EJljL EJZ)
molecules, in contrast to the anisotropic scattefiffj ef- Xexg — T
fects arising from nonlinear polarization in the strong elec- B
tromagnetic field, up to ordeR;,’, do not contribute to the (10
isotropic pair polarizability.

When considering radiation scattered by low-density gaswhere
eous systems with almost spherical Giotential, it is gen-
erally justified to assume that the molecules of the scattering ®3,3,313,= —[J1(31+1)+35(35+1)
volume are radially correlated but orientationally uncorre-
lated. Then, using Eq$4) and (6) and isotropically averag- —=J1(J;+1)=J5(J,+1)]B. (11

whereaf_l"i)(i) is the irreduciblg;th rank spherical tensor of

o(w— leJZJiJé)a
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B is the rotational constant and, denotes the rotational

partition function. The selection rules have the form 1073+

CF,

AJ,=0,£1,%2,....%],, N+Ii=|, (12

20.3 amagat
AJ,=0,x1,%2,... %5, Jo+J1=],. (13

[
(=]
w
L

We calculate the rotational stick spectrum of each multi-
polar mechanism using Eq&L0)—(13). The successive light
scattering contributions are then obtained by convoluting
each stick spectrum with the corresponding translational one.
These contributions are not very sensitive to the profile of
the translational spectral component, which mainly serves to
fill in the intensity between the stick45] and to provide an + H,
absolute spectrum. Therefore, following the procedure that
we have previously employd8], we simply make use of the .
Birnbaum-Cohen(BC) formula [16] in order to model the
translational parts involved. This implies the computation of
translational spectral moments for a given intermolecular po- 10° T - - T T
tential. Several CFpotentials are available. Lennard-Jones 0 60 120 180 240 300
[17-19 and Kihara[18] potentials have been tested in this Frequency (cm™ )
work. In addition, for the BC formula different choices of
moments may be done: either the classical zero-, second-
and _fourth-order translational Spe_ctral momef8,21 or units (cnf) for the Stokes scattering of Gigas versus frequency
semiclassical moments of zeroth,. first, and second ¢&#&r shifts in cni® at 20.3 amagat and 294.5 K.

However, as expected for a relatively large molecule such as

CF,, the quantum corrections to the zero- and second-ordefreasing tendency with frequency, frofnwhich is the ex-
moments are less than 1% whatever the multipolar mechgyected depolarization ratio of a completely depolarized
nisms and the used potential interactions are; we have founghectrun to less thar~0.4. This is in conformity with the
that the Clz Birnbaum-Cohen spectral profiles do not differ fo|lowing ascertainments: (i) the weakness of the DID iso-
significantly for both methods¢classical and semiclassi¢al tropic light scattering mechanism, for which the isotropic
and these will be treated in what follows without distinction. part of the first-order DID,CYTCY mechanism is zero and
therefore the correspondingis ¢ (it is noteworthy that the
IV. RESULTS AND DISCUSSION isotropic part of the second-order DITaTa mechanism

. . is relatively weak and alone yields a depolarization ragio
We measured the,(v) and Iy(v) intensities that are  _z_q 55 "and(ii) the leading role, with increasing of the
scattered by the gaseous Qip to 340 cm?,

. if‘ the 2-105 dipole-multipole mechanisms such as the dipole-quadrupole
amagat density range and at 294.5 K. A typitig{v) spec- (aTA) and the dipole-octupole aTE) mechanisms, for

trum obtained at 20.3 amagat is shown in Fig. 1. It exhibits,hich the depolarization ratios am~0.39 andZ~0.35
two weak bands at about 200 and 280 ¢which may be respectively[24]. * ’

attributed to combinations between fundamental vibrational Having provided the function(») and the pair depolar-
frequencieg23]. For several frequency shifts we have plot- i, apsolute intensitieis( ), pair isotropic absolute inten-

ted the ratiod y(v)/p andl\(v)/p versus the density 8 gjties can be deduced from E@). We report them in Fig. 4
shown n Fig. 2 forly(v)/p at »=20, 30, 40, 110, and (qgether with error bars. The uncertainties are generally sub-
130 cm". Except for the low frequencies, for which a nega- gianiial, especially for the lowest and highest frequencies
tive contribution due to the three-body processes appears gfgied. This is mostly due to the fact that the isotropic spec-
high pressure¢for frequencies below 20 cm anglpr_essures trum is deduced by the substraction of two quantities close to
above 40 amagatit is clear thatly (v<<150 cm™) is pro-  each other agP(v) goes to the valug at low frequencies
portional top? [this behavior had also been observed previ-gng relatively weak agP(v) goes to~0.4 at high frequen-
ously for thely (»<150cm™) values[S]]. From these jes. Thus the intensities indicated by squares in Figjor
curves, we have deduced the pair contributiohér) and  frequencies below 40 ch) represent estimations rather than
Ih(v) to the scattered intensitidg(») andly(») and de-  real measurements. Nevertheless, the pair isotropic intensi-
duced the pair depolarization ratigP(v)=I1p(»)/1{(v), ties have been measured within satisfactory accuracy in the
given in Fig. 3 up to 150 cm". We do not providen®(v)  50-150 cm*® frequency range and may be compared with
beyond 150 cm! since in the frequency range of the two theoretical models. In the same Fig. 4, we report the theoret-
Raman bands, namely, at200 and~280 cni?, the spec- ical aTaTa (second-order DIR «TA [dipole-induced-

tral intensities vary linearly with the gas density and there-quadrupole(DIQ)], aTE [dipole-induced-octupoléDIO)],

fore are not of collision-induced natuf¢éhe depolarization and ATA+ATE+ETE contributions to the isotropic spec-
ratio of these two bands are 9). On the contrary, below trum for the polarizability valuer=2.93 A% (extrapolated at
150 cni'?, the intensities are completely induced by molecu-514.5 nm from the data provided in ReR25]), a 12-6

lar interactions and the depolarization ratio acquires a detennard-Jones potenti@ll7], and the following choice of
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" FIG. 1. Experimental depolarized intensitigg(v) in absolute
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FIG. 3. Experimental pair depolarization ratid=1§/1% versus
frequency shifts in cm! for the two-body CIS of gaseous Ght
2945 K.

error-bar limits of the experimental spectrum whatever the
frequency is. A similar procedure is followed in order to
determine E,,,,. Moreover, assuming that the multipolar
mechanisms are predominant in the 50— 150 tfrequency
range, an approximate estimation of the corresponding

Iv / p (arb. units)

0 25 50 75 100

p (amagat)

FIG. 2. Experimental polarized intensitieg v) (arbitrary unit3
divided by densityp versusp in amagat units for several frequency
shifts: (a) 20, 30, and 40 cm* and(b) 110 and 130 cm®.

Intensity ( 10°° em®)

independent componendsandE of the corresponding mul-
tipolar polarizability tensors: |A|=0.7 A* and |E]
=2.5 AS. These values give the best fit between the experi-

mental and theoretical spectra. We found similar results for 0 3'0 6'0 9'0 12'0 ) 5'0

the other quoted Lennard-Jones and Kihara potentials 1

[18,19. Considering the error bars and the mutual competi- Frequency (cm )

tion of the oTA and oTE contributions, it is nonetheless

obvious that the latter choice pA| and|E] is not unique. On FIG. 4. Two-bodyisotropic scattering spectrum for GRyas at
the other hand, we have calculated theximumvalues of 294 5 k. The full circles(®) indicate our experimental data with
|A| and |E| resulting from the CIS isotropic spectrum. We error bars; square€l) are estimated data. Theoretical curves are
defineA, as the maximum value gA| for which theaTA  provided for several contributions using=2.93 A3, A=0.7 A%,
contribution alone (without any contribution from DID or andE=2.5 A% DID (), aTA (—-—), aTE (—--—), ATA
o«TE mechanismsremains lower than or equal to the upper + ATE+ETE (— —), as well as total theoretical intensities—).
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TABLE Il. Theoretical and experimental fitted values of the
independent componenta| and|E| of the dipole-quadrupole and
dipole-octupole polarizability tensors, respectively, for the, CF
molecule. The intermolecular potentials used for the calculations 10"
are either 12-6 Lennard-Jonés)) or Kihara potentials.
Method Potential |A| (A% |E| (AS) Reference o’s‘
(@4
Theory Ry
bond model 2.2 35 [3] 2 107
ab initio 0.97 1.15 [6, 7] ;
Experiment §z
depolarized CIS  LJ17] 2.2 2.2 [26] g
depolarized CIS LJ17] 0.5-1.7 25-43 [5]
depolarized CIS Kiharfl8] 0.4-1.4 1.4-3.3 this work 4
isotropic CIS LJ17-19 0.5-1.2 1.0-3.5 this work 1075
isotropic CIS Kihard18] 0.3-1.0 1.0-2.5 this work
0 30 60 90 120 150

minima is possible. For example, we $Et=E,,, and take
Anmin @s the largest value ¢A| for which thetotal theoretical
spectrum remains lower than or equal to the upper error-bar
limits of the experimental spectrum for any frequency. We
repeat this procedure fdE,,. The intervals[ Anin, Amaxl
and[ Eqin, Emad are provided in Table Il first for the cited
Lennard-Jones potentia]47-19 and then for the Kihara
Can be comparec with thoss dedLoed in a simiar mafgler L5 A% DD () aTA (). aTE (- —), ATA
from the study of the experimental depolarized spectrum ad ATEFETE (——), as well as total theoretical intensitips—).
well as with the fitted values of a previous measurement of
the CF, depolarized spectrufi26]. Also in Table Il we have reported the theoretical values deduced from the rough bond
polarizability model[3,27] and those recently calculatedh
initio by Maroulis (i.e., his “best or recommended” SCF
values taking into account electron correlation correcions
[6,7]. The two intervals ofA| values deduced from our de-
polarized and our isotropic data partly overlap with each
other for both types of potentialkennard-Jones or Kihara
This is also the case for two corresponding intervals of the
|E| values. We may note that the “best fit” of the CIS iso-
tropic spectrum shown in Fig. 4 is obtained for values that
are within the intervals deduced from our depolarized spec-
trum [5]. Also, theA=0.97 A% computed by Maroulis, be-
longs to the two intervalfA,,n, Amax Obtained from depo-
larized and isotropic spectra, respectively. When this
Maroulis value is assumed féx, our best choice for both the
calculated depolarized and isotropic spectra correspond to
|E|=1.5+0.5 A®, as shown in Figs. 5 and 6 for the
Lennard-Jones potential given ji7]. The result is nearly
the same as the Kihara potential for which we obtdih
=1.0+0.5 A®. These values are coherent with the ofie (
10% . . . . ' =—1.15 A% computedab initio by Maroulis, although he

0 30 60 % 120 150 provides static values for the polarizabilitif8,7], whereas

in our study dynamic ones would be preferable. Finally, Ma-

roulis’s A and E are coherent with our isotropic spectrum
(Fig. 6) as well as with our depolarized oriEig. 5. How-

Frequency (cm’ )

FIG. 6. Two-bodyisotropic scattering spectrum for GFas at
294.5 K. The full circles(®) indicate our experimental data with
error bars; squared]) are estimated data. Theoretical curves are
provided for several contributions usiag=2.93 A3, A=1 A%, and

Intensity ( 102 em® )

Frequency (cm )

FIG. 5. Two-bodydepolarizedscattering spectrum for GRjas
at 294.5 K. The full circles®) indicate experimental daf&] with

ever, with the valuegA|=1 A% and |E|=1.5 A>, we ob-
serve in Figs. 5 and 6 that the highest-frequency theoretical

error bars. Theoretical curves are provided for several contributioniltensities are smaller than the experimental ones, for the

using =2.93 A3, A=1A% andE=15A% DID (), aTA
(—-—), aTE (—--—), ATA+ATE+ETE (— —), as well as
total theoretical intensitie6——).

depolarized spectrum for frequencies beyond 50%mnd
for the isotropic one beyond 120 ¢th In our opinion this
may be, at least partly, due to two sources of incertitude for
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our theoretical spectra:(i) short-range effectdsuch as oretical intensities referring to the highest frequencies lie be-
overlap and exchange processes, molecular distortion, and/tmw the experimental one®eyond 50 and 120 cit for de-
spatial charge distribution of the non-point-like CRol-  polarized and isotropic spectra, respectiyeljhis behavior
eculg, which should be superimposed to the classical DIDmay be in part due to some short-range contributions that are
and dipole-multipole mechanisms and contribute especiallyot yet known in the case of GRsuch as exchange and
to the high-frequency spectrum of each contribut/@g], overlap effects, molecular frame distortion, and/or spatial
and(ii) the overall simplicity of the Lennard-Jones or Kihara charge distribution of the non-point-like moleculend are
potentials used in our calculations. neglected in our model. The resulting doubt on the strong
For CF, the numerical details of short-range contribu- pure translational contribution to th#epolarizedspectrum
tions are not as yet available. In particular, the influence otast a shadow on the accuracy of the “depolarized spectrum
the short-range effects on the pure translational contributionfit” of the |A| and|E| values made in previous work26,5).
to the CIS spectra is not known. In our model, we take intoOn the contrary, the weakness of the trace translational com-
account only the classical DID mechanism. However, agponent implies that theTA (DIQ) and «TE (DIO) mecha-
shown in Figs. 4—6, the DID contribution to the trace is weaknisms play the leading role in the isotropic spectrum and the
even in the low-frequency range of tii@otropic spectrum. isotropic spectrum fit of th¢A| and|E| values can be con-
Figure 5 shows that for the depolarized scattering the DIDsidered as reliable below 120 ctif we assume thati) the
contribution plays the leading role below 50 chwith good  rotational stick spectrum is mostly responsible for the spec-
agreement between theory and experim@xcept in the tral profiles of the latter mechanismh$5] and (i) the abso-
0-15 cm ! frequency range where the contribution of boundlute intensities of these dipole-multipole contributions are
and metastable dimers is not considefBY). Nevertheless, mainly classical in the case of ¢nd are not significantly
there is no indication that this DID model for the depolarizedaffected by the choice of the available potentials, as we have
spectrum is still a good description of the pure translationabbserved. In conclusion, the isotropic CIS spectrum is a good
contribution beyond 50 ciit, where the dipole-multipole tool of investigation to measure the CHipole-multipole
mechanisms become predominant. A significant increase dfidependent components. The agreement between the Ma-
the computed pure translational intensities due to short-rang®ulis ab initio computations and the theoretical analysis
effects in the 50— 120 cnit frequency range would affect the made here encourages further isotropic CIS studies on other
“depolarized spectrum fit” of thgA| and |E| values(see optically isotropic molecules.
Fig. 5). It is the reason why the measurements of the dipole-
guadrupole and dipole-octupole polarizabilities of a ACKNOWLEDGMENTS
T4-symmetry molecule such as Gldr CF, found through a . , ) .
comparison of a single depolarized CIS spectrum with ex- W€ Wish to thank George Maroulis for sending us his

periment are uncertain. In contrast, Figs. 4 and 6 show thd€Sults prior to publication and for his helpful discussion.
the pure translational part of the isotropic spectrum is very! NiS work has been supported in part by the University of
small and cannot perturb the “isotropic spectrum fit” of the ANGers, in part by Grant No. 2 PO3B 152 10 of the Polish
dipole-multipole tensor components. Therefore, despite it§ommission for Scientific Studies, and in part by Grant No.
larger uncertainties, the isotropic spectrum is the mosP454 of French-Polish Scientific and Technological Coop-

adapted to obtain thg| value and to estimate tHE| one. ~ €ration Joint Projects.

APPENDIX
V. CONCLUSION

) ) ) ] We consider the interaction energy of two perturbed mol-
Previously, absolute unit CIS isotropic spectra for atomsgcles in the forni32]

rare gas homonuclear diatomi29,11], and hydrogen and

deuterium[30,28,3] have been reported. Here the trace bi- 2litla \ 12 %
nary CIS spectrum of optically isotropic molecules—in this U :|2| (m ﬁ
case, of gaseous GFhas been measured in absolute units, 12 2
in the 50—150 cm' frequency range. We have shown that X{[Q,(1)®T\(R12],0Q1(2)}, (A1)

this very weak spectrum may be calculated theoretically

mainly as a result of two dipole-multipole mechanisms,where N=I;+1,, X, . (=[(2a+1)(2b+1)...(2f
namely, the dipole-quadrupoteTA and the dipole-octupole +1)]/2, Qi (i) denotes thd;th-order spherical multipole
aTE mechanisms. A comparison with previous measurémoment of moleculd, and Ty(Ry,) denotes the spherical
ments of the depolarized CIS spectrum of,§5] has been jnteraction tensor

performed. We obtain the following ranges farandE val-

ues: |A|=0.5-1.2 & and|E|=1.0-3.5 &. Theab initio o NN A
computedA value of Maroulis[6,7] (A=0.97 A% is coher-  Tn(Rip)=(—1) ( SN ) >N+l Rz Yn(Ro).

ent with all our data. When this value is used &y the (A2)
maximum|E| value that can be assigned for both depolar- _ _
ized and isotropic spectra jE|~1.5+0.5 A%, whereas Ma- The multipole moment of a perturbed molecilean be

roulis computecE= —1.15 A%, This shows that for Cfthe ~ Written as the expansioi33]

most recent values ¢k and E computedab initio [6,7] are

compatible with both isotropicthis work) and depolarized QEl(i)=QE1(i,O)+ > EEJ-EZ(LO)VEZ*+... . (A3)
CIS data[5]. However, with thesé andE values, the the- ! ! ka.np 172 2
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whererl(l ,0) andak1”2(| ,0) denote, respectively, the mul- Cf(loie)n tO(kaG) redi32]. This implies the symmetry relation
tipole moment and symmetrized spherical reducible®j, e a; #% and a sumj,+k; +k to be even. Finally,

k,th-k,th-order multipole polarizability of an unperturbed for the excess interaction-induced irreducible spherical mul-
moleculei and V, stands for thekth-order regular solid tipole pair polarizability tensor we have

spherical harmonic. The symbol 0 indicates here the multi-

pole moment and the polarizability of an unperturliesb-

lated molecule. Further on, to simplify notation, we drop the N 12
0. AAw=2 >, (-1) +N<—>
Using Egs.(Al) and(A3), we calculate the excess reduc- M J1.d2:X (2I)!(21)!
ible dipolar pair polarizability tensor as the derivative 112
2U ji 2 X
mimy_ XX 1 1 K {T\(R
AAlll 2— (o"Vlml* aVTZ*) (A4) j1ioNx N {Tn(R12)
V—0
and, consequently, taking into account the multipolar contri- ®la (lll)(1)® (1|2)(2)]X}KM (A10)

butions in Eq.(A3), we have

AATIM2_ E 2'1712 )Uzﬁ Our derivation applies to static pair polarizability. We
1m (21 )1(21,)! X, note, however, that the dynamic pair polarizabilikyAy
formula derived by us previous[y34] for nonabsorbing me-
dia has the same structure as E&10). Both pair polariz-

1.1,

a loa
XaEBv {(-=1 C|25Ny ability formulas differ only by the fact that in the dynamic
" pair polarizability the dynamieolecularmultipolar polariz-
[a| 11(1 Tny(RiD e, fmZ(z) abilities stand in place of the static ones of E410).

By Egs. (A10) and (A2) the excess interaction-induced
+_ﬁm2(l)TN (Rlz)a—aml(z)]} (A5) pa_ir pol_arizability in the space-fixed laboratory frame can be
Y
written in the form

where Caabﬂ is the Clebsch-Gordan coefficieft3]. With

the notation used elsewhere this Clebsch-Gordan coefficient

compares a€;’ wp=C(abcapy). K (N+1)
All polarlzab|llty tensors in Eqs(A3)—(A5) are reducible AAkm= V4 J 2 AmszRl

under the three-dimensional rotation group. Irreducible ten- 1| f

sors may be constructed from them by the standard coupling

method X{Yn(R)@la) (Do e ?(2)dku-

1P

—Bm_ j1¢ a(1|1) (AB) (ALD
= 1apim Y

The transformation

—am, j (1)
@)1 =2 Ci2 tm, @ (A7)
l2:m
(1|1) E DJ:L* ' ~(1|1)(|) (A12)
(11 mym, llml I Jamy
> Chmim AATI™ (A8)
my.my

;I'ehdeucsggtgi‘gliour Clebsch-Gordan coefficients of E45) defines the multipolar polarizability angular dependence in

the laboratory frame. Within th&;{ range the following
irreducible spherical components of molecular frame multi-

> (—1)“0:2;N7C'1;§1m C:Z”alm lelmz pole polarizability are active in the description of
. ' voe e AAcyw: (@ dipole-dipole, alyY=—-v3a; (b) dipole-
quadrupole,a:?=+iv2A; and (c) dipole-octopole,as®

L-+N-+I ~
=(—1)htlat Nty =(\7/2)E and aﬁlﬁ)—(\/—OM)E. For the isotropic compo-

nent of the excess pair polarizabilityAy, the nonzero coef-

111 112 :é ficients of Eq. (6) for the successive light scattering
XZ Xx J1</>1277 x §Ny LoLN . (A9 mechanisms have the following formsaTA, A3033
1 2

- AEJ%)SI*) V15; “TEO A= Agz)t)zm_ T, ATA, ARy,
In the absence of magnetic effects the wave functions used IFf —4\154/3; ATE, A= —-ADL— 2\/—3, and ETE,
calculating the multipolar molecular polarizabilities can be A{GLs= \/165.
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