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A comparative discussion is given of two approaches to taking spatial dispersion into account in the
electrodynamic problem of molecular scattering of light. The first, more traditional approach, may be
called the “distributed dipole” approximation (DDA) and is based on the assumption that any given
molecule at a given instant of time scatters light as an electric dipole. In this approach spatial dispersion,
i.e., the dependence of the spectrum on the variation of the propagation vector ¢ = k, — k,, is determined
by the correlation of the positions of a given molecule (or of different molecules) at different times.
Another approach, developed in recent years by Barron and Buckingham for the problem of light
scattering by molecules with right-left asymmetry, may be called the “local multipole™ approximation
(LMA) and is based on taking into account the magnetic dipole and the electric quadrupole as well as
the electric dipole interaction of a molecule with the field. A list is given of sets of ‘“complete
experiments” for measuring all the independent constants that determine the scattering cross section in
both approaches. It is shown that the DDA approach is needed to describe the relatively large (~1)
effects of spatial dispersion in measurements with high spectral resolution (8w Squv, where v is the
velocity of sound in the medium) while the LMA approach is required to describe the small effects
(~a/A, where a is the size of the molecule and A is the wavelength) measured with relatively low
spectral resolution Sw<qv. It is asserted that the right-left asymmetry of the differential (with respect to
frequency) cross section for scattering in a gas containing chiral molecules need not involve the smallness
parameter ka if g/ ~ 1, where a is the size of the molecule and ! is the mean free path. Also new lines are
predicted in the rotational Raman scattering in a gas—transitions with AJ = +1,4-3 in the case of
noncentrally-symmetric molecules with a cross section ~10~° of the Rayleigh cross section arising in
second order in a/A due to the higher multipoles.

PACS numbers: 33.80. — b, 42.65.Cq
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1. INTRODUCTION frared radiation. In general, corrections that depend

on the wave vector k of the light wave (|k|=2mn/x,
Most optical phenomena can be very well described by where » is the refractive index), which are often re-

assuming that the interaction of a light wave with atoms ferred to as spatial dispersion effects, are therefore
and molecules can be considered in the electric-dipole found to be of the relative order of magnitude of ka
approximation. The validity of this approximation is ~a/x, or some higher power of this parameter. On the
based on the availability of the very small parameter other hand, the condition for the validity of the dipole
a/x~10"3-1075, where a~10""-10"% cm is the char- approximation in electrodynamics is /A <1, where b is
acteristic linear dimension of an atom or a molecule the characteristic linear dimension of the radiating sys-
and A~107%-10"3 cm is the wavelength of visible or in- tem. If, by the radiating system, we understand all
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atoms or molecules in the given medium (solid, liquid,
or gas), we find that, in optics, the opposite condition
is usually satisfied, namely, b/x> 1. The resolution of
this apparent contradiction is achieved by noting that, in
most cases, different atoms and molecules radiate or
interact with the overall radiation field in a statistically
independent way. Let us examine this in greater detail.

In the case of direct radiation and in the case of scat-
tering, the spectral composition of the emitted photons
with wave vector k, and frequency w, is determined by
the space-time correlator of the current density
j(r, t):

o) o § & —r)d (=) G, 1) (", 1)
1.1)

The frequency-integrated characteristics of the direct
or scattered radiation are then determined by the cor-
relator of curx;ents at equal times:

xexp [ie, (" —1t') —k, (" —1")].

S I (kg, ©,) dor, oo
o 2n j (G, )T )@~ 1) exp [ — ko ("= 1)L (1.2)

However, equal-time correlation of the amplitudes of
direct radiation, or the correlation of fluctuations in
the parameters of the medium which govern the light
scattering process, are known to extend only to
distances of the order of the atomic size (this ignores
certain special cases such as, for example, the neigh-
borhoods of phase transition points). It follows that the
frequency-integrated characteristics of direct and scat-
tered radiation can, in fact, be calculated if we neglect
corrections of the order of ~a/x in the electric-dipole
approximation, and turn out to be independent of k for

" direct radiation or of k;, k, for scattered radiation. It
follows that spatial dispersion effects are very small-
of the order of a/\ or less-for the frequency-integrated
quantities,

An essentially different situation arises in the case of
Jfrequency-differentiated characteristics, We shall con-
fine our attention in this paper to light scattering prob-
blems for liquids and gases (spatial dispersion in
solids is examined in Ref. 1), Strong spatial dispersion
effects in gases in the case€ of the usual single-photon
absorption are discussed in our previous paper,?

The spectrum of scattered radiation is usuvally dis-
cussed in the approximation that may be referred to as
the distributed-dipole approximation (DDA). In this ap-
proximation, the current density j(r,t) at a given point
r in space and a given time £ is given by the dipole ex-
pression

Ji (6 8) = g[8, (r, £,0) By ()) 91 c.c], 1.3)
where E(r)e™**! is the incident wave and 8g,(r, t, w) is
the fluctuation in the dielectric permittivity. The es-
sential point is that spatial dispersion is not taken into
account in the relation between j and E given by (1.3).
Substitution of E(r) =eie"‘1' and the evaluation of the
scattered field in the far zone enable us to determine
the differential scattering cross section per unit vol-
ume

144 Sov. Phys. Usp. 22(3), March 1979

(1.4a)
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N (1.4b)
(1.4c)

where w, is the scattered frequency, n,=Kk,/k,, and e,
is the polarization unit vector. The characteristic fea-
ture of DDA as expressed by (1.4a) and (1.4b) is that
the differential cross section per unit frequency per
unit solid angle is independent of the wave vectors k,
and k, of the incident and scattered waves separately,
but is a function only of their difference q =Kk, - k,. The
tensor T,,,,, regarded as a function of the scattered
frequency w,, is also shown by (1.4b) to depend mainly
on the difference 6w =w, - w, because &e(r,?,w) has a
smooth dependence on the frequency w well away from
resonance.

q=k —k;, 00=0;— 0,

«Spatial dispersion,” i.e., the dependence of the
tensor Ty, Which determines the spectrum of the scat-
tered radiation on q has been thoroughly investigated
experimentally, This is, in fact, the polarized
Mandel’shtam- Brillouin doublet with the frequency shift
Aw=1xqv,, and the depolarized doublet (fine structure
of the Rayleigh line wing®), which has the shift Aw
=xqu,, where v, and v, are the velocities of longi-
tudinal and transverse hypersound in liquids, respec-
tively. There are, of course, many other effects as
well (see, for example, Refs. 4 and 5): Phenomeno-
logical examination of the problem, performed in the
distributed-dipole approximation by Zel’dovich,® has
also led to the inclusion of possible effects associated
with the left-right asymmetry of the scattering medium.
The results obtained in this way will be briefly sum-
marized in Sec. 2.

It is important to note that the approach which we
call the distributed-dipole approximation is widely
used also in the electrodynamics of absorption and re-
fraction, for example, in various problems in plasma
physics. The theory of the anomalous skin effect is a
good illustration of this point. Here, spatial dispersion
effects are strong in the sense that the electron mean
free path ! turns out to be much greater than the char-
acteristic scale a~k~! of changes in the field, i.e.,
kl>1, where & is the effective wave vector. Neverthe-
less, this effect is usually discussed by assuming that
the electrons experience only the electric field at the
given point on the electron trajectory, i.e., without
taking into account the Lorentz force. This, in fact,
corresponds to the spatially distributed dipole interac-
tion. However, in the present paper, we shall confine
our attention to light scattering problems and will leave
absorption and refraction problems aside,

On the other hand, natural optical activity of liquids
consisting of left-right asymmetric molecules (and
also of gases and solids) is usually discussed as a
spatial dispersion effect of the first order in a/A. This
phenomenon consists of the difference between the re-
fractive indices (or the difference between absorption
coefficients in the region of absorption bands) for right
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and left polarized light. To describe this phenomenon,
one must go beyond the pure dipole approximation and
include magnetic dipole and (for solids) electric quad-
rupole interactions between the molecules and the light
waves (see, for example, Refs. 7 and 8). In recent
years, Barron, Buckingham ef al. (see, for example,
Refs. 9 and 10) have developed a theory of light scat-
tering by left-right asymmetric molecules, which also
involves the inclusion of magnetic dipole and electric
quadrupole interactions. This approach may be re-
ferred to as the local multipole approximation (LMA).
This theory predicted, and the prediction was subse-
quently confirmed experimentally,!? that the Raman
scattering cross sections for left and right polarized
incident waves should be different., The Barron-
Buckingham theory (LMA) in the case of left-right scat-
tering asymmetry®!? is in roughly the same relation
to the theory of natural optical activity as the theory of
electric-dipole scattering (Placzek, 1930;!! see also
Refs. 12 and 13) is in relation to the theory of the
ordinary electric-dipole refractive index. The basic
points of LMA will be formulated briefly in Sec. 4 and
an account will be given there of new results on the
question of the “complete experiment.”

It is shown in Sec. 5 that the left-right asymmetric
terms in DDA, when the effect is taken into account
only in the first order in q=k; - k,, correspond to the
“two-group” mechanism!4 in the left- right asymmetric
terms in LMA.

In Sec. 3, a model of collisions between left-right
asymmetric molecules in a gas is used within the
framework of the DDA to show that the left-right
asymmetric terms in the frequency differential
cross section may be quite large (of the order of
0.01-0.1) if the spectral resolution Aw is better than
qv (U, is the thermal velocity of the molecules) and the
mean free path I is such that gl ~1, At the same time,
in the frequency-integrated cross section, the left-right
asymmetric terms should, as before, be of the order of
ka~1073-107%, in accordance with the LMA approach.

Finally, Sec. 6 suggests that it may be possible to ob-
serve new lines associated with rotational Raman scat-
tering in gases, namely, transitions with AJ=x1,%+3
for non centrally-symmetric molecules for which the
scattering cross section is about 107% of the Rayleigh
cross section. Such lines appear in the second order in
a/x because of the presence of the higher (as compared
with the dipole) multipolarities in the radiation,

We note that these spatial dispersion effects, i.e.,
nonlocal effects, in scattering can be adequately de-
scribed by only one of the above two approaches, The
difference between them is connected with the difference
between the very mechanisms responsible for the ap-
pearance of nonlocal behavior. In the case of LMA, one
is concerned with the nonlocal response of the induced
current to the field within the limits of an individual
molecule, In contrast, in DDA, one is concerned with
nonlocal behavior connected with the motion of the
molecules and the correlations between them in space.
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2. DISTRIBUTED-DIPOLE APPROXIMATION IN THE
THEORY OF MOLECULAR SCATTERING OF LIGHT

As noted in the Introduction, the differential cross
section per unit frequency is determined in DDA by the
tensor Ty, (dw,q) given by (1.4). To find the most
general form of this tensor without using models, it is
convenient to take into account? the symmetry proper-
ties of the integral (1.4). In particular, for liquids or
gases, i.e., media that are invariant under the rotation
group, the symmetry of (1.4) corresponds to the one-
parameter group of rotations around the direction n of
the wave vector q =¢gn (we shall refer to it as the small
group). In the Placzek approximation, we neglect anti-
symmetric scattering,!® !¢ so that the symmetric real
tensor O¢,,(r, ) can be decomposed into two irreducible
(with respect to the group of three-dimensional rota-
tions) components, namely, the scalar and the zero-
trace symmetry. Next, the scalar of the three-dimen-
sional rotation group is, at the same time, the irreduc-
ible scalar representation of the small group, and the
symmetric zero-trace tensor of three-dimensional
space generates the vector (V;) and the zero-trace
tensor (€,,) representations of the small group:!’

(2.1a)

1 1 ~
=g e+ (en— Bepinpni) (8 —3nimy) +Ving+nVy +-einy

(2.1b)

1 ) 1
Eip == eubi, + (8“1_-3" Suaih)

Vi=etiphp—Ri€pnpng.

Here and henceforth, we omit the symbol 6 in the fluc-
tuation 6e;,. The symbol £,, in (2.1a) represents the
symmetric zero-trace tensor in the two-dimensional
space orthogonal to n. To evaluate the integral (1.4b)
of the correlator (g;,(r, f) X g;,,(r’, t')}, We can use the
results of group theory, according to which only pro-

-ducts of identical representations of the small group

have nonzero averages, This yields®

Tirtm = M18udym + M2 [8in (8 — 3ryttrg) 4 8y (81— 3niny )1
+ My (65, — 3nan) (B — 3nyn )
M (88 - nn 8+ nin 8ty + nyn, 687)
+ M 5 (8784 - OmOkY — O 61%) + iM g (e11p0km
= CimpOit - enipBim + ampbit) Np 1 (M7 — Me) (€31pMnm + eimpMaly
+ €p1pRiT - Cmpltifty) My 2.2)

Dgtrictly speaking, the two-dimensional representations (V;)
and (€;,) are irreducible only for the broader symmetry
group, namely, the group C., of rotations and reflections in
planes containing n. In contrast, the group C, of pure rota-
tions (without reflections) is an Abelian group and contains
only the one-dimensional irreducible representations, For
example, the vector representation (V;) is then found to split
into two irreducible representations corresponding to circu-
larly polarized vectors of the form (e, +ie,), where n=e,;
similarly, the guantities €;;) are also found to decompose
into two circular representations. This type of decomposition
is particularly convenient for systems with strong left-right
asymmetry. It was introduced by Brazovskii and Dmitriev?’
in connection with the scattering of light near the point of
phase transition of an isotropic liquid into a cholesteric liquid
crystal (the approach adopted in Ref. 27 was analogous to
what we refer to as DDA). Conversely, for systems with
weak left-right asymmetry, the decomposition (2.1a) is the
more convenient. We are indebted to N. V. Tabiryan for dis-
cussions of this point.
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where
(2.3)

The quantities M, - M, are scalar and M, M, pseudo-
scalar real functions of the scalar arguments 6w and
|a|, and are defined by

ﬁ) = 6[»— ning.

+oo

Ma@o,|al =57 | deemsor | Preed (r, 7, 2.4)
where

Dy = - (eas (0) £ (1, 1), (2.5)

Dy = (£, (0) [en (£, T) —Beu (£, T) m2m), (2.6)

D= JLG ([e11 (0) — ey (0) monsl [eg; (x, T) — 3ey5 (r, T) Ry7p)), 2.7

Oy=2 VOV (r, 1) = ez (0) £ (5, T, .8)

(Ds = <exy (O) Eyy (l’, T)), (2.9)

Oy — 5 (o (O 22D O D% (2.10)

d)‘l: _i<exz (O) €y, (l‘, T)) (2.11)

The above expressions for the functions $,-$, are given
in the coordinate frame in which the z axis lies along n.

Expansions of this kind and integrals of correlators of
different components of the tensor &¢,;, are frequently
given and discussed in the literature.5 The most im-
portant difference between our decomposition of the
tensor T, and the corresponding formulas given in
the literature®5 is that we admit the possibility of left-
right asymmetry in the properties of the liquid or gas
under consideration. This is why our decomposition
contains pseudoscalar terms proportional to M, and
M~ M,.

It is important to note that, although, formally, the
expression for Ty, given by (2.2) contains the two in-
dependent left-right asymmetric terms ~ M, and
~(M,~M,), only the term ~ M, comes into play in real
situations.® This is connected with the following point.
The polarization unit vectors ey, e, of the incident and
scattered waves are always orthogonal to the corre-
sponding directions of propagation n, =k1/k1, n, =k2/k2,
so that (n;>e;)=0, (n,- e,)=0. If the frequency shift
6w =w, - w, associated with the scattering process is
small in comparison with the frequency w, of the inci-
dent light, we may set lkllz ik?l, and

Aa_ ki—k, PO Sl
¢ {R—ky| 7T [ny—ng|”

(2.12)

In this approximation, the tensor structure which ap-
pears in the cross section with the coefficient M,- M;
yields a result identically zero after multiplication by
the polarization unit vectors.

To determine all six functions M,- M, which deter-
mine the frequency differential cross sections in the
DDA approach under consideration, we must have a set
of not less than six independent experiments with dif-
ferent incident and scattered wave polarizations. To be
specific, let us examine the case of scattering through
90°, It will be convenient to take the coordinate frame
as shown in Fig. 1.

If the medium is left-right symmetric, we need only
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FIG. 1. Orientation of coordinate axes in the problem of light
scattering at 0=90° (k; and k, are the wave vectors of incident
and scattered light).

five experiments because M, =0. The remaining ex-
periments use different linear (and not elliptic) polar-
izations of the scattered wave for arbitrary polariza-
tions of the incident wave, but yield only four linearly
independent combinations of the five functions M~ M;,
This is also the case when the incident wave is repre-
sented by only linear polarizations and the scattered
wave by arbitrary polarizations. To perform the
“complete experiment,” we must add a further mea-
surement in which both the incident and scattered waves
are elliptically polarized. This “complete experiment”
is exemplified by the following set of scattered inten-
sities (differential in frequency):

(2.13).

I, Iz:EIyzy Iyx, Iisense, IRy,

where the first subscript indicates the polarization of
the incident and the second of the scattered wave, the
symbol 45° indicates linear polarization at 45° to the
plane of scattering, and the subscript R(L) represents
right (left) circular polarization,

To determine all six functions M~ M, (in the case of
a left-right asymmetric medium), it is sufficient for
example to add the measurement of I, to the five inten-
sities in (2,13). It is interesting that the pseudoscalar
term ~ M, does not contribute to any of the intensities
in (2.13), but it does contribute to I,,. If, on the other
hand, we are interested specifically in the left-right
asymmetric term M,, we must, for example, measure
the difference:

(2.14)

Mg oo IRx — 11y,

Measurement of the difference (2.14) may be tech-
nically feasible (compare this with the experiments
described in Ref. 10) if the incident-wave polarization
can be rapidly switched over from right to left circular
and back again without change in intensity. The quantity

IRx'—’Lx

AI: 1Rx+ILx '

(2.15)
characterizes (compare this with Ref. 10) the degree of
left-right asymmetry of the scattering cross section (in
this case, the frequency-differentiated cross section),

3. LEFT-RIGHT ASYMMETRY OF THE SPECTRUM
OF LIGHT SCATTERED BY A GAS DUE TO
COLLISIONS WITH CHIRAL MOLECULES (DDA
APPROACH)

In this section, we consider the DDA approach to the
problem of the left-right asymmetric terms in the
Raman spectrum of light scattered by a gas containing
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chiral, i.e,, left-right asymmetric, molecules. To do
this, we consider a rotational or vibrational-rotational
Raman transition, for example, one with AJ =+2 in an
arbitrary molecule. For simplicity, we shall assume
that the molecule is diatomic and thus left- right sym-
metric., We shall suppose that a low-density gas con-
sisting of these diatomic molecules is immersed in a
denser gas of chiral molecules. Collisions with the
chiral molecules perturb the rotation of the diatomic
molecules and thus contribute to collisional broadening
and shift [ +iAw. In the collisional theory of broad-
ening of spectral lines!™!? it is common the express
these quantities in terms of the broadening and shift
cross sections ¢’ +i0”, i.e., I' +i{Aw =Nv (o’ +ig”),
where N is the density of the perturbing particles (the
perturbers-in our case, the chiral molecules) and v,
is the relative velocity of the colliding particles. We
shall assume that the diatomic molecules are much
lighter, so that only their velocity v need be taken into
account,

We now introduce the most essential assumption from
the point of view of our subsequent analysis, namely,
that the line-broadening and shift cross sections contain
left-right asymmetric terms that depend on the mutual
orientation of the linear velocity v and the angular ve-
locity Q of the diatomic molecule:

r+iAm=NvT[a'+ia"+(b'+:b")ﬂ] (3.1)
[@vr
where the signs of b’ and b” will change when the
«right” perturbers are replaced by the «left” perturbers
in accordance with the pseudoscalar character of the
product (v- ).

Our aim is to find the mechanism responsible for the
appearance of the left-right asymmetric scattering of
light which is proportional to M, in (2.2) and is due to
the pseudoscalar contribution to the collisional broad-
ening cross section in (3.1). To achieve a qualitative
description of this mechanism, we consider the follow-
ing geometry of the experiment. Suppose the scattered
light is recorded in the backward direction (180° scat-
tering) and consider two types of experiment insofar as
the polarization of the incident and scattered light is
concerned, namely, R— R and L — L, i.e., experiments
with purely circular polarizations, It then follows from
(1.4a) and (2.2) that, for backward scattering,

Trr=A (M5 + Mg), TiL = A (M5 — M),

Ms (8o, q) = (2A) T (IrRrR — 111), @.2)

where A is a constant,

The condition AJ =+ 2 means that scattering ensures
that twice the «angular velocity” 20 ., =4mcB(2J +3) is
added to the frequency w of the incident light in the case
of the purely rotational transition, and to the frequency
w +w,, shifted by the vibrational quantum %w .4, in the
case of the vibrational-rotational transition. If we take
the positive direction of the x axis along the incident
light wave vector k,;, simple quasiclassical calculations
and quantum-mechanical formulas for the matrix ele-
ments (see, for example, Ref. 19, Sec. 107) show that
the 180° R — R scattering with AJ=+ 2 is mainly due to
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molecules with angular velocity Q, <0, whereas the
main contribution to L — L scattering is due to mole-
cules with Q,.> 0. For the purposes of a qualitative dis-
cussion, we replace the true distribution of the mole-
cules over the directions of the angular velocity € (or
the m-components in quantum-mechanical language) by
the following two-point distribution: we assume that
half the molecules have £,=Q,=0,9,=+ &, and the

rest 2,=Q,=0, Q =-Q.

Doppler broadening of the scattered line, Aw,=qv,,
due to the translational thermal motion of the mole-
cules and the ratio of collisional to Doppler broadening
will be important for the ensuing discussion. The pa-
rameter (I'/Aw p)~! can be rewritten in the form

Avp _ qup
I ~ Nugo

= qu (3-3)
where I = (No)™! is the mean free path for the particular
process, The effect in which we are interested
vanishes both for very small and very large perturber
densities N.

In fact, in the first case, N—0 and gl - «, The col-
lisions between our diatomic molecules and the per-
turbers are then completely turned off. If we trans-
form to the rest system of each of the scattering mole-
cules, we can place the target molecule at the origin
r=0 for an infinitely long interval of time, so that the
spatial dispersion effects seen in scattering because of
the presence of the factor exp(iq- r) are rendered in-
operative for r=0. All that this transformation to the
moving frame and back again will yield is the Doppler
frequency shift Aw,=q*v. Spatial dispersion then
manifests itself only in the Doppler shape of the spec-
trum, but not in the polarization structure. In the
other limiting case, N —«, we have gl - 0. The mole-
cule traverses a very small distance I «<g~! during the
time of one free path (for this particular process).
Spatial dispersion effects are then of the order of gl.
We are thus left with the most interesting region of
perturber pressures, for which I' ~Aw,, i.e., gl~1.

For the purposes of qualitative interpretation of the
left-right asymmetry in scattering, we replace the
Mazxwellian velocity distribution again by the two-point
distribution: half the molecules will have v,=v,=0,
v,=+v, and the other half v,=v,=0, v,=-v,. The
qualitative model thus corresponds to the following dis-
tribution of probabilities of v and Q at a given time:
FO D=1 L@ =] F6(—ew)

+ 58 (v+ewn) |[35@~e)++8(@+e9)].
(3.4)

Consider the effect of the pseudoscalar part of the
broadening b’ and take b” =0. (The effect of the left-
right asymmetric part of the line shift 8”7 +0 for b’ =0
can be examined similarly.) Figure 2 shows the scat-
tered spectra recorded in the R— R (a) and L~ L (b)
experiments, The broken curves show the contribu-
tions of molecules with v, =v,and v, =-v,. To be
specific, we have assumed that 5’ >0, having thus

established that, when v and & are parallel, the given
chiral perturbers produce greater broadening than
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FIG. 2. Qualitative illustration of the origin of left-right
asymmetry in the Raman Spectrum with AJ= +2 (see text for
details).

when v and & are antiparallel. Figure 2c shows the

pseudoscalar My(5w,q), which turns out to be an odd
function of detuning from the central transition fre-

quency for b” =0,

Calculations based on a semiclassical model are
analogous to those given earlier in the case of the
resonance natural optical activity due to collisions.?

We therefore only reproduce the final result. Assuming
that (3.1) describes the broadening cross section for the
transition, and that |b’ +4b”|<<a’, it can be shown that

My=M,=0, M,=M,
3My=Mi=My= 7= InF, (A, To, D), 3.5)
Mi=% 375 Im F2(4, T, D); 3.9
where o
Fi(8,To D)=in-2 [ oxp (—ihr—Tor— %) de
0
=iDexp (RE ) [1— o (Rupi)], 3.7)

Fy(A,To, D)= D2 X To poi2 { c2enp ( —iAr—r.,r—¥) v

I’

Stwm g

= LV Ty oy 25,
oD AT

4 a’ (3.8)

i.e., the functions F; and F, are expressed in terms of
the error integral of a complex argument and its deriv-
ative. Normalization of (3.5) and (3.6) is such that
fMd(s)=A. Moreover, in (3.5)—(3.8),

o - 3.9)
P(z)=1—2n"1/2 S e~ Vdy.
In deriving (3.5)-(3.8), we retain only the first-order
terms in lb' +ib"l. It turns out that, in this approxi-
mation, M;=M,; and the functions M;, M,, and M; are
proportional to one another. The dimensionless quan-
tity 4, in (2.15), which characterizes the left-right
asymmetry of the 90° -scattered spectrum, is given by

A= 0.442 (3.10)

for I'y=D when A =% ', (for simplicity, we have as-
sumed that a’=b"=0).

The magnitude of the asymmetry, measured for 180°
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scattering in experiments of the form (3.2) for A
=z 'y, turns out to be greater by a factor of five:

Igrr—1ILL -

e —x0r (3.11)

Thus, within the framework of DDA, the relative mag-
nitude of the left-right asymmetry A, in this model at
the relevant pressure does not contain the small pa-
rameter a/x, but depends on the parameter b’/a’,
which characterizes the left-right asymmetry of the
collision cross section,

4.. LOCAL MULTIPOLE APPROXIMATION TO THE
SCATTERING OF LIGHT BY LEFT-RIGHT
ASYMMETRIC MOLECULES (LMA APPROACH)

In this section, we follow largely the work of Barron
and Buckingham¥!% and survey the approach in which
scattering problems are treated by including the inter-
action of the higher-order multipoles of the molecule
(magnetic dipole and electric quadrupole) with the light-
wave field, Since the behavior and orientation of the
different molecules are assumed to be independent, this
approach will be referred to as the local multiple ap~
proximation (LMA).

A. Expansion of induced multipole moments of the
molecule in powers of a/\ and symmetry relationships

We shall suppose that the electronic state of the
molecule is nondegenerate and that the frequency of the
incident light lies in the transparency band of the
molecule under consideration. To consider the prob-
lem of Rayleigh and vibrational-rotational Raman scat-
tering, it is sufficient to confine our attention to the
Born-QOppenheimer adiabatic approximation, which is
often referred to as the Placzek approximation in the
case of scattering problems, In this approximation,
the scattering problem is first solved for fixed nuclei
and then the dependence of the amplitude of the scat-
tered field on the vibrational and rotational coordinates
of the molecules is taken into account, As already
noted, to take into account the first-order terms in
a/X in the scattered-wave amplitude, we must find the
electric dipole {u) and magnetic dipole (m) as well as
the electric quadrupole (6,,) moments induced in the
molecule by the incident light wave. We shall use the
following normalization of these moments in the cgs
system of units:

n= 28]‘, m=% Ze[rxi]‘ eih=—;—2e(3xixh—r’6ih). (4-1)

In this notation, the expressions for m and 6,, that
are linear in the amplitude of the incident wave
E exp(-iwt +ik -r) have the general form
m1=i—‘:-P§iEu, Oy = AtuEn. 4.2)
Our notation is essentially the same as that used in
Refs. 9 and 10 except that our tensor, p,,, is related to
the tensor G, in Refs, 9 and 10 by G,, = - iwp,, and we
use cgs units rather than SI units. In (4.2), we have
confined our attention to the first nonvanishing approxi-
mation in @/A, In other words, the right-hand sides of
(4.2) contain only the field intensity E, experienced by

N. B. Baranova and B. Ya. Zel’dovich 148




the molecules and not the gradients &, E,, etc. This is
S0 because, already in this approximation, the tensors
p and A have the dimensions of L and contain an extra
power of the molecular size @ as compared with the
electric dipole polarizability &, which has the dimen-
sions of L3,

The true tensor A;,, and pseudotensor p,, can be re-
ferred to as the dipole-quadrupole and dipole- magnetic-
dipole cross polarizabilities,?® The first part of this
designation (dipole) indicates that the electric field in
the incident wave is looked upon as uniform. The quan-
tum-mechanical analysis of the interaction between
electrons in a molecule and the classical wave E(r, {)
in terms of the electric dipole Hamiltonian®

Ving==fl -E(x=0, 1), (4.3)

enables us to find expressions for the tensors A and ;3;
the point r =0 corresponds here to the conventional
position of the «center” of the molecule. For the non-
degenerate electronic state of the molecule in the ab-
sence of a static external magnetic field, the tensors
A and p and the electric dipole polarizability tensor &
turn out to be real in the transparency region and are
given by

Qi = 5 2 mzmzm (M)t (HR)n1s (4.4)
Pun = 5 Gon e - Z e, (4.5)
At =-,?;— 2 (.,g:)i'mz (B)tn (Orr)nss (4.6)

n

where the sum over n of the products of the matrix ele-
ments denotes summation over the electronically ex-
cited molecular states and the subscript 1 represents
the ground state. The fact that the tensors &, p, and A
are real is readily understood if it is recalled that the
total Hamiltonian is invariant under time reversal £
—— £, In fact, the nondegenerate electronic state
transforms into itself under time reversal for the 7T -
even Hamlltoman The quantities [; and 6“ remain
invariant and m, change sign under time reversal. The
operation f— - ¢ corresponds to transition to the com-
plex conjugate quantities because the time dependence
of the wave field is E~ e¢'“%, Finally, the assumption
that there is no absorption removes possible time ir-
reversibility connected with going around the poles in
the resonance denominators, In view of the foregoing,
the expressions given by (4.2) turn out to be invariant
under time reversal only for real p;, and A;,;. The
asterisk representing complex conjugation in (4.2) can,
therefore, be omitted. We also note that all three ten-
sors @, p, and A have finite nonzero static limits for
w - 0 (this property is not exhibited by the tensor G,
=-iw,, discussed in Refs. 9 and 10).

The pseudotensor p,, is, in general, nonsymmetric in
the space indices and contains nine independent compo-
nents. The third-rank tensor A,,; is a zero-trace sym-

DWe note that throughout we ignore corrections of the Lorenz-
Lorentz type and similar others which are comnected with the
difference between the effective and macroscopic fields.
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metric tensor in its indices k,1, which refer to the
quadrupole on the left-hand side of (4.2):

Ay = Airy,  4455;=0, 4.7)

so that, in general, it contains 5x 3 =15 independent
components,

We have thus obtained the quadrupole and magnetic
dipole induced in the molecule by the uniform electric
field E(r =0, f). The latter is present in the electric-
dipole Hamiltonian (4.3). To include all first-order
terms in a/x, we must also expand in powers of a/)
the dipole moment y; induced by the wave in the mole-
cule. The corresponding phenomenologic expansion is

4.8)

Since k< E =0 in the transverse light waves, we can add
an arbitrary term of the form ¢,5,, to the tensor g,
without violating (4.8). We shall always choose this
term such that g,,,=0, in which case the tensor 8,,,
will, in general, have 27 — 3 =24 independent compo-
nents. This kind of tensor can always be decomposed
into two parts, namely, an antisymmetric part and a
zero-trace symmetric part in the last two indices:

oE .
i =Ly +Pin —;Ili= ainEy + Purki Eg.

5m5k1)- 4.9}

ﬁqu elk}(ejmnﬁlmn)‘l' o (Bun + Brne —

The components of the dipole moment 4, in (4.8) are
proportional to the antisymmetric part of §;,, in (4.9)
and are “excited” by the magnetic field H,=- ¢/
we R E, of the incident wave, whereas the components
i, in (4.8) that are proportional to the zero-trace sym-
metric part of ,;,, are «excited” by the symmetric
gradient

GE,

dEy 2
-3 S dzg ?

dzy

BE[
dry

+ —

e., the quadrupole part of the nonuniform electric field
of the incident wave. The first term in (4.9) can, there-
fore, be referred to as the magnetic-dipole-dipole
cross polarizability and the second as the quadrupole-
dipole cross polarizability. Microscopic evaluation of
the tensor §;,, from (4.8) requires the inclusion of the
magnetic dipole and electric quadrupole terms in the
interaction Hamiltonian: !

t

Vine= -1+ E(xr=0, l)-f—l;l-g ccurl E{r, t') [emo dt’

—co

()

dxy dxy

4.10)

r=0"

Evaluation of the induced dipole moment, which is
linear in the field amplitude, with the aid of the Hamil-
tonian (4.10) yields (4.8) with the expression for & given
by (4.4) and the real tensor §;;, given by (for a non-
degenerate state)

Bin= _Pljejlk+‘;— Aigpe (4.11)
Under the above assumptions, the tensor By;y thus turns
out to be uniquely related to p and A. This expresses
the fact that mutually symmetric cross polarizabilities
are equal. It is completely analogous to the symmetry
of the ordinary (dipole-dipole) polarizability tensor a;,
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= @,; and is a consequence of the invariance of both the
Hamiltonian and the (nondegenerate!) state of the mole-
cule under time reversal.

A very important point is the covariance of the above
expressions under a shift of the origin of the coordinate
frame.?®2! n the coordinate frame K’, which is shifted
relative to the original system X by a vector b such that
r'=r-b, the quantities m and 6,, acquire the following
additional terms:

p =p, m=m—(2)t{bX4al,

. 4.12)

0in = B4p — - [3paabp + Sbuptp — 260 (b-w)].
In addition, in (4.2) and (4.8), the complex amplitude of
the field E was interpreted as the value E=E(r=0) at
the origin of a coordinate frame attached (in general,
arbitrarily) to the molecule. When we transform to the
new coordinate frame, we must substitute E'=E’(r’ =0)
=E(r=>b) in (4.2) and (4.8) at the new origin r’' =0,
Since E~e** T, the field E’ takes the form E’(0) = Eet*?
=E(l +7k-b). Here, we have confined our attention to
the expansion that is linear in b because we are only
interested in the first-order terms in a/x. To this ac-
curacy, the correSpondmg transformation law for the
tensors a, B A,p is as follows:

Qin=Qip, Pik= Pir +—;— @ije by,

Ak = Ay — 5 (Botuyb, - 3bicin — 20ub ),

(4.13)

Bior = Ben—aanbi + -é— Snigh;.

Naturally, the symmetry relation (4.11) is also in-
variant under shifts of the coordinate frame. We shall
now illustrate the importance of the transformation
(4.13) by the following example. Consider a particle
(atom or molecule) that is symmetric under inversion
at some “center” r=0 (nuclear center in the case of an
atom). In this coordinate frame, all the even-rank ten-
sors (including A, and 8,,,) and all the pseudotensors
of even rank (including p,,) that characterize the prop-
erties of the particle will vanish, i.e., A;;=0, By,
=0, p;,=0. When some other origin is chosen, non-
zero components A}y, B, P, are found to appear and
are given by (4.13) without assumptions about the dy-
namics of the system.

It is well known that the usual polarizability tensor
a,, = a,, is conveniently decomposed into irreducible
components with respect to the group of rotations of
three-dimensional space, namely, the scalar and sym-
metric zero-trace components, Similarly, the tensor
A, can be decomposed into three representations of
rank I =3 (irreducible third-rank tensor), 1=2 (ir-
reducible second-rank pseudotensor) and I =1 (vector).
The pseudotensor p,, is decomposed into representations
with I =2 (irreducible pseudotensor of rank two), I=1
(vector), and I =0 (pseudoscalar) (see Appendix 1).
Such decompositions are convenient for the subsequent
evaluation of quantities averaged over the molecular
orientations,

B. Differential scattering cross section in LMA

The scattered-field amplitude in the far zone is given
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by the following standard expression which corresponds
to the sum of the amplitudes of dipole, magnetxc dipole,
and electric quadrupole radiations:

aal[{H+r

where n is the refractive index of the medium and the
value of the right-hand side in (4.14) is taken at time
¥ =t-n|R-r,|/c. Here R is the point of observation,
|R-ry|= R>2,n,=R/R, n, is the unit vector in the
direction of scattering, and k, = nwnz/c Quantities
referring to the incident wave are indicated by the sub-
script 1. Thus, for the wave vector, we have k;
=nwn,/c., We must now substitute into (4.14) the ex-
pressions for u, m, and 9, induced in the molecule by
the incident waves:

E,(R, t)=— (eﬂz)”+[mﬂ2]”} m)n ] (4.14)

wi= (aik + iPiseanshyy +i-;— Aikjkll) Epexp(—iot+iky fo): (4.15a)
(4.15b)
(4.15¢)

m; =12 0y Ey oxp(— 0t + ik "To)s
0 = Apyy ), exp (—iot + iky *To)-

Further results can conveniently be written in terms of
the projection 4, of the amplitude E, along the polariza-
tion unit vector e, of the scattered wave: A4,= (e; * Ey).
The scattering cross section per unit solid angle for a
wave with polarization e, i.e., E;=A e, into a wave
with polarization e, and with propagation directions n,
and n,, respectively, is given by

(4.16)

R[4 * - (@, \4 » %
T4E = (T) €2i€1k€518 1 mPinym.

:—:(nh e, — nz €2 )=
In our particular approximation, the tensor (41r)2NPm,,
in the LMA approach has the same significance as the
tensor [T,,,.d(0w) introduced above [(see (1.4a)] in the
DDA approach. In the present expression, N is the
number of scattering molecules per unit volume. When
the expression for |A2|2 is evaluated to the required ac-
curacy, we retain only the zero-order terms in a/x,
terms proportional to o?, and interference terms of the
first order in a/x, which are proportional to the pro-
ducts ap and aA. In these small interference terms, we
neglect corrections of the order of (‘w1 - w, |/w,), which
are relatively small even for the vibrational Raman
scattering of light. The final result is

. on
Piim = <[aih i3 (Aigprap— Ahip”zp)
, n . on
— & — (PssConpPry — phsesipnlp)] % + & (Amansi — Amuriiag)

+ T Ptefamttue — PmaCatinad) | ) 4.17)

where the angle brackets represent averaging over the
orientations of the molecules, It is well known that this
averaging is most conveniently performed by decom-
posing the tensors into irreducible (with respect to the
rotation group) components, The only nonzero averages
are then those of the products of irreducible representa-
tions of equal dimensionality Z. The final result is the
well-known expression for the correlator of the tensors
a:

(@irGttm) = Csdnbtm + Cs (Subpm + Bimui— 5 8ubim),  (4.182)
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and the expressions for the terms of the first order in
a/x:

{@iptm) = Cobinbim + C, ( 8itnm + SimOn —-g- Bixbim ) , (4.19a)

(@irAimz) = Cs (€itmOrn + €ximBin + €itnOhm + €x128im), (4.20a)
where

C, =% (@i, Co= o \(@ae) — 3 <a"“li>) (4.18b)

Cy= % (aaipsdy Ca =3 ((aijpi/) + {05 ——3~ {aiipy;) ) . (4.19b)

o= €sik @rpAip). (4.20b)

The tensor P, then assumes the form

Pirtm = C 18t -+ Ca  Subm+ imbpt — = 8inbim )
4 % nCy (Sineims — €insOim) (M1 + 1yy)
+i % nC, [n,j (20i1€nms + Oimeniy + Oniimy)

5 :
— gy (28hmeit; -+ Bimenis + Oui€img) — 5 (Sineim; — Stmein;) (111) + 1z) }

—i ‘(;-)' nCs [ny; (20xmeir; + Bimenty + Oni€im;)

—”v‘b’l (28u6nm; -+ Sui€imy+ Simenty)

+ Py (8is8ntm — 8ijinm) + Moy (Bnseum — Smsernn)].  (4,21)
The expression for the scattering cross section is ob-
tained by multiplying this tensor by the polarization unit
vectors [ see (4.16)]. In the case of Raman scattering,
the tensor o, must be replaced by its variation with
respect to the molecular coordinate @, i.e., a,,— (@ O‘n/
dQ)Q in all these formulas, This also applies to the
tensors p,, and A,,.

We note particularly that the above expressions do
not depend (to within terms of the order of ~a/x, in-
clusive) on the choice of the origin in the molecule if we
take into account the transformation rules given by
4.13).

The differential scattering cross section per unit
angle is characterized by five constants: two are of
zero order in a/x and three are first order in this ratio.
The zero-order terms (electric dipole) are well known:
they correspond to scalar and symmetric zero-trace
scattering, At the same time, since the electronic term
is nondegenerate in the adiabatic approximation, there
is no antisymmetric scattering (see Refs. 15 and 16 in
this connection). It may be said that scattering of zero
order in a/x corresponds to the process where a photon
corresponding to the spherical vector of the field of
electric-dipole type (see Ref. 13, Sec. 46) is removed
from the incident plane wave and a similar photon is
emitted into the scattered wave, i.e,, we have the D—D
process. Scalar scattering then proceeds without a
change in the m-components of the spherical vector
whereas symmetric zero-trace scattering does, in
general, involve this change.

To avoid misunderstanding, we note the following. It
is well known (see, for example, Ref. 11) that the
selection rule for symmetric zero-trace and antisym-
metric D— D scattering is the same as for the infrared
absorption due to quadrupole and magnetic-dipole tran-
sitions, respectively. This is why the above types of
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pure dipole scattering are frequently colloquially re-
ferred to as “quadrupole and magnetic-dipole scat-
tering.” In our case, this terminology will only confuse
the situation because we shall have to consider scat-
tering with an actual participation of electric quad-
rupoles and magnetic dipoles. We shall therefore avoid
this terminology.

First-order terms in a/) in this scattering cross sec-
tion arise due to interference of the D~ D process with
the M— D, D— M, @~ D, and D— @ processes. Here,
M and @ represent spherical photons of the magnetic-
dipole and electric-quadrupole type (see Ref. 13, Secs.
46 and 47). The fact that the M and @ photons have
positive parity whereas the D photon has a negative
parity shows immediately that terms of the first order
in a/) change sign under space reflection during scat-
tering by freely rotating systems. In other words, such
terms have different signs for the right-handed and
left-handed molecules, whereas, for left-right sym-
metric molecules, they are zero, The first-order cor-
rection in @/ is also found to vanish for the racemic
(50%/50%) mixture of left- and right-handed molecules.

Specifically, the two constants C,; and C, are due to
interference between the D— D process and the D— M
and M— D processes. The constant C, appears as a
result of interference of the scalar o, with the pseudo-
scalar p;; and C, originates in the interference of the
irreducible symmetric tensors of rank two, @, and Pin-
The further constant C; corresponds to interference of
D— D with D— @ and @ — D processes, in which only
the symmetric zero-trace part of the tensor A, (ir-
reducible tensor of rank two) and a similar representa-
tion of a;; are involved.

C. Angle integrated scattering cross section

In order to evaluate the scattering cross section
summed over the scattered wave polarizations, we must
replace the tensor e,,e}; by the projection operator
e4,03; — 8, — Ny;My;. It is then a relatively simple matter
to obtain the integrated cross section by integrating with
respect to the solid angle do.2. A still simpler pro-
cedure is to use the general expression for the radia-
tion intensity integrated with respect to the angles. *
Neglecting second-order terms in a/A (see Ref. 22 or
Appendix 2), we find that the integrated intensity is
given by the usual dipole formula

I (erg/sec)= —3273‘!12 =% (uipd). (4.22)
Substitution for yu; from (4.8), averaging over the
angles and division by the flux density c|E|2/87 erg/
cm?- sec) yields the following total cross section:
oza—(%)"[(c,q-‘s—‘)c,)+2—(cﬁ—cé)PJ (4.23)
where P,=i(n,[ efe,]) is the degree of circular polar-
ization of the incident wave; P,=+1 and P,=~- 1 for
right- and left-polarized radlatxon respectlvely. We
note that, in contrast to the differential cross section
do/do, the total cross section ¢ does not include the
quadrupole term C;. This is so because the quadrupole
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photon has J=2 and cannot, therefore, interfere with
the dipole photon (in the incident wave) during averaging
over orientations. In contrast to this, the magnetic
dipole photon in the incident wave (J=1) does interfere
with the electric dipole (J=1) and the parity restriction
is removed by the left-right asymmetry of the mole-
cule,

In conclusion, we note the following curious point,
Consider a one-component gas of left-right asymmetric
molecules of low density, so that the refractive index
is very close to unity. Suppose further that the sym-
metry of the molecules allows the presence of only the
scalar part of the polarizability a,,, i.e., the aniso-
tropy of the dipole-dipole polarizability «,, is zero. We
thus arrive at a situation that was examined long ago
by Rayleigh. It was, in fact, Rayleigh who appears to
have been the first to point out that, in the case of
molecules with a purely isotropic electric dipole polar-
izability, the Rayleigh scattering cross section of a gas
can be expressed in terms of its refractive index, We
now draw attention to the fact that terms of the first
order in a/\ in the scattering cross section are then
also expressed in terms of the refractive properties of
the gas:

4.24)

ang—1 5 g —

o-=g () At
where the subscripts (+) and (-) refer to the right- and
left-polarized waves, respectively. The most con-
venient way of deriving (4.24) is to use the optical
theorem from wave theory (see, for example, Ref. 23),
according to which the refractive index is determined
by the zero-angle scattering amplitude. We note, final-
ly, that (4.24) cannot be written as a simple generaliza-
tion of Rayleigh’s formula g, =const* (7, — 1)*, This
type of «“generalization” would yield (o, - o_)/o greater
by a factor of two than the correct value given by (4.24).

D. The “complete experiment’’ within the framework of
LMA

Although the existence of left-right asymmetry in light
scattering has itself been reliably confirmed by experi-
ment,!? actual measurements of this asymmetry carried

- —out to-date have not, unfortunately, been very accurate,

Nevertheless, it is basically interesting to consider the
question of the “complete experiment” within the frame-
work of the LMA approach.

Left-right asymmetric terms ~C,;, C,, and C; in the
scattering cross section have no effect if both polariza-
tions, i.e., the polarization of the incident and scat-
~ tered waves, are plane (linear), It is, therefore, suf-
ficient to have two experiments to determine C, and C,;
for example, one can measure I, and I, = I, = I, for
scattering at §=90° (Fig. 1).

The essential difference between the LMA approach
as exemplified by (4.21) and the DDA approach repre-
sented by (2.2) is that the polarization measurements
of the cross section at a single angle are no longer
sufficient to enable us to determine all five constants
C;- C; in the LMA approach. In particular, calcula-
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tions similar to those performed in Ref. 6 show that,
for any fixed scattering angle in the LMA approach,
there are only four linearly independent experiments,
for example, I, I,,, g, Iz,. An in order to determine
all five constants C, ~ C;, one must perform polariza-
tion measurements for at least two different values of
the scattering angle.

The following is an example of such a “complete ex-
periment”:

I., (6 =909,
I (8 = 909,

I,. (6 = 90°),
Irr (0 = 180°).

IRz 8 = 909,
4.25)

Accordingly, measurements of only the left-right
asymmetric constants C,,C,, C; in the LMA approach
can be achieved within the framework of the following
experiments:

8=90" (Ine—I1)=2(2)" (Cs 4 5-C—Cs),

(Irx—Tpy) =2 (%)5 “2(CoCy), (4.26)

0 =180 (IRR—I,_L)=2(—?)5-16(0‘—05).

Measurements of the cross section differences (4.26)
are quite difficult, Such measurements are, neverthe-
less, to be preferred as compared with measurements
selected from (4.25) with subsequent subtraction of the
small differences between large quantities recorded for
(4.25) under appreciably different experimental condi-
tions,

5. RANGES OF VALIDITY OF DDA AND LMA

We have examined two approaches to taking spatial
dispersion into account in molecular scattering of light,
The problem now naturally arises as to what is the
relationship between these two approaches and what is
the range of validity of each.

Let us begin by considering the limiting case in which
these two regions of validity overlap. As noted in the
Introduction, DDA means that we can use the dipole
permittivity g, (r, ) or polarizability «,, at each point.
The corresponding approximation in the local multipole
approach is the so-called two-group mechanism.!¢ It
involves the following model of the interaction between
a molecule and a light field. Let us suppose that a
molecule of size ~a consists of K structural units of
size b «<a, located at the points r=r" (j=1,...,K),
so that [r’ |~a. We shall now suppose that each struc-
tural unit has only the dipole polarizability tensor o’
and all the higher-order tensors p{’,A{} are zero.
More precisely, this may be formulated in the form of
the following approximate expressions:

al) ~ b3,

PP ~ bt 0, AD ~ b 0.

(5.1)
However, the assertion that the tensors p{’ and A{)
are zero and the estimates (5.1) can be made for each
structural unit only in its «“own” coordinate frame with
origin at the point r=r"’, The transformation to a co-
ordinate frame that is common to all the components of
the molecule can be based on (4.13), which gives
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Qip = 2 Qiky
i

1 e
Pi;.=72| I::’ @il €tnpy

(5.2)

3 i (i
Am=—5 2 (:ﬁ’ a‘if)-i-zf”afi)—-—
3

5” ) (J))

This still depends on the choice of the origin but, if we
evaluate the coefficients C,, C,, C;, which determine the
scattering cross section, we find that they are no longer
functions of the choice of the origin, In particular, it
follows from (5.2) that

11
Ci=0, Ci=—3C;i=5-7 3 albalein (& —2),

ip

(5.3)

which involves the sum of the contributions of different
pairs j, p of structural units and this is the origin of
the phrase, «two-group mechanism.” If we rewrite this
sum over all j,p in the form of a sum, subject to the
condition j <p, we can remove the coefficient 1/2 from
(5.3). As noted in Ref. 10, the scalar part p,, of the
tensor p (which is known to determine the natural opti-
cal activity of liquids) in the «two-group approxima-
tion” is zero. This is easily verified on the basis of
(5.2). The «two-group mechanism” is, therefore, a
possible mechanism for the left-right asymmetry, but
only in the case of scattering (through nonzero angle!).
It is not suitable for the refractive index. This is why
the constant C; is also zero in this mechanism.

Since C,=-3C,, C;=0, the left-right asymmetric
terms in the tensor P, in (4.21) assume the form
8Pim = iﬂnc‘ { [-4— (nyj—N2y) (Bitehms+ Siment;+ Oniim; + kaen})]

+ [ 3 (r;+ o) (allehmj_ahmellj + Oimein;— Binéimy)

) +%"1j (&,&dm"‘ Gﬂelhm) + 3Py (ellmakj_éjmexkl)J } (5.4)

This expression is written in the form of two terms.
The term in the second pair of brackets is arranged so
that, when it is multiplied by the polarization unit vec-
tors e,,e},e3,€,,,, subject to the transversality conditions
{n;* e;)=0 and (n," e,) =0, the result is identically zero.

In order to compare this expression with the left-
right asymmetric terms in the DDA approach, we as-
sume that the correlation between the fluctuations
( €,4(0)€;,,(r)) extends to distances |r|~a, much
shorter than the wavelength, More precisely, a «|q|!,
where q =k, ~ k, is the change in the wave vector of the
photon after scattering. If in (2.4) we confine our at-
tention to the first approximation in ga, we find that
M,= Mg,

S Mg (g, b0)d (b0)= — 3L0 gei, 5 (B€ix (0) Bty (r) rpy dor, (5.5)
and the corresponding terms in T;,,, are
‘aTiklm = iM; (e11p0am + €impOrt + €ntpbim + €ampdis) 7p. (5.8)

If we compare (5.3)-(5.6), and use the transversality
condition, we find that the results are quantitatively the
same if the fluctuations in the permittivity tensor 6&(r)
in the DDA approach are taken in the form
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e (1) =4n 2189 (r—r9) o, (5.7)
)

This, in fact, corresponds to the basis of the «two-
group mechanism” in the LMA approach.

We note that the above comparison cannot be looked
upon as an argument either for or against the validity
of the two-group mechanism in the case of real mole-
cules, and simply serves as an aid to a better under-
standing of the physical assumptions used in LMA and
DDA.

To establish the differences between the two ap-
proaches, we turn now to DDA and consider the form
of the infegrated cross section (with respect to the fre-
quency of the scattered light) in the DDA approach. We
must first define our terms. We must establish the
frequency interval over which the cross section must
be integrated in order to obtain some useful result for
some particular variable, For example, it is clear
that the intensity of the scalar part of the Rayleigh line,
integrated with respect to the frequency, which was
calculated long ago by Einstein from thermodynamic
considerations, is not directly related to the intensity
of the individual lines in the vibrational Raman spec-
trum, which are separated from the Rayleigh line by
100-1000 cm~!. This shows that an integral over a
much smaller frequency interval should already exhibit
certain definite invariance properties, i.e., a kind of
spectroscopic stability. We shall now show that w
= |q|v, can be taken as this minimum frequency inter-
val, where v is the characteristic velocity of propaga-
tion of perturbations in the medium under consideration.
We begin by considering the expression for the scat-
tering cross section measured with a spectroscopic
device with an instrumental function g(Aw), normalized
so that fg(Aw)d(Aw) =1, Apart from numerical coeffi-
cients and factors such as the polarization unit vectors,
the DDA approach yields

( dR (0, + Aw)

Imeas (n21 (‘)2) - do dw (A“)) d (A(") «

o j Tinim (4, ©1— 03— Aw) g (A0) d (Aw). (5.8)
If we take the Fourier transform of the instrumental'
function

dog (Av)e-ibot, G (0)=1, (5.9)

L,{*

G (1) :;——

we find that the scattered intensity at frequency w,, as
measured by the instrument, is determined not by the
original tensor T;y.(q,w(~ w,;) given by (1.4b), but by
the tensor

Tiuim (4, 01— 09) =3 | Ge (R, 1) 8o R+, £47)) (5.10)
X G (t)exp [ —i (v — 0,) T+ iqr]dirdr.

In other words, T’ differs from T as given by (1.4b)
by the fact that the space-time correlator 6"-67)
is multiplied by the function G(7). General properties
of Fourier transforms show that G(7)~1 only for 7

< Awg!, where Aw, is the width of the instrumental
function G(Aw). The function G(7) falls off rapidly for
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larger values of 7| if the function g(Aw) is smooth the
reduction in G(7) for ||~ « is exponential].

We now assume that the correlator ( 6&(R, ) x be(R
+r,t+ 7)) is nonzero only within the sphere r sg,
+v| 7|, where v is the characteristic velocity of per-
turbations in the medium, and g, is the simultaneous
correlation length:

(Se(R, 1)-8¢(R+x, t+1)=0 for [r|=as+v|t|. (5.11)
Far from the phase transition points the parameter a,
is of the order of a few molecular dimensions and mea-
sures the short-range order. To within an order of
magnitude, v is equal to the velocity of sound, i.e.,
v~10%-10° cm/sec. In the case of elementary excita-
tions such as excitons, v may turn out to be of the
order of 10'-10% cm/sec.

When the integral in (5.10) is evaluated subject to
(5.9) and (5.11), two limiting cases may be encountered,
namely, high and low resolution Aw, of the spec-
troscopic instruments. In the case of high resolution,
when Aw, < qv, we have qr~ qv/Aw,> 1 in the region
where both factors, i.e. (de+ 6c) and G(7) are appre-
ciably different from zero, Spatial dispersion, i.e,,
the q-dependence of T},;,, is then important and one
must use the expansions of the DDA approach given by
(2.2)-(2.11). 1If, on the other hand, we have low reso-
lution, Aw,>qv, the exponential exp(q- r) can be re- -
placed by unity over a large portion of the integration
range. The result is the simple Placzek theory with
the q-independent tensor Ty,,,, i.e., without spatial
dispersion:

Tinim (02, ©1) & Mscat (2) 8ndim +Miym (@) { 8i8hrm + SimOnt —= SisBim ).

(5.12)
Moreover, we can use (5.9)-(5.11) to estimate the
degree of approximation involved in (5,12). It is con-
venient to do this by writing down the expressions for
the functions M;({=1-6) from (2,2) as measured by the
instrument with spectral resolution Aw,>gqv;

M= Mca [14—0(1\‘{1)'-’—,’—0(;: )2] (5.13)

V=V Msym[o (Aa)z—f-O(_\w )} (5.14)

My =5 Miym[1+0 (ka)2+0 ( A%) ]. (5.15)
A ﬂwsym[uoola) ( i ) J (5.16)
M= us,..,[noma)uo ] (5.17)
My=Miym[ O (ka)*+0 (m_)‘], (5.18)
M}~ M= Miym[ O (k) +0 (AL(:‘;)S] ; (5.19)

where O(x) represents small quantities of the order of
x.

Roughly speaking, the LMA approach considered in
Sec. 4 is concerned with the polarization structure of
the small terms represented by Ofka) in (5.18).! In
this sense, the LMA approach may be said to have the
higher precision of the order of a/\, inclusive. At the
same time, LMA does not enable us to take into account
fine spectral effects due to the spreading of the fluctua-
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tion correlator with time over large (= )) distances. In
this sense, the LMA approach has lower precision be-
cause it is only concerned with scattered intensities
averaged over the spectral interval Aw, = quv.

The limiting value of the spectral resolution Awy;,
=qv can be written in the form Aw,,, =w,{®/c,,)2 sin(6/
2), where c,,_c/n is the phase velocity in the medium
and 6 is the scattering angle. Thus, in the typical
situation Aw,,/w,~1073~107%, since the velocity v is
much smaller than the velocity of light (see above).

We note that spatial dispersion, i.e., the dependence
on the wave vectors k; and k, of the incident and scat-
tered waves appears in different ways in LMA and DDA.
In particular, in DDA, we must take into account the
complicated functional dependence on k, and k,, but
only through the difference q =k, - k,. Conversely, in
the LMA approach, we have the dependence on each of
the vectors k, and k, separately, but in the form of a
polynomial in k,, k, of degree not higher than one.

To describe low-resolution experiments (Aw,> qv)
that are not too accurate, i.e., if we neglect correc-
tions of the order of (a/)\)" and (gv/Aw,)", it is sufficient
to use a still simpler approach, namely, the local-
dipole approximation (LDA) which is described in all
textbooks on electrodynamics, quantum electrodynam-
ics and molecular optics. In the LDA approach, the
polarization dependence of the scattering cross section
is given by the well-known expression (5.12). The pa-
rameter n then characterizes the inadequacy of the LDA
approach: n=2 for left-right symmetric terms and
n=1 for left-right asymmetric terms.

Conversely, measurement of the polarization char-
acteristics of scattering performed with very high pre-
cision (better than a/2) and very high spectral resolu-
tion (better than qv) would already need the distributed
multipole approximation (DMA) for their interpretation.
Since this problem is very difficult both experimentally
and theoretically, we shall not discuss DMA here. All
the foregoing may be summarized in the following table:

TABLE I,

Spectral
resolution Worse Better
Awe
than than
Measurement qv Lig
precision
~1 LDA DDA
~ .;‘:. LMA DMA

6. ROTATIONAL RAMAN SCATTERING OF LIGHT
BY NON CENTRALLY-SYMMETRIC MOLECULES

We have seen that observed effects of the first order
in a/x are wholly determined by the left-right asym-
metry of the ensemble of scattering molecules. For
left-right symmetric molecules, effects ~a/x are there-
fore absent and corrections to dipole processes are of
the order of (2¢/))? (in the local approximation). Since,
in the visible range, a/A~1073, the corresponding cor-
rections are of the order of 10~% of the dipole-dipole
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scattering cross sections. Such small corrections are
practically impossible to observe against a large back-
ground. However, the exception is the situation where
some particular frequencies are forbidden in the scat-
tered radiation for D— D processes. The D<= @ and
D= M processes then have a relatively low probability,
but can be observed without a background.

We note that the appearance of new Raman lines cor-
responding to a change in the parity of the state of the
scatterer due to the D=¢@ and D= M processes ap-
pears to have been discussed for the first time in Ref.
24. However, the discussion given in that paper was,
from our point of view, exceedingly complicated and
laborious because the adiabatic Born-Oppenheimer ap-
proximation, i.e., the Placzek approximation in scat-
tering theory, was not used, and all the formulas were
written down directly for the quantized rotational states
of the molecule, In contrast, our discussion is based,
as in Sec. 4, on the preliminary evaluation of the in-
duced multipole moments, followed by averaging over
translational, rotational, and vibrational motion of the
nuclei. This, i.e., the adiabatic, approximation turns
out to be much more convenient in the discussion of
such important questions as covariance with respect to
the choice of the origin of the reference frame, the two-
group mechanism, and so on, Let us consider some
specific examples.

a) The methane molecule, CH;. This molecule has
symmetry planes and is left-right symmetric. The
terms of the first order in a/x are therefore absent
from the scattered intensity. The electric dipole po-
larizability a,, for this molecule in the vibrational
ground state reduces to the scalar a,, = a,0,, because of
the presence of four third-order symmetry axes. As is
well known, rotational Raman scattering by this mole-
cule is therefore absent (the rotation of the molecule
does not modulate the induced dipole moment i = oyE).
However, this conclusion is valid only for D= D pro-
cesses. Since CH, does not have an inversion center,
the process D= @ is not, in general, allowed. In this
approximation, the rotation of the molecule is ac-
companied by the modulation of the components of the
induced current (u and 6,,) at the ordinary and tripled
rotational frequencies. In quantum-mechanical lan-
guage, this corresponds to transitions with AJ==z 1 and
AJ=x3. The cross section may amount to ~ (a/x)?~107%
of the Rayleigh cross section. Since, however, the
Rayleigh background is absent at the rotational lines of
methane, one would hope that this scattering would not
be too difficult to detect, especially since the rotational
constant of methane in the vibrational ground state is
relatively large (B=5 cm™!), The dependence of the
cross section for the rotational @ = D Raman scattering
by methane on the polarization and propagation direc-
tions (e,, e,, n;, n,) is written out in Appendix 3.

b) Linecar molecules. 1In the case of scattering by
asymmetric linear molecules, for example, HCL or
HD, we have both the well-known lines with AJ=0,x%2
(D— D process) and the very weak lines with AJ=x1,
AJ=2%3 (M= D and @ = D processes). The intensity of
the latter lines is lower by a factor of 10*-~10° as com-
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pared with the allowed lines with AJ =0, 2.

The isotope-substituted hydrogen molecule HD is also
interesting because it can be analyzed exactly. Thus,
within the framework of the adiabatic approximation,
the electronic properties of this molecule are the same
as those of H,. If we take the origin of the coordinates
at the mid-point between the nuclei (which are fixed in
the adiabatic approximation), then for both molecules,
i.e., HD and H,, the tensors p;,,, A,;,;, and p,, are all
zero because of the presence of a center of inversion,
However, to achieve the correct description of the time
dependence of the scattered-wave amplitude, i.e., of its
spectrum, we must place the origin at the center of
gravity of the molecule which is free from periodic dis-
placements at the rotation frequency. In this new co-
ordinate frame, the tensors p;, A;,;, and p;, of the HD
molecule assume nonzero values, in complete corre-
spondence with the fact that, when the motions of the
nuclei, i.e., their masses, are taken into account, the
HD molecule does not have a center of symmetry. The
essential point is that the values of the tensors 8,4, p
can be expressed through (4.13) in terms of well-known
variables such as the displacement vector b, which is
equal to 1/6 of the separation between the nuclei, and
the electric dipole polarizability tensor ay,, which is
known from various experiments.?® The large value of
the rotational constant (B = 46 cm™!) means that one can
use spectroscopic instruments with relatively low reso-
lution and, therefore, high luminosity. Appendix 4 lists
the corresponding expressions and numerical values for
scattering by HD molecules with AJ=1x1 and AJ =% 3.

Since the anisotropy of the electric-dipole polariza-
bility of the hydrogen molecule is low (see, for exam-
ple, Ret. 25), 3(a, - «,)/(a, +20,)=0.377, it is in-
structive to consider the limiting case obtained for
a,= a,. In this limiting case, the rotation of the
molecule does not modulate the electric dipole polar-
izability a;,= ,0,,. The appearance of rotational lines
with the selection rule AJ==x1 in the case of the HD
molecule is due to the simple fact that the position r(f)
of the «“electric-dipole center of gravity” (compare with
Ref, 26) rotates around the mechanical center of grav-
ity. The complex scattering amplitude which contains
the phase factor exp[i(k, — k,)r(t)], then acquires, bé-
cause of the rotation r(f)~ sin(Qf + ¢) terms of ‘the first
degree in r(f):

explik, —k)r () =~ 1+ ik —ky)r (#). 6.1)
The first term in this expression corresponds to the
usual unshifted scattering and the second corresponds
to scattering with selection rules AJ=x1. In this ap-
proximation with o, = a , scattering with AJ=23 does
not appear. It is interesting to note that, for polar-
ization with ¢, = a,, both types of scattering (AJ=0
and AJ=zx1) are scalar. In other words, the scattering
cross section corresponding to AJ==zx1 is proportional
to (w/c)*|e.e} |*|k, -k, |2 The scattered intensity with
AJ==1 is then a maximum for 180° scattering, and
zero for zero-angle scattering. The scattered intensity
with the selection rule AJ=x3 is also a maximum for
180° scattering and tends to zero as ~ |k, - k, |2 for
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small scattering angles although its polarization de-
pendence no longer reduces to 1 + |e,- e, I"’ - @/ 3)[ €

ce; |2, and can have a more complicated form,

APPENDIX

1. Decomposition of cross polarizability tensors 5 and A
into representations irreducible under the rotation group

The true tensors a,, and A,,, and the pseudotensor
Py can be decomposed into the following irreducible
representations:

{Al1.1)

1 2
g = T Gl = gy + (alk‘,‘aki—'?a}j(‘m) ,

A= AP+ A%y + AP = A3P +% (entj245— en145)
y (Al1.2)
+ 8 dn+Sind— 5 Sudis

P =P +oikY 4+ A =Pobir +ean 05+ 051s (A1.3)
where the superscript in parentheses represents the
«quantum number I” corresponding to the given repre-
sentation and the signs (+) and () indicate the nature of
the corresponding irreducible tensor of rank I: (I+)
corresponds to the true tensor and (I-) to the pseudo-
tensor. Moreover, we use the following notation:

2
I

4 .

A [Aim+A1ik+Aku —3 Budn +5k1At+6ihAz)J .
1

Po==3 Pijj:

3
S ein i Al='l—0‘Assiv

f
)

n

Q
RN
o

2
Il

(A1.4)

LY O PRt

2
Pir="7 (Pih+f’ki_§' 6ikﬂj})

1
A== CciitAintenndin),

where q, is a true scalar, p, is a pseudoscalar, A

and p are true vectors, Af, and p$, are irreducible
(zero-trace symmetric) pseudotensors of rank 2 and
A{? is an irreducible true tensor of rank 3. This clas-
sification enables us to reduce very substantially the
number of independent components of these tensors for
molecules with a particular symmetry group.

Finally, it will be useful to write out the relationships
between the components of the tensors ﬁ,ﬁ, /§, that are
the analogs of the Hermitian condition for the tensor a,,
and that follow only from the condition that there is no
absorption (but, in general, without the condition of
time symmetry):

am=ofy;  Bun=—0Nein +-§-A§‘m- (Al.5)
In general, oy, Bus Pia» Agwe are complex numbers.
The relationships given by (Al1.5) are also invariant
under the transformation (4.13) if it is assumed that the
Hermitian condition a,, = o}, holds.

2. Expansion of radiation intensity in powers of a/\ in
electrodynamics? 2

In subsection c) of Sec. 4, we used the formula for
the usual electric dipole approximation to calculate the
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intensity integrated with respect to the angles. In this
Appendix, we shall show that this formula is, in fact,
valid to within terms of the order of ~a/x, inclusive,
and thereby obtain a (more complicated) expression for
the intensity integrated with respect to the angles and
valid to within terms of the order of ~ (a/ )2, This -
problem is important because standard textbooks on
electrodynamics?®~3 contain an error and give expres-
sions that are incorrect and non-covariant with respect
to the choice of the origin of the coordinate frame.

We recall that the dipole moment of a set of charges
is independent of the choice of the origin, but only if
the total charge 2 e of the system is zero. When this
charge is not zero, the dipole moment y’ in a new
frame shifted by b relative to the old is given by

w=p—b3e (A2.1)
However, this result does not affect the expression
(2/3¢3)(ji)? for the intensity of dipole radiation because

the total charge does not change with time and the shift
b is also time-independent.

Similarly, if the dipole moment p of the system of
charges is nonzero, the magnetic dipole moment m and
the electric quadrupole moment tensor 6,, depend on the
choice of the coordinate frame:

0}, =0 '—% (Bbsup -+ 3u:br —285m(b y)-}-% (3byby, — B;pb%) E e (A2.2)

m'—m—3 (b X 4] (A2.3)

(where our tensor b is related to the tensor D from Ref.
28 by D=28). However, in contrast to the dipole case,
here, the terms ~ u have nonzero time derivatives. The
well-known expression for the radiation intensity to
within terms of the order of (z/2)?, inclusive, [see, for
example, Ref, 28—-Eq. (71.5); Ref. 29-Eq. (18.5), and
Ref. 30-Eq. (12.22)]

1= 2 ity (Bin)t o G (A2.4)
is thus found to acquire an additional term of the order
of (2/2)? when the coordinate frame is shifted if we sup-
pose that b~a. At the same time, it is clear that the
correct expression which takes into account all terms
~ (@/2)? ought to be modified after this shift only in
terms of order ~ (b/1)? or higher. We have thus ob-
tained the correct expression which turns out to be

5 .- & s g . 2
1='37(M)’+-—180£5 (eih)g-i--&—,(m)’—l-m u-L, (A2.5)
where
L'=:_t 2 er’z,—z e (3zyzp —128;p) . (A2.6)

Thus, to determine the radiation intensity integrated
with respect to angles to within terms of order of
~(a/A)?, inclusive, it is not sufficient to specify the
dipole, electric quadrupole, and magnetic dipole terms,
A further vector characteristic of the system, namely,
L must also be introduced. Direct substitution of the
transformation laws defined by (A2.1)-(A2.3) and the
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analogous expression for L into (A2.5) shows that the
latter is invariant under small shifts of the origin to
within terms of the order of (a/A)?, inclusive. More pre-
cisely, the formula given by (A2.5) acquires additional
terms of the order of (a/A)? after a shift b ~a, but these
terms take the form of the total time derivative of a
bounded function and thus do not contribute over a few
periods of oscillation of the wave.

Of course, the new term in (A2.5), which is pro-
portional to L, is important only when the dipole mo-
ment of the system is nonzero or, more precisely,
when £ #0, Otherwise, (A2.5) reduces to the standard
expression given by (A2.4).

The expansion in powers of a/A was discussed above.
All that remains is to decide the meaning of the term
~L in the language of the multipole expansion, i.e,, ex-
pansion in terms of the spherical electromagnetic vec-
tors with given parity and angular momentum. Since
different spherical vectors in the intensity integrated
with respect to the angles cannot interfere because of
the orthogonality property, it is clear that the term
~L corresponds to an odd multipole with J=1, i.e., the
electric dipole radiation. To within ~ (@/A)?, inclusive,
which is the precision in which we are interested, the
amplitude of the electric-dipole radiation is determined
no longer simply by the vector {i, but by the sum ji
+ (1/10¢¥)L.

In the gauge used in Ref. 13 (Sec. 46), the first term
in (A2.6) corresponds to the inclusion of the next term
in the expansion of the radial part of the scalar poten-
tial & in powers of (¢7)?, and the second term corre-
sponds to the inclusion of the vector potential A in the
first nonvainshing approximation. We are, of course,
concerned here with the electric-dipole photon.

We now write out the expression for the radiation
amplitude in the far zone to within terms ~ (@/\)%, in-
clusive, Denoting the direction of propagation by n
=R/|R I, and proceeding by analogy with the treatment
given in Ref. 28, we can easily show that

E=[nXH],

B [ (W S X 0l b T T B )], (A2.7)
Ti=Tiunpny,  Bj=ejiBimnsnn,  6;=0;np; (A2.8)
where T,,, and B, are, respectively, the electric
octupole and magnetic quadrupole:
Ting=D, ¢ [Szixnz; —1* (Sinzi 4 Suuzn + Suizi)], (A2.9)
Bzu=7‘;2e({r'r]ixh+zg [r-r]a). (A2.10)

We note that, in contrast to the time-averaged in-
tensity, the instantaneous field amplitude in the far
zone (for ¥ = |r- n|>> 1) should be covariant under small
shifts of the origin:

E’(n, t)=E (n, t—-:—(b'n» . (AZ.II)

It is readily verified that (A2.7) satisfies (A2.11) to
within terms of the order of ~ (8/1)?, inclusive, i.e.,
exactly with the precision to which it is written down.

If we retain only i, § and f, in (A.27), the corre-
sponding expression will satisfy (A2.11) with linear
precision in /A, If, on the other hand, we retain only
i in (A2.7), then (A2.11) will be valid only in zero order
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in the small parameter b/\x. The intensity differentiated
with respect to the angle contains terms of the following

form: ~[i? (zero order in a/x), {if, ith (first order in

a/)), [iL,/é, %, ®, (B, LT (second order in a/).
However, when the integration with respect to the
angles is performed, interference between the different
spherical vectors does not take place and, to within
~(a/7)?, we obtain the expression given by (A2.5).

So far, we have examined the problem of radiation
emitted by an arbitrary set of charges. In the molecular
light-scattering problem, on the other hand, the ex-
pressions for ,1h, §, L, T, and B induced by the inci-
dent wave, must themselves also be expanded in powers
of a/x. This program was carried out in the first order
in a/x in Sec. 4 [Egs. (4.2) and (4.8)]. The corre-
sponding expressions including second-order terms in
a/x will not be written out here.

3. New lines in pure rotational Raman scattering by CH,

We now consider which terms of the tensors p,, and
A,y in the expansions (Al.2)-(Al.4) are not zero for
molecules with the symmetry of methane, We note
firstly that all the pseudoquantities, i.e., pseudotensors
A$, and p§, of rank 2 and the pseudoscalar p, are equal
to zero. Moreover, the symmetry of methane does not
admit a vector, so that A=0, p=0. Therefore, the
dipole- magnetic-dipole cross polarizability tensor ﬁ is
zero, p, =0, and the dipole-quadrupole polarizability
tensor A,,, contains only the representation of rank 1=3.
(These statements refer to the coordinate frame whose
origin lies at the carbon atom). If we place the hydro-
gen atoms at four corners of a cube and direct the co-
ordinate axes at right-angles to the cube faces, the only
components A,;,, that are not zero will be those for
which all three indices are different. These components
are: A,,,=Ay,=.... For the representation of rank
1 =3, the correlator { AA) has the form .

(A AR =C, [5jp'5ih5u + 851081815+ 8;¢8ipBin + 6;p0118n + 8281 pB10 + 8 5eDinbip
- % (8:701p0n e+ 8118 pOnt + 851010t 8118 p1Bin 4 8 ju1:8p1—+ 8:50n18p¢

+5i151;5kp+ﬁjfﬁizahp+5jlai¢8kp)] . (A'3.1)

The constant C; which is the coefficient of the part of
the correlator ( AA) with I =3 for an arbitrary A, is

C.=—;- ((AjilAjil>+(AillAlji>+<A}ilAlU)‘—%(Aj}iAlH)) . (A3.2)
Specifically, for a molecule with the symmetry of
methane,

Co=b4Lys. (A3.3)

The differential cross section for pure rotational
Raman scattering is
4
D= (L) 2 ot~ 1+ 2 ema k- F e 21 e = (oiny)

—% Jese P 11— @091 —2 Re (ese) (etn) (efny

-+ Re (esef) (efm) () +2 Re (e,ey) (efny) (efm) . (A3.4)

This cross section is distributed over the scatiered
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lines with AJ=-3, AJ=-1, AJ=+1 and AJ=+3, The
expression for the distribution over these components is
rather complicated because of the identity of the hydro-
gen nuclei in CH, (compare this with the discussion in
Ref. 19 or 31).

4. New lines in pure rotational Raman scattering by the
isotope-substituted hydrogen molecule HD

We denote the principal values of the polarizability
tensor of H, and HD molecules by «, (along the axis)
and o, (perpendicular to the axis), For the wavelength
A=6328 1, we then have o, ~1,028x 10724 cm3, q,
=0.714 x 10724 cm® (Ref. 25). In the coordinate frame
with the origin at the center of gravity of the HD mole-
cule, the tensors p and A then have the form

1
Pik =5 0%, €ijaltj.

Aﬂt’l—: —1—90-a (aL+% a") (ru,&,-,—{— "Iaih"% nisk,) , (A4.1)

1 Bl
Af=—3a(y—a,) [mnh"l —5 (nbu+nadu+ "16111)_] H

where a~0.748 x 1078 ¢m is the equilibrium separation
between the nuclei for the vibrational ground state of
the HD molecule, and n is the unit vector along the
molecular axis (from H to D). The tensor B is ex-
pressed in terms of p and A by (4.11).

The presence of only the odd powers of the vector n
in p and A indicates that the selection rules for D= M
and D==Q scattering are: AJ=1x1,+3. Since the ex-
pression for the differential cross section with respect
to the angle and the polarizations is very complicated,
we reproduce only the angle-integrated cross section:

car=x1, £3=81 (2)° (Lot s+ ) (A4.2)
where
-, 5
p= "fzi I (“L+ el ) (44.3)
T (84.9)

The cross section ¢(J —J +1) is given by

g _ oY% J+172 . 8 JIENI4 2 e
o T =bn(2) [srrr{zets ) s ere o= 4}
(A4.4)

whereas the cross section for the J—J +3 transition is

S UADUADUILY 2 0 (A4.5)

(]
o >J+3=8n (T) BIrD T3 @5 15

The cross sections for transitions with negative AJ can
be obtained with the aid of the relationships

G = J) @] 1) =6 = J) @7+ 1) (A4.6)
The formula given by (A4.2) yields 0 %1073 cm? for A
=632.8 nm, where AJ==13 transitions account for ap-
proximately 1% of the total cross section.

Finally, we want to mention a number of further
publications. Left-right asymmetry in Raman scat-
tering is discussed in detail by Barron,® who gives a
review of the experimental results and an account of the
theory which, in our terminology, corresponds to the
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LMA approach. The polarization fine structure in the
Raman spectrum due to a gas is examined by Baranova
et al,® within the framework of the DDA approach. This
paper also contains a more detailed account of the ma-
terial given above in Sec, 3. Scattering by isotropic
liquids in the neighborhood of the point of phase transi-
tion to nematic or cholesteric liquid crystals is dis-
cussed theoretically within the framework of the DDA
approach (in our terminology) in Refs. 34-37. In par-
ticular, Zel’dovich and Tabiryan®’ note that the corre-
lator M, of the longitudinal-transverse components of
the tensor 6¢;, can be measured by coherent active
spectroscopy (these methods are reviewed in Ref. 38).
Natural optical activity, i.e., left-right asymmetry in
the refraction of light (in contrast to the effects seen in
scattered radiation, as reviewed above) due to the
spatial correlation between the fluctuations 8¢, is dis-
cussed within the framework of the DDA approach (in
our terminology) in Refs. 27, 39, and 40,
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