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The anisotropic and isotropic binary collision-induced spectra scattered by gaseous methane have been
measured in absolute units up to 900 cm−1 from the Rayleigh line. Corresponding theoretical intensities taking
into account multipolar polarizabilities have been calculated using a semiclassical procedure. From the analysis
of, mainly, our isotropic scattering data, values of the dipole-quadrupole and dipole-octopole polarizabilities
are deduced. They are found to be in good agreement with recentab initio calculations.
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I. INTRODUCTION

Molecular interactions are known to influence the scatter-
ing spectra of molecules. Generally, contributions of
interaction-induced effects to scattering intensities generated
by a gaseous sample depend on the symmetry of the particles
involved [1,2]. For tetrahedral(Td symmetry) molecules,
there are no functions that are invariant under the symmetry
operations ofTd in the subspaces of the firstsl =1d and sec-
ond sl =2d order connected to the spherical harmonicsY l

which describe molecular properties[3]. Then, for these mol-
ecules, the dipolar- and quadrupolar-type tensorial physical
properties vanish and their dipole-dipole polarizabilitya is
isotropic. The first source of anisotropy for the physical
properties of tetrahedral symmetry molecules comes from
third-rank tensors. Taking into account the linear response of
that system to the applied field, the anisotropy mainly comes
from the dipole-quadrupole(dipole-field gradient) polariz-
ability Aa,bg. Thus, due to the isotropic nature of the dipole
polarizability of the CH4 molecule the light scattered by CH4
monomers in the Rayleigh band is completely polarized. In
consequence, the depolarized light signals in the Rayleigh
wings are of purely interaction nature. Several studies of
CH4 collision-induced light scattering(CILS) spectra have
been published[4,5]. They all concerned the anisotropic
scattering spectra of CH4 between 0 cm−1 and 550 cm−1. In
these conditions, a relatively strong contribution of long-
range interactions mainly identified as the dipole–induced-
dipole (DID) effect is present and complicates the evaluation
of contributions due to high-order multipolar polarizabilities.

In this paper we deduce the multipolar polarizabilities of
CH4 molecules from light scattering(CILS) spectroscopy
studying as well the anisotropic and isotropic Rayleigh
wings of gaseous methane up to a frequency shiftn of
900 cm−1. We shall show that theisotropicCILS spectrum of
CH4 samples is very suitable to study high-order polarizabil-
ities. Indeed in the case of the isotropic CILS spectrum of
CH4, the DID interaction contributes only to the second or-
der, giving us a good opportunity to study multipolar polar-
izabilities, theA tensor in particular. The dipole-octopole
(dipole gradient of the field gradient) polarizability Ea,bgd is
also investigated. A comparison of experimental data with

computed theoretical intensities calculated usingab initio
polarizabilities recently obtained is made.

II. THEORY

In a dense medium, collisional effects as well as time and
space fluctuations of multipolar molecular fields will in gen-
eral lead to changes in the pair polarizability tensor. For tet-
rahedral molecules, in a first approximation, the long-range
field-induced change in the pair polarizability related to the
linear multipolar polarizabilities reads(up to the octopole-
induced octopole light scattering mechanism) [6]
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where a0 is the dipole polarizability whereas the tensor
A i

s1,md of rank 1+m determines the linear-dipolemth-rank
multipole polarizability due to electric-dipole–2** m-pole
transitions in a moleculei. The symbolfmg denotesm-fold
contraction whereasPAB permutes the indicesA and B.
Moreover,TN

sABd=s¹dNs1/RABd stands for the intermolecular
interaction tensor. Usually in the literature the following
brief notation for, respectively, the dipole-quadrupole and the
dipole-octopole polarizability,A s1,2d=A ,A s1,3d=E, is used.
We note that for tetrahedral moleculesA is the leading an-
isotropic polarizability. This polarizability gives the main
contribution to the collision-induced rotational Raman
(CIRR) scattering [7] considered here. The irreducible
spherical version of Eq.(1) has been derived elsewhere[8].
In Table I we give for tetrahedral molecules the form of the
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excess multipolar isotropic and anisotropic pair polarizability
due to theA tensor. For tetrahedral molecules theE tensor
contribution to the pair polarizability is of the same form as
that for octahedral molecules. For theE tensor contribution,
see Ref.[9].

Multipolar polarizabilities can be given in Cartesian and
in spherical coordinates. The dynamic- or frequency-
dependent multipolarizabilities are in general complex. The
dynamic reducible spherical polarizabilityAl1l2

m1m2svd is given
by [10,11]

Al1l2

m1m2svd = 2"−1o
nÞ0

Zsv,vn0,Gn0dfvn0Rehk0uQl1

m1unl

3knuQl2

m2u0lj + iv Imhk0uQl1

m1unlknuQl2

m2u0ljg,

s2d

whereQl
m is the mth component of the spherical multipole

moment tensor of orderl and the complex function
Zsv ,vn0,Gn0d is composed of the dispersion functionf and
the absorption functiong:

Zsv,vn0,Gn0d = fsv,vn0,Gn0d + igsv,vn0,Gn0d. s3d

In the static(zero-frequency) limit, Eq. (2) reduces to

Al1 l2

m1m2 = 2o
nÞ0

k0uQl1

m1unlknuQl2

m2u0l

En − E0
. s4d

The reducible tensorAl1 l2
m1m2 can be decomposed into irreduc-

ible partsAjmfl1l2g by

Ajmfl1l2g = o
m1,m2

Csl1,l2, j ;m1,m2,mdAl1l2

m1m2, s5d

where Csl1, l2, j ;m1,m2,md stands for the Clebsch-Gordan
coefficient.

A general dipole-quadrupole polarizabilityAa,bgsDQd ten-
sor has 33=27 components. Taking into account that the
quadrupole moment is traceless and symmetric to its indices,
we can write 12 equations connecting theAa,bg components.
Finally theA tensor has 15 independent elements. The num-
ber of its independent elements is clearly visible from the
reducible spherical formA1 2

m1m2s335=15d. For CH4, the tet-
rahedral symmetry molecule considered here(the Td point
symmetry group), the dipole-quadrupole polarizabilityA ten-

sor has six nonzero elements but onlyone independentcom-
ponent:Ax,yz=Ax,zy=Ay,xz=Ay,zx=Az,xy=Az,yx;A [10]. In our
considerations we assume a coordinate system with the C
atom in its center and H molecules at the positionss1,1,1d,
s−1,−1,1d, s−1,1,−1d, s1,−1,−1d. To discuss this tensor in
spherical coordinates the projection operator technique is
very useful[12]. Using the projection operator for tetrahedral
symmetry we find the following linear combination of reduc-
ible spherical dipole-quadrupoleA1 2

m1m2 polarizability tensor
components transforming according to the totally symmetric
representation of the molecular point groupTd:

A12
0−2 + Î2A12

−1−1− Î2A12
11 − A12

02. s6d

The above formula allows us to find the following relative
values ofA12

m1m2:

A12
0−2:A12

02:A12
−1−1:A12

11 = 1:− 1:Î2:−Î2. s7d

Moreover, taking the definition ofm1
0=mz and Q2

−2

=s1/Î6dsQxx+Qyy−2iQxyd [11] we find that

A12
0−2 = − iÎ2

3
A. s8d

Then, using Eqs.(5), (7), and(8) for the spherical irreducible
form of the dipole-quadrupole polarizability tensor we obtain

A32f12g = − A3−2f12g = iÎ2A. s9d

A general dipole-octopole(DO) polarizability Ea,bgd tensor
has 34=81 components. The number of its independent ele-
ments is clearly visible from the reducible spherical form
A13

m1m2s337=21d. For the tetrahedral symmetry molecule
there are 21 nonzero elements for this tensor but there is only
one independent component[13]. We select theEz,zzz com-
ponent for our considerations here. Similarly to the case of
the A tensor using the projection operator we find the fol-
lowing relative values ofA13

m1m3:

A13
00:A13

13:A13
−1−3:A13

−11:A13
1−1 = 1:Î3

8
:Î3

8
:
Î10

4
:
Î10

4
. s10d

Moreover, we can easily show that

TABLE I. Excess multipolar-origin pair polarizabilityDAKM due to theA tensor: isotropicsK=0d and anisotropicsK=2d cases.

Mechanism jA jB lA lB N DA00 DA2M

aT3A 0 3 1 2 3 sÎ14/3dL00 s2Î7/3/5dL2M

AT 4A 3 3 2 2 4 s−Î11/15/3dJ00
s4d ox=2

6 axJ2M
sxd

AT 5E 3 4 2 3 5 sÎ143/14/45dJ00
s5d ox=3

7 bxJ2M
sxd

LKM = sAda0hT3
sABd

^ sBdA3
s1,2djKM−sBda0hT3

sABd
^ sAdA3

s1,2djKM

JKM
sxd =hTN

sABd
^ fsAdA jA

s1,lAd
^ sBdA jB

s1,lBdgsxdjKM

a2=−Î2/35/15,a3=0,a4=Î2/105/3,a5=0, a6=−Î13/5/3

b3=1/30Î105, b4=−1/150Î7, b5=−Î11/42/50,b6=Î13/10/90,b7=1/3Î5
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A13
00 = Ez,zzz; E. s11d

Then, using Eqs.(5), (10), and(11) for the spherical irreduc-
ible form of the dipole-octopole polarizability tensor we ob-
tain

A40f13g =
Î7

2
E, s12d

A4±4f13g =
1

2
Î5

2
E. s13d

The additional variation in the pair polarizability results from
nonlinear molecular polarizabilities combined with its per-
manent multipoles[14–16]. For CH4 we consider the dipole
hyperpolarizabilityb combined with the permanent octopole
momentV and the dipole2-quadrupole hyperpolarizabilityB
combined with the permanent hexadecapoleF. Using simi-
lar arguments to those given above forA andE tensors we
show that for the dipole2-quadrupole hyperpolarizability ten-
sor Ba,b,gd the following relations between its irreducible
spherical and Cartesian components hold[17]:

B00fs11d22g =Î6

5
B0,

B40fs11d22g =

Î 7

15

2
DB, B4±4fs11d22g =

DB

2Î6
, s14d

where B0=Bz,z,zz+2Bx,z,xz and DB=3Bz,z,zz−4Bx,z,xz whereas
for the dipole3 hyperpolarizability tensorbabg we obtain

b3±2fs11d21g = ± iÎ2b, s15d

whereb=bxyz. For the first not vanishing octopoleQ3±2 and
hexadecapoleQ40 andQ4±4 multipole moments of CH4 mol-
ecule, see[3,11,17].

Table II gives the tetrahedral molecules form of the excess

Rayleigh nonlinear origin pair polarizability due to theb
tensor. For tetrahedral molecules theB tensor contribution to
the pair polarizability is of the same form as that for octahe-
dral molecules. For theB tensor contribution, see[17].

Now let us consider a macroscopically isotropic system
composed ofN-like globular molecules in an active scatter-
ing volumeV illuminated by laser radiation of the angular
frequencyvL=2pnL, polarized linearly in the directione. We
analyze the secondary electromagnetic radiation emitted by
the system in response to that perturbation. At a pointR
distant from the center of the sample, the radiation scattered
at vs=2psnL−nd is measured on traversal of an analyzer
with polarizationn. Then the quantum-mechanical expres-
sion for the pair differential scattering cross section has the
form [18]

s16d

The isotropicI isosnd and anisotropicIanisnd collision-induced
light scattering intensities being expressed as a pair of double
differential cross sections, we obtain

I isosnd =
se ·nd2

3

vs
4

c4

1

2p
E

−`

`

dt e−i2pntF00std, s17d

Ianisnd =
3 + se ·nd2

30

vs
4

c4

1

2p
E

−`

`

dt e−i2pntF22std, s18d

where

FKKstd = kDA sKds0d ( DA sKdstdl. s19d

The subsequent correlation functionsF00std and F22std may
be written in the form[19]

TABLE II. Excess anisotropicnonlinear originpair polarizabilityDA2M
sNLd.

Mechanism jA lA lB N DA2M
sNLd

B0T5 V 0 2 3 5
Î11/15/30fhT5

sABd
^ fsAdB0 ^ sBdV3gs3dj2M −hT5

sABd
^ fsAdV3 ^ sBdB0gs3dj2Mg

bT4 V 3 1 3 4

ox bxfhT4
sABd

^ fsAdb3 ^ sBdV3gsxdj2M +s−1dxhT4
sABd

^ fsAdV3 ^ sBdb3gsxdj2Mg

b2=1/30Î7 b3=1/30 b4=Î3/7/10b5=Î11/30 b6=Î13/2/15

bT5 F 3 1 4 5

oxbxfhT5
sABd

^ fsAdb3 ^ sBdF4gsxdj2M +s−1dxhT5
sABd

^ fsAdF4 ^ sBdb3gsxdj2Mg

b3=−1/90Î10 b4=−1/50Î6 b5=−Î11/225b6=−Î13/105/15 b7=−1/2Î210

B4T5 V 4 2 3 5

oxbxfhT5
sABd

^ fsAdB4 ^ sBdV3gsxdj2M +s−1dxhT5
sABd

^ fsAdV3 ^ sBdB4gsxdj2Mg

b3=1/60Î105 b4=1/60Î7 b5=Î11/42/30 b6=Î13/10/30 b7=1/6Î5
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FKK
sNLdstd = o

N,j1,j2ù j1

wKK
N,j1,j2SNstdRj1

stdRj2
std, s20d

where the translational functionsSNstd, the rotational func-
tions Rjstd, and the coefficientswKK

N,j1,j2 associated with the
successive multipolar mechanisms or with the nonlinear ori-
gin mechanisms includingb andDB have been defined else-
where [19]. The nonlinear origin coefficients due toB0 are
w22

5,0,3= 864
25 V2B0

2 and w22
6,0,4= 1584

35 F2B0
2. Let us underline that

the nonlinear coefficients are related to the anisotropic spec-
trum only.

III. EXPERIMENT

The scattering spectra reported in this work have been
recorded using a 90° scattering experiment previously de-
scribed[19]. We used the green line of an argon laserslL

=514.5 nmd to illuminate gaseous samples contained in a
four-window high-pressure cell. CH4 gas was provided by
L’Air Liquide company with impurities less than 5 ppm.
Methane densities were deduced from pressure measure-
ments andP-V-T data given in Ref.[20]. The light scattered
by methane was analyzed by a double monochromator and
detected using either a photomultiplier or a charge-coupled-
device (CCD) camera cooled at 140 K[21]. Two types of
scattering intensities were recorded: polarized intensitiesI'

and depolarized intensitiesI i according to the polarization of
the laser beam, perpendicular or parallel, respectively, to the
scattering plane[22]. At several frequencies the scattering
intensities were measured at various densitiesr up to 320
amagat. Then, for each studied frequencyn, the pair intensity
I2snd was deduced as the coefficient proportional to the
square density in the virial expansion given by

ILsnd = I0
Lsnd + I1

Lsndr + I2
Lsndr2 + I3

Lsndr3. s21d

The superscriptL stands for' or i according to the laser
polarization. The coefficientsI0

Lsnd, I1
Lsnd, and I3

Lsnd depend
on the experimental setup and/or the studied sample[19]. To
make easier the comparison between the CILS intensities
recorded for different experimental conditions,ILsnd have
been measured relative toIn1

' , the integrated intensity of the
vibration Raman linen1 of CH4. Typical curvesIn

i / In1

' are
displayed in Fig. 1 for several frequency shiftsn (50 cm−1,
100 cm−1, 200 cm−1, and 300 cm−1). For each value of the
Raman frequencyn studied, pair intensitiesI2

Lsnd were ob-
tained from the slope of these curves(see Fig. 1) at the
zero-density limit. A spectral correction was applied for each
recorded intensity to take into account the change of the
sensitivity of our apparatus(double monochromator plus
photodetector) with wavelength. Besides, since scattering in-
tensities are obtained in a first step on a relative scale, a
calibration has been made to put them on an absolute scale
using the rotationalS0s1d line of hydrogen as an external
reference[23]. Thus we have obtained, on an absolute scale,
the valuesI2

',asnd andI2
i,asnd of the polarized and depolarized

intensities, respectively. Then the pair anisotropic CILS
spectrumIanisnd and the pair isotropic CILS spectrumI isosnd
were deduced from the equations

Ianisnd = I2
i,asnd, s22d

I isosnd = I2
',asnd −

7

6
I2

i,asnd. s23d

IV. RESULTS AND DISCUSSION

The experimental depolarization ratiohsnd= I2
i snd / I2

'snd
deduced from the measurement of the binary Rayleigh spec-
tra I2

i snd and I2
'snd at 294.5 K is presented in Fig. 2 versus

frequency shift in cm−1. It can be compared to the theoretical

FIG. 1. Experimental CILS depolarized intensitiesIn
i divided by

the integrated intensityIn1

' of then1 Raman line for gaseous CH4 at
294.5 K and versus densityr (in amagats). The CILS intensities are
measured at several frequency shifts:(a) 50 cm−1 shd and
100 cm−1 ssd; (b) 200 cm−1 snd and 300 cm−1 s,d.
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depolarization ratios associated with the dipole-induced di-
pole (DID), dipole-quadrupole(DQ), and dipole-octopole
(DO) mechanisms:hDID =6/7<0.87,hDQ=9/23<0.39, and
hDO=22/63<0.35, respectively[24]. The expected depolar-
ization ratio for the first-order DID mechanism corresponds
to completely depolarized scattered intensities. In Fig. 2, it
appears that such a situation exists in the vicinity of the
Rayleigh line. However, beyond 150 cm−1, scattered intensi-
ties become more polarized and the experimental depolariza-
tion ratio is close to 0.6. This behavior shows that the DID
interaction alone cannot generate the scattered intensities ob-
served and that dipole-multipole mechanisms could contrib-
ute significantly at high-frequency shifts. Notice that in the
frequency range wherehsnd is far lower than 6/7, the isotro-
pic spectrum is defined with more accuracy[as can be de-
duced from Eq.(23)].

In Figs. 3 and 4, the experimental Rayleigh anisotropic
and isotropic binary intensities scattered by gaseous CH4 at
294.5 K are displayed, respectively, on an absolute scale(in
cm6) versus frequency shifs, together with their error bars.
Both spectra have been recorded up to 900 cm−1 from the
Rayleigh line. Nevertheless, due to excessively large uncer-
tainties, isotropic intensities must be considered just as esti-
mations below 100 cm−1 and beyond 650 cm−1. Previous
data concerning anisotropic collision-induced intensities
published in Ref.[4] up to 550 cm−1 are also provided in
Fig. 3. They are in satisfactory agreement with our data. On
the other hand, in Figs. 3 and 4, anisotropic and isotropic
scattering theoretical intensities calculated by using a recent
isotropic potential of CH4 are also displayed. This isotropic
potential has been obtained from a spherical harmonic ex-
pansion[25] of the potential computed by Palmer and Anch-
ell (PA) [26]. Every theoretical spectrum takes into account
the translational DID mechanism and rototranslational
mechanisms[DQ, DO, cross terms including quadrupole-
quadrupole, quadrupole-octopole, and octopole-octopole in-
teractionssCT=QQ+QO+OOd]. The contribution of nonlin-
ear polarizabilities to the anisotropic spectrum(NL) is also
considered. The value of the dipole polarizability used for

calculations isa0=2.642 Å3 [27]. For rototranslational and
NL contributions, we use theab initio values of the DQ
polarizabilityA and of the DO polarizabilityE recommended
by Maroulis [28] and reported in Table III. Hyperpolariz-
abilities and permanent multipoles playing a role in the re-
ported NL contribution have also been computed by Marou-
lis [29].

Rototranslational and NL contributions result from convo-
lution products of rotational stick spectra and translational
broadening functions. This computation has been described
elsewhere[19]. Concerning DID, computations of the clas-
sical trajectories of two molecules in interaction have been
carried out by following the standard procedure[30], but for
free dimers only. Indeed, knowledge of the complementary
contribution of bound and metastable dimers(pairs of mol-
ecules trapped in the well of the effective potential) is not
necessary. First, the percentagesx of the isotropic and aniso-
tropic integrated DID intensities due to bound and meta-
stable dimers are low in the CH4 case. Using the PA potential
and the statistical method described by Levine[31], we
found thatxiso=15% andxani=13%. Second, the role of these
low-energy pairs is limited to the low-frequency spectra
sn,25 cm−1d [4]. Therefore, calculation of their spectral
contributions is not useful for an evaluation of the dipole-
multipole polarizability tensors based on a comparison be-
tween theory and experiment beyond 100 cm−1.

Three isotropic potentialsVsrd have been selected for cal-
culations: a Lennard-Jones(LJ) one[32], the one of Righini-

FIG. 2. Experimental pair depolarization ratiohsnd
= I2

i snd / I2
'snd versus frequency shiftsn in cm−1 for the two-body

CIS of gaseous CH4 at 294.5 K.

FIG. 3. Two-bodyanisotropicscattering spectra of CH4 gas at
294.5 K. The solid circlessPd indicate our experimental data with
error bars; crossess+d are previous data from Ref.[4]. Curves are
theoretical spectra computed by using the potential of Palmer and
Anchell (PA) [26], the dipole polarizabilitya0=2.642 Å3 [27], and
the ab initio computed values of Maroulis(A=0.71 Å4 and E
=0.78 Å5) [28]. The successive multipolar mechanisms are repre-
sented by - - - -(DID), — - — - (DQ), — - - — (DO), - - - - - -
(CT), and — — (NL). The solid line(———) corresponds to the
total theoretical spectrum.
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Maki-Klein (RMK) modified by Meinander and Tabisz[33],
and the aforementioned PA potential of Palmer and Anchell
[26]. We checked that they generate theoretical intensities
compatible with our measurements. In particular, the DID
contribution to the anisotropic spectrum is responsible for
most of the integrated intensity. Therefore, the theoretical
zero-order momentM0,b

th associated with the DID anisotropy
bsrd=6a0

2/ r3,

M0,b
th =E

0

`

bsrd2expf− Vsrd/kBTg4pr2dr, s24d

must be close to the experimental zero-order momentM0
ani

[1]:

M0
ani =

15

2
S lL

2p
D4E

−`

`

Ianisnddn. s25d

Using the low-frequency intensities obtained by Barocchiet
al. [4], we found thatM0

ani=188±20 Å9. In previous works,
Meinanderet al. provided M0

ani=205±14 Å9 [27,34]. Both
results are fully compatible with momenta generated by the
LJ and PA potentials(M0,b

th =191 and 200 Å9, respectively).
For RMK, we found a higher valuesM0,b

th =225 Å9d. Never-
theless, possible short-range effects may lessen this latter
result and make the RMK potential compatible with CILS
experiments.

Besides, we checked for every potential that the zero-
order momentM0

F associated with the integrated intensity of
the calculated free-dimer DID contribution to the anisotropic
spectrum is close to the expected theoretical moments1
−xanidM0,b

th . The same procedure has been adopted for the
isotropic spectrum[where bsrd is replaced by the second-
order DID traceasrd=4a0

3/ r6].
In Fig. 3 (PA potential), the DID theoretical contribution

fits well the experimental data below 150 cm−1. Beyond
200 cm−1, rototranslational contributions are predominant
but some lack of theoretical intensity can be noticed[35]. On
the other hand, in Fig. 4(PA potential), very good agreement
exists between theory and experiment in the whole frequency
range. The isotropic spectrum thus appears mainly as result-
ing from the dipole-quadrupole mechanism, although some
influence of the dipole-octopole mechanism is visible beyond
500 cm−1. It is to be underlined that no fitting procedure has
been used here. Such a procedure would not change signifi-
cantly the global agreement between theory and experiment.
For example, a better fit of experimental and theoretical an-
isotropic spectra can be obtained by increasing the valueA of
the DQ polarizability. Nevertheless, it would lead to a lesser
fit of experimental and theoretical isotropic spectra(making
theoretical isotropic intensities due to the DQ polarizability
bigger than experimental isotropic intensities). Indeed, the
lack of theoretical anisotropic intensity must be attributed to
contributions which are not(or not enough) taken into ac-
count in our model. Required additional intensities originate
from mechanisms associated with the anisotropic spectrum
only and/or for whichA and E are not the only adjustable
parameters(unlike DQ, DO, and CT contributions). First, the
strong translational contribution to the anisotropic spectrum
is not known with perfect accuracy. Indeed, besides DID, it
may be influenced by short-range effects like overlap and
exchange. They are not well known in the case of CH4 and
are not considered in this work. However, such effects gen-
erally lessen intensities and therefore cannot explain alone
the discrepancy observed. On the other hand, a bigger NL

TABLE III. Dipole-quadrupole and dipole-octopole polarizabil-
ities (A and E, respectively) of CH4. Experimental values are de-
duced from the comparison of experimental data with theoretical
spectra computed by using several potentials.

Method Potential uAu sÅ4d uEu sÅ5d Reference

Theory

ab initio (CI) 0.74 0.76 [37]

ab initio (SCF) 0.76 0.81 [38]

ab initio (RPA) 0.81 0.84 [39]

ab initio (CCSD (T)) 0.71 0.78 [28]

Experiment

proton spin relaxation 0.89 [40]

anisotropic CILS RMK[33] 0.75 2.7 [4,5]

isotropic CILS LJ[32] 0.69±0.09 ø1.34 this work

isotropic CILS RMK [33] 0.61±0.09 ø1.16 this work

isotropic CILS PA[26] 0.66±0.08 ø1.26 this work

best/recommended 0.7−0.2
+0.1 0.6±0.6 this work

FIG. 4. Two-body isotropic scattering spectra of CH4 gas at
294.5 K. The solid circlessPd indicate our experimental data with
error bars; trianglessnd are estimated data. Curves are theoretical
spectra computed by using the potential of Palmer and Anchell(PA)
[26], the dipole polarizabilitya0=2.642 Å3 [27], and the ab initio
computed values of Maroulis(A=0.71 Å4 and E=0.78 Å5) [28].
The successive multipolar mechanisms are represented by- - - -
(DID), — - — - (DQ), — - - — (DO), and - - - - - -(CT). The solid
line (———) corresponds to the total theoretical spectrum.

BANCEWICZ et al. PHYSICAL REVIEW A 69, 062704(2004)

062704-6



contribution(more or less as intense as the DO and CT con-
tributions in Fig. 3) could fill the lack of intensity in the
250–700 cm–1 frequency range. The NL contribution re-
ported in Fig. 3 has been computed by usingab initio values
of molecular parameters obtained by Maroulis[28,29]. How-
ever,(i) theseab initio values are static values whereas val-
ues at laser frequency would have been preferable.(ii ) The
values of hyperpolarizabilities and multipole moments in-
volved in the NL contribution do not take into account elec-
tron correlation corrections[29] (unlike the values ofA and
E “recommended” in Ref.[28]). (iii ) The highest-frequency
part of the collision-induced spectra(beyond 700 cm−1) can-
not be fitted by any of our various theoretical contributions.
A similar observation has been done for other globular mol-
ecules[9,16]. These remarks point out the validity limits of
our model at the highest frequencies. Finally, the contribu-
tions of dipole-multipole polarizabilities to the anisotropic
spectrum are not easy to measure. This may explain, at least
partly, the overestimation ofE (relative to Maroulis’sab ini-
tio corresponding value) made in previous papers[4,5] cen-
tered on the analysis of the anisotropic spectrum alone, but at
different temperatures(see Table III). Concerning the isotro-
pic spectrum, the DID contribution is of second order and the
NL contributions are not to be considered, contrary to the
anisotropic spectrum. In this case, dipole-multipole mecha-
nisms are predominant and a “best fitting” procedure may be
used in order to evaluateA andE at laser frequency for the
various intermolecular potentials. However, considering the
size of the experimental error bars for the isotropic spectrum
and the mutual competition between DQ and DO mecha-
nisms, it is preferable to determine the ensemble of the so-
lutions sA,Ed for which the theoretical isotropic spectrum
lies inside the experimental error bars. This can be carried
out by using the set inversion method previously described
[36]. In Fig. 5, the area formed by the solutionssA,Ed is
given for the three selected potentials(LJ, RMK, and PA). In
Table III, the valuessA,Ed deduced from Fig. 5 are also
presented, together with their uncertainties. The choice of the
potential does not change significantly the shapes of the the-
oretical spectra although it affects slightly the values of
sA,Ed. However, the values of the dipole-multipole polariz-
abilities at laser frequency are rather close to the static values
calculated by Maroulis[28] whatever the potential is. Con-
sidering the uncertainties of our data and those connected
with the choice of the potential, we recommend for CH4 the

“experimental” evaluations A=0.7−0.2
+0.1 Å4 and uEu

=0.6±0.6 Å5. They are compatible with the aforementioned
ab initio computed values of Maroulis[28].

In conclusion, from this work it is shown that multipolar
polarizabilities contribute significantly to both the isotropic
and anisotropic scattering intensities of gaseous methane at
high-frequency shifts. However, although values of dipole-
quadrupole and dipole-octopole polarizabilitiessA,Ed may
be evaluated from anisotropic scattering data, the analysis of
the isotropic CIS spectrum reported around the Rayleigh line
is at the present time the most accurate method to measure
high-order multipolar polarizabilities of methane(in particu-
lar when using the set inversion technique). This result cor-
roborates the works previously carried out for other optically
isotropic molecules, CF4 [8] and SF6 [9].
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