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A theoretical expression giving the collision-induced hyper-Raylé@JHHR) spectrum due to pairs

of centrosymmetric molecules of octahedral symmetry has been derived. The’djpatirupole
hyperpolarizability light scattering mechanism of collision-induced hyperpolarizalilgy,, is
discussed in detail and proposed to explain the Cl HR spectrum. Numerically we have applied our
analytical formulas to binary Cl HR spectrum of sulfur-hexafluoride. We have normalized gur SF

Cl HR spectrum to the monomer HR spectrum of £dlhe spectral contribution due to second
hyperpolarizability-permanent hexadecapole HR light scattering mechanism has been estimated and
showed to be negligible. @001 American Institute of Physic§DOI: 10.1063/1.1410979

I. INTRODUCTION sometimes in linear regime the kind of a spectrum consid-
ered by us is called as collision-induced rotational Raman

’ . . . . scattering®® Numerically we apply our analytical formulas to
cess in which a system is excited with two photons of lase g y PRl y

: R spectrum of gaseous sulfur-hexafluoride. Our study indi-
frequency('yL and em|j[s one photon at.a frequency of about antes that the collision-induced HR method opens a new way
OL- (;Il-he first thelzoretlcal inkling O.f this effect goes back to to study molecular interactions and dynamics as well as is
E(I)rrinenigdwhgzygﬁv.;nh:tf#:Ltzz(r)nrgtg)cgli;:jez;rlicz?glgiﬁgg?s- the only technique allowing a measurement of several kinds

" ) - of dipole-multipole hyperpolarizabilities of a system.
Terhune, Maker and Savagsucceeded in observing HR b P YPerp 4
scattering in HO, CCl,, CH;CN and fused quartz. For fur-
ther studies see Refs. 8—-16. In his pioneering WofK  II. HYPER-RAYLEIGH TIME CORRELATION FUNCTION
Kielich indicated that HR process arises in a molecule
mainly due to its third-order dipolar hyperpolarizability ten-

sor Bijk -

Hyper-Rayleigh(HR) scattering is a three-photon pro-

In a dense medium, collisional effects as well as time-
and space-fluctuations will in general lead to changes in the

Recent technological demands of new efficient materiaidholecular hyperpolarizability tensor. In the notation of the
for nonlinear optics have provoked great interest in non"neaprtlaquCIb[edsphgrlcgl rt]ensors | th_e It??{vest order é‘ndumpolar
and multipolar polarizabilities of molecules. Hyper-Rayleigh €°'ISion-induced pair hyperpolarizability tensor reads
scattering has been developed as the best experimental tech- AB J_
nique for determination of the first hyperpolarizability tensorABuuml(11)al]=3(1+P") 2 (—1)®

all butL,M,a

Bijk of molecules®-2

Search for a precise value of the dipolar first hyperpo- 2N 12
larizabilities 3 of molecules raised interest in the literature X M) X nigNx
in the collision-induced hyper-Rayleigh scatterfitg® o
These studies indicate that collisidimteraction-induced Ia JB X
contributions account for more than half of the hyper- x{a 1 L {Tf\nAB)@’[ﬂj [(1D)al,]
Rayleigh intensity from the liquid phase of CCIFor cen- In 1g N A

trosymmetric systems thg;; tensor vanishes identically so
no HR scattering is expected. Nevertheless, intensities at fre- ® ajB[lls]](")}LM , @
guencies around the double incident frequenay, 2and due , ) ) ) |
to collision-inducedCl) interactions have been observed for Wheré g w [(1)l,] is the irreducible dipole-2-pole (mul-
molecules with a center of inversidfi.? In this paper we t)polarizability tensor of a moleculp and 8, \ [(11)aly]
discuss theoretical foundations of the collision-induced HRdenotes the irreduciblé,-rank spherical tensor of the first
scattering spectral signal resulting from a pair of centrosymerder dipolé— 2'r-pole hyperpolarizability of a moleculp
metric molecules of octahedral symmetry. We note thain a coupling scheme where two dipoles are first connected
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and, subsequently, the'r2pole multipolar moment. More- The autocorrelation function
over T(*® is the spherical interaction tensor add..}
stands for the 9-j Wigner symbol whereB4® permutes the FLL()=(ABL0)OAB (1)) (5

indices A and B. In our considerations we assume the
Kleinmar?? (full index) symmetry of the collision-induced s the key quantity required in the spectral analysis of the
pair hyperpolarizability tensak B, and the same symmetry scattered !ight. We calcula_te the autocorrelation fl_mction Eq.
of polarizabilities and hyperpolarizabilities of monomers. In(5) assuming that we consider one component fluid. The cor-
our formulas® and ® symbols stand for scalar and tensor relation function Eq.(5) generally deals with a situation
products, respectively. when the rotational and translational degrees of freedom are

We apply Eq.(1) to a pair of octahedral molecules and coupled. However, when considering radiation scattered by
we consider thexoTs[(11)a2] (first nonzery light scat- low Qensity gaseous systems we usually are justified in as-
tering mechanism. To describe this mechanism, let's considefiming that the molecules of the scattering volume are cor-
a pair of octahedral molecules A and B. A linearly polarizedrelated radially but uncorrelated orientationafly>*® We
laser lightE" is incident upon the pair. The laser light in- Use the notation
duces in each molecule a dipole moment at a frequency N ~(N+1) C(N+1)
a),_:,ua=aaﬁE|[; and a quadruple moment at a frequency Sn(t) =(Dogl 82 12(1))R1(0) Rya(t) ), (6)
2w of the form .

2o 1 - R;(t)=(Dpn(8Q(1))), (7)
®a,8 = EBy,ﬁ,a,BEyEé' (2) ) .
where Q) (t) and 502 ,,(t) denote the reorientation angles of

Then the dipole moment at a frequency,2induces in the  the molecule and intermolecular vector, respectively, at the
molecule A in two-fold complementary wayd) through the  timet. According to our model we assume that the molecules
dipole-quadrupole hyperpolarizabilits tensor of molecule of the system rotate freely. In this case the reorientational
A, laser fieldE- together with the field gradient of induced cgrrelation functioer(t)=<D{m(6ﬂ(t))> is independent of
dipole moment of molecule B2) due to the molecular field the magnetic quantum numberof the Wigner function in-

(at the frequency @, ) of the quadrupole moment of E(®)  yolved, DLn(éﬂ(t))_ With this notation we have:
induced in molecule B by laser field and the diggbelariz-

ability tensor « of molecule A now acting at frequency (2N)!

2w, .35 Analogous considerations apply to molecule B. Then  (THP(0)OT{ P (1)) = o Sn(b), ®
the rank one and three components of the pair hyperpolariz-
ability tensor are of the form:

(Bj(0)OB;(1))=R;(1)(B;OB)), 9

3
ABiu[(1D)21]=-3 \EO{CY(B)[T(aAB)®.3§1A)[(11)22]] whereB; denotes the dipofequadrupole hyperpolarizability
tensor in its molecular frame reference system.
—aM[T¥e BP[(1D22]1}iu, () Using the irreducible spherical tensors decoupling
proceduré’ for isotropic one component fluid we have:

33
ABaul (11211=~ \ﬂ_o{“(B)[TgAB)@”E*A)[(“)22” ([ TE(0)8B4(0)] Ol TEP (D)@ B4(1)],)

— (A T(AB) B) _4y(L+1)
aP[TE 0 B [(11)22]]}3@ 4 _ (=1 63<2L+1> W2(TE9(0) 0 TEO 1)

For the octahedral symmetry molecules considered, the
spherical irreducible dipofepolarizability tensora}')[ll] of X (B4(0)OB4(1))
E% 1) is isotroP;c(jZO) an(d) the following relation holds 10
ay’[11]=—v3a!", where o' is the conventional dipole (Lt 28 D
polarizability of moleculei. In Eq. (1) g{"[(11)22 stands (=) 7 (LD a(BOBIS(URo(DRA(D).
for dipolé-quadrupole hyperpolarizability tensor of mol- (10)
eculei. In Buckinghani® and Kielich® convention this ten-
sor is denoted by.3* In order to make our formulas more We consider molecules of Osymmetry in their nuclei

compatible with previous papers we follow this notation. Forequilibrium. Then the polarizability tensar is isotropic,
the octahedral symmetry molecules, only the irreducible tenwhereas for the components of the difedgadrupole tensor
sorsB; of ranks j=0 and =4 are nonzerd* Generally our B, the following relations holtf

formulas(1)—(4) apply to a pair of different molecules and

B. However, when we consider scattering from one compo-
nent fluid (A=B) we easily note that in this case the contri-

Bx,x,xx_ By,y,yy: Bz,z,zz: - ZBx,x,yy: - 2By,y,xx

bution to the pair hyperpolarizability 8, y[(11)al] due to = —2Byx2= 2B, = —2Byy 22
By vanishes. Moreover we note that the discussed here -
mechanismaT;B can be considered amnlinear analogue =—2B;,yy=B1, (11

of the aT3A light scattering mechanism, so successfully . W W
used in the collision-induced linear light scatteriig>=° CByyxy=CBy.2y2=CBy 2x2= B2, (12
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where the operato@ permutes the dipolar indicas andB TABLE I._ Numer_ical _\_/alues of the su'lphu'r_-hexafluor?de and carbpn-
tetrachloride polarizability and hyperpolarizabilities used in our calculations

and quadrupolar pair of indicegs of the tensorB, 4 5. (polarizability and hyperpolarizability values are in atomic units)a.u.
The permutation within the paiyd is also allowed. Taking

into account Eqs(11) and (12) we find the following rela- Sulphur-hexafluoride Carbon-tetrachloride
tions between the molecule-frame irreducible spherical comg 30.3%

ponents of the dipofequadrupole tensoB;,[(11)2a] and  Bzzz -13#

their Cartesian counterpart: P —15¢ "y

I'(cm™ 4.6

Bod (11)22]= \6/5B;+2B,),
“Reference 39.
PReference 40

V7/153B;—4B,) “Reference 26.

2 dReference 24.

B, (11)22]=

B, (11)22]=B,_4[(11)22]= \5/14B,J (11)22]. (13

Using formulas(5)—(13) we calculate the respective time - Filas Fi(t)+ 105 Fas(t)] 107
correlation functions of the hyper-Rayleigh scattered light: mv)= = 22
yperayielg 9 FlEFu(+4 Fagt)] 633

F1y(t)=(AB[(11)21](0)OA B[ (11)21](1))

—0.169. (19

Since our spectrum results only from one light scattering

162 mechanism the frequency dependent depolarization ratio is
= -z a%(3B1—4B,)?S3(1)Ro(t)Ry(1), (14

35 reduced to a constant. We note quite different value of this
constant from the depolarization ratio equal ¥dor one-
Fas(t)=(AB5[(11)21](0)OA B5[(11)21](t)) molecule HR scattering by molecules of tetrahedral symme-
try (e.g., CC)).
_ 6_6az(3B — 4B,)2S,(t)Ro(t)Ry(t) (15) It is interesting to note that in the case of octahedral
35 ! 2 0 e molecules, another first ordéin Ty) hyper-Rayleigh light
scattering mechanism, due to second hyperpolarizabjlity
lIl. HYPER-RAYLEIGH LIGHT SCATTERING and permanent $fexadecapoleq,) moment is possibl&:
SPECTRUM
Consider a system of N molecules in a volume V onAﬂLM[(ll)al]Z—(1+7’AB)aubu§M ] —1)latteN
which is incident a linearly directior polarized light wave o
with the electric vector oN 112X N
X ) A
EY(r,t)=eEg expli(k-r— w t)}. (16) (2t 2le)! ) Xy,
Then the time correlation function of hyper-Rayleigh scat- X{y,[(1Dal)LIA]@[Tn(Ras)
tered light analyzed at the poiR=kg R (of the wave zone (10 20
R>\,) with an analyzer transmitting waves with polariza- ®Q|B] fim - (20)

tion n (nLkg) is of the fornt* . .
From the formula Eq(20), however, it results that this

8(nee)?+1 2(nee)2+4 vT5Q, light scattering mechanism and the pair induced hy-
TFll(t)+ TF%(U perpolarizability varies a5 being therefore smaller by

17 Rgé than the now discussedT ;B hyper-Rayleigh light scat-
tering mechanism iR, 5. Consult the figure for estimated
yTs5Q, contributions to HR Sg-spectrum.

In(t) =A%

when the factoA2® containSwg1 (wherews is the scattered
frequency and (|E-(0)E“(t)|?) in addition to other
quantities'® In order to get spectral distribution of HR scat-
tered light we take the Fourier transforifj of Eq. (17).

We assume right-angle light scattering geometry and in!V- COLLISION-INDUCED HYPER-RAYLEIGH
cident beam polarized perpendicularly to the scatterings':'EC-'—RU'VI OF SFg

plane. We calculate the frequency dependent depolarization Now using Eqs(14)—(17) and the sulphur-hexafluoride

ESFG) polarizability and hyperpolarizability valu&sas well

as the Sf potential dat® we are in a position to compute

the collision-induced spectrum for gaseousg.SFhe data

used in our computations are collected in a Table I. Again the

(19 right-angle light scattering geometry is used. We compute the
polarized componentn(€) If,z\',“L)(Aw) of the Cl HR scat-

Taking into account Eqg14)—(17) we obtain tered spectrum:

lvu(v) (whennl e) of scattered spectrum to its vertical com-
ponently(v) (whennlle):

_ lvu(v)
ly(v)

n(v)
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n

Y 1 2
(A w) =A% S F S Fu(t)+ Fdt) (21)

(
vy

of SK; fluid at the molecular number density=25 Amagat
and atT=294 K.

When using spherical top wave functions for the evalu- &
ation of transition matrix elements, the Fourier transform of »=0.0001 £™

Rj,(DR;,(1) has the forn

FIR (DR (D]

| (203+1)(20,+1)(21]+1)(235+ 1)

217,
Xex;{—w (w—w 137) (22
KeT 3,3,3,34)
where:
®3,3,310,= ~[J1(J1+ 1) +J5(J5+ 1) = 31 (I +1)
—3,(J,+1)]B. (23)

B is the rotational constant and, denotes the rotational

partition function. The selection rules have the following

form:
AJ1=0,il,tZijl J1+‘Jl’>jli (24)
AJ,=0,21,%2... %), J,+1,/=j,. (25
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FIG. 1. Normalized collision-inducedaT3;B hyper-Rayleigh spectra
©)72“U(Aw) of SF; for different intermolecular potentials. From top at
200 cmi* we plot the SE spectra for the respective potentials, Aeizal.
(Ref. 43, McCoubrey and SingliRef. 44, Zarkova(Ref. 45, and Pleich
(Ref. 46. Estimated normalized HR spectra dueds® light scattering
mechanism are plotted as well, respectively, for Agtial. and McCoubrey
and Singh potentials.

(CI)I ﬁzwL)(Aw)

cnyey) —
( )Iu Y(Aw)= (CCly 20 40 e 1)
I

(27)

We calculate the rotational part of our spectrum using Eqs.

(22)—(25). To deal with the translational pa8y(t) of our

spectrum we compute the zeroth, second and fourth transi#? dimensionless units. Figure 1 shows the results of our

tional spectral moments for theT;B and yTs® HR light
scattering mechanisms using the;SBF; intermolecular po-

computations. We note that for Aziet al*? potential the
computed HR spectral shape is quite different than for the

tentials discussed here. Then, we compute the Bimnbaum@ther Sk potentials. When calculated per one molecule the

Cohen model profilés for each HR light scattering mecha-

HR collision-induced S§-spectrum atzerofrequency is one

nism involved and in turn convolute the rotational transitionsCrder of magnitude smaller than our model the monomer HR
with their corresponding translational ones. As a next stepSPectrum(due to permanent hyperpolarizability of GCht

we normalize our S§collision-induced HR spectrum to the
Lorentzian monomer HR spectrum of GG

Co0(p gy =p2oioget L (26)
I 357 7 (Aw)*+T

with I" denoting its half width at half maximurtHWHM).
For normalization we take the spectrum H@6) at Aw
=40 cm L. We note that our reference GGlpectrum should
be rather considered asv@delspectrum resulting only from
the permanent hyperpolarizability3 of CCl, molecule.
Moreover, in our considerations we assume tljaj: both
CCl, and Sk spectra are calculatgger one molecule(2)

Aw=40cm L. Moreover we estimated the CI HR spectral
contributions due toyTs®(Q,=®) light scattering mecha-
nism. For the same potential thd s® contribution is more
than 100 times smaller tha@T ;B HR light scattering spec-
trum. However when we consider the potential leading to a
very steep spectrurfe.g., Pleich oneand the very flat spec-
trum given by the potential of Aziet al. (Ref. 43 potential
the aT4B contribution and theyT;® contribution cross at
high frequencyabout 180 cm?) (see Fig. 1

We computed as well the integrated normalized Cl HR
intensities. For Azizet al*? potential the Cl HR integrated
intensity normalized to integrated CGhtensity of Eq.(26)
amounts to 0.0060, for McCoubrey and Singh potefitit

local field corrections give the same contributions to both0.0054, for Zarkova potential to 0.0045 and for Pleich poten-

spectra considered.
Also we imply the same laser intensity for the ¢S&s

tial to 0.0048. The normalized Cl HR integrated intensity
due toyTs® light scattering mechanism for Aziet al. po-

well as for the CCJ HR light scattering experiments. In other tential equals 0.000 013 whereas the McCoubrey and Singh
words when calculating the normalized intensity fact&? potential equals 0.000 011. We note that the integrafesp

in Egs.(21) and(26) mutually cancel. We then plot our nor- HR intensity amounts less that 0.2 percent of the intensity
malized Stokes wing of the hyper-Rayleigh collision-induceddue to aT3B HR light scattering mechanism considered in
spectrum this work.
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