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Molecular Raman spectra taken at high resolution with high sensitivity reveal spectral
features that have not previously been observed and which can be employed to obtain
quantitative information on rotational and other kinetic behavior of the molecules. Data
are given for NO,™ and CN™ molecular impurities in alkali halides to illustrate potential
applications.

The very rapid and vigorous renewal of activity in the field of light-scattering spectroscopy is well
documented in the proceedings of a recent international conference on light scattering.! Porto’s? arti-
cle in that volume summarizes the variety of light-scattering phenomena that have had the most gener-
al applicability to particular scientific problems. The intention of this note is to draw attention to one
technique that has not been previously emphasized and which is potentially a very powerful tool for sol-
id-state physics, molecular physics, organic chemistry, biophysics, and molecular biology.

To illustrate, consider an isolated molecule with » Raman-active internal modes of vibration. Ac-
cording to the simplest theoretical considerations,® in a reference frame fixed with respect to the mol-
ecule (to be designated by MF), the polarizability of that molecule can be expanded to first order in
these modes:

a(t)MF = o0 + Z:}a”Q”(t)+---. 1)

Assuming that the orientation of the molecule changes with time, the polarizability in the laboratory
frame is obtained from «()MF by a unitary transformation U(t), a(t)=U@¢)a™FU()™*. The spectrum of
light scattered from such a tensor polarization can be expressed in terms of the correlation functions
of a(f). Those parts of a(t) that originate in the a° term of a(t)MF give rise to “rotational Raman scat-
tering.”? Although rotational Raman scattering can be used to study the rotational motion of anisotrop-
ic molecules, in practice the main disadvantage of using this phenomenon is that the frequency of the
light scattered is only slightly shifted from that of the incident laser light. Often this makes it diffi-
cult to separate light scattered by this mechanism from parasitic elastically scattered light. A second
undesirable feature is that if the scattering system contains different types of molecules, it is impos-
sible to separate the light scattered from each type. This should be contrasted to the light scatter-
ing that can be attributed to the other terms in Eq. (1). Omitting the term originating in a° the part
of the scattered-light spectrum originating in the second term in Eq. (1) is expressed in terms of
fourth-rank tensors*

Ly, 11, j(w) = (2) 7 fat exp(iwt)[ut)a? ue) ], ; TU0)a” U(0) ], Q¥ ()QY). 2
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Assuming that the internal modes are well approximated by independent simple harmonic oscillators,
we can take (Q"(1)Q")~ 5, ,{(Q")*)cosw,t, where w, is the eigenfrequency of the vth Raman-active
mode. For convenience, we have assumed that each mode, v=1, 2,+-+,7, is nondegenerate. Then we
have

I, 1 0, @) =200 U 1+ 107000

where
I35 (@) = (21) "H(@")2 dt expli(w w, )t K[U#)a” ut) 1], [U(0) a” U(0) 7], . (3)

Although Eq. (3) can be expressed quantum mechanically, by replacing the U(f) with appropriate func-
tions of Eulerian angles, we will not present those expressions here. Note that the light-scattering
spectrum described by Eq. (3) has much in common with the above-mentioned rotational Raman effect.
The differences, however, are responsible for the great importance of the phenomena to which we are
addressing ourselves here.

For example, the expressions for the spectrum of the rotational Raman effect involve almost the
same (U(a)a”U() "'u(0)a” U(0) ~*) as appears here. Typically these terms are relatively slowly vary-
ing and shift the scattered light by at most 10-30 cm ™! from the laser light. In Eq. (3), however, we
have the extra factor exp(—iw,t) and since the w, are often 1000-2000 cm ™!, the scattered light is well
away in frequency from the incident laser light, Also each molecule has its own set of eigenfrequen-
cies so that in a system containing different types of molecules, the light scattered from each will be
at a different frequency and thus easily distinguished. The most essential point, however, as we will
show below for some explicit examples, is that a great number of the most important molecules have
high-frequency eigenmodes that do not couple efficiently to the nuclear or electronic excitations of the
medium surrounding the molecule. This is true for many cases of molecules in either organic or in-
organic, crystalline or amorphous solids and liquids as well as in gases. The effect of this is that the
above description, which was presented as for an isolated molecule, is directly applicable to impurity
molecules in dense host media. The only effects of the surrounding media are slight shifts in the res-
onance frequencies (which are not important) and major influences on the angular or orientational mo-
tion. As one can see from Eq. (3), the spectrum of the scattered light is a direct measure of this an-
gular motion. As a practical matter, it has been possible to study impurity molecules in concentra-
tions as low as 0.1 % by this method. It is not clear that this is a true lower bound on the concentra-
tions that can practically be studied.

Equations (2) and (3) can also describe the spectra of light scattered from the host molecules in a
liquid®~7 or a solid. Although the rotational motions of nearby identical molecules of the host are high-
ly correlated, the internal vibronic modes of these respective molecules are not necessarily coulped
to each other. Thus the expectation value (@,@,")=0, where @,” refers to the vth mode of molecule 1
and @,” to the vth mode of molecule 2. In the rotational Raman effect? [i.e., originating from the a°
term in Eq. (1)] there can be constructive or destructive interference in the light scattered from ad-
jacent molecules implying that the scattering really measures some collective type of rotational mo-
tion. If, however, (@,”@,”)=0, these interference effects are absent in the effect we are discussing
and the scattering spectra more nearly describe the rotational motion of individual molecules.

The data we will present in order to illustrate these spectral properties are for molecules located
at sites which, in the absence of the molecule, have O, point group symmetry. Although there are
general theorems, based on group-theoretical considerations, that can be given for sites of lower
symmetry we will defer discussion of these to a separate publication. Any second-rank tensor a” (in
the molecular frame) can be written as a” =3 "}(Tra”)1+B”, where TrB” =0, and | is the identity ma-
trix. Since U(t)a” U(t) "1=3"YTra”)I+U()B"U()™!, Eq. (3) reduces to

I 2 Aw) =((@)HB ™ Tra” 126, 6, 0(w-w,) + {(Q)DK /1y (w-w,), 4)
where

Ky, 1,1,/(@) = (21) ™ [dt exp(i@t){B” (1)1, ;8" (0).1)

and B”(¢) =U@#)B”U(t) ™. In the present special case K, ;, , ;(®) is a fourth-rank tensor that reflects the
Oy point-group symmetry of the site occupied by the molecule. It follows that there are at most three

948



VoLUME 23, NUMBER 17

PHYSICAL REVIEW LETTERS

27 OCTOBER 1969

linearly independent components to this fourth-
rank tensor: K;;.;;, K;;.j,5, and K; ;. ; for i#j,
Taking account of the definition of K; ;,, ; and
that Tr8 =0, for O, symmetry K; ., ;==2K;;.; j.
In O, symmetry, for a given molecular mode of
vibration, the light-scattering spectrum predict-
ed by Eq. (4) is a sharp line centered at w,,
whose intensity is proportional to [3~! Tr(a”)]?,
and at most two separable sideband spectra that
are direct measures of the rotational motion.
Figure 1 shows recorded light-scattering spec-
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FIG. 1. Raman spectra for two internal modes of the
NO,~ impurity in KBr at three temperatures. The
mode responsible for 1317-cm™?! line induces a diagon-
al polarizability tensor for which TraMF = 0. The 1276-
cem™! line arises from a mode for which the polariza-
bility tensor is off-diagonal and TraMFf =0,

tra for the NO,” molecule as an impurity in KBr
for three temperatures. This system has been
extensively studied by infrared-absorption tech-
niques.® The isolated NO,™ molecule has three
internal modes of vibration. By symmetry con-
siderations one can demonstrate that for two of
these modes the only nonvanishing components
(a”);; are diagonal (i.e., i =j) and for each of
these 37!Tr(a”)+0. For the third mode the only
nonvanishing elements (a”);; are for i #; and for
this mode 37 'Tra” =0. In Fig. 1 we show the
spectrum of a traceless mode (1276 cm™?) and
one of the modes with a nonvanishing trace (1317
cm ™) for three temperatures. At 300°K the
NO, ™ molecule is rapidly tumbling and only the
mode for which Tra” #0 is directly observed.
The other mode can be seen as a broad back-
ground. However, it does not really appear dis-
tinctly until the temperature is lowered and the
rotational tumbling freezes out. At the lowest
temperature, the molecule is largely oriented
along certain equivalent directions and both
modes appear to have similar line shapes. The
half-width of the 1276-c¢m ™' Lorentzian line is a
direct measure of the correlation time for the
NO, "~ rotational motion (i.e., 1.4x107!! sec at
100°K).

The case of CN™ in KBr is a different example.
This system has also been studied by a variety
of other techniques.® Figure 2 shows the spec-
trum of this example for several temperatures.
In this case CN~ has only one internal mode and
its @’ has only diagonal components with Tr(a”)
#0. The polarizability is not isotropic since a,,
=@y, +a,,. Analysis of Eq. (6) predicts a cen-
tral line and two separate sideband spectra. It
is possible to observe both the K, ., and the
Ky x.x,x Spectrum separately from the Tr(a")!
component. Because of the limited space, we
show only the K, .., component. If the CN™ mo-
tion was truly isotropic rather than cubic, these
two spectra would be identical. In the present
example these two are similar but not identical.
Figure 3 plots the separation between the peaks
of the Stokes and anti-Stokes components in the
Ky x;x,x and K, .., spectra versus VT. For
freely rotating, isotropic motion, the separations
of these two pairs of peaks should be equal and
proportional to vT'. In Fig. 3 the two separations
are becoming equal at high temperature, but be-
come increasingly different as the temperature
is lowered. Eventually, at 70°K, the separations
deviate from VT dependence, indicating that at
these temperatures the motion is severely inhib-
ited by the cubic (as distinct from isotropic) sym-

949



VoOLUME 23, NUMBER 17

PHYSICAL REVIEW LETTERS

27 OCTOBER 1969

KBr+ 72 % CN~

KX,X;X.X

1%2 T=12°K
—ff=

[ S S N R ST N N B S
60 40 20 0 20 40 60

cm

FIG. 2. Raman spectra for the K, .., ,(w) compo-
nents of KBr:CN™. Zero of the frequency scale is tak-
en as at the eigenfrequency of the CN™ internal mode
(about 2085 cm™1), Positive frequency shifts to the
right. The sharp central line is probably a remnant of
light scattered from the 3Tr(a”) term. Without polar-
izers, the trace term would be two orders of magnitude
larger than the central line shown. Although it has
been substantially reduced with polarizers, it is diffi-
cult to eliminate completely.

metry of the host. At low temperatures, the
Devonshire model'® can be invoked to interpret
the rotational motion. This necessitates a quan-
tum mechanical formulation of Eq. (3), which we
do not present here. However, it can be shown
that if the orientational wave functions of the mol-
ecule transform as various irreducible repre-
sentations I''“)(=A4,,A4,,E,T,,T,) of the O sub-
group of the site O, point group, transitions be-
tween states of I'? and I'Y) symmetry will ap-
pear in the K, ., , spectrum only if the direct
product I x T contains the E representation.
Similarly transitions appear in the K, ,., , spec-
trum only if I x I'Y) contains T,. These two
facts are true for all modes of any arbitrary
molecule. For the CN™ molecule and others,

the additional symmetries of the molecule per-
mit use of other symmetry elements contained

in O, but not contained in 0. We will reserve
discussion of these subtleties for a later publica-
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FIG. 3. The energy separation between the two
peaks, Stokes and anti-Stokes, appearing on either
side of the frequency for the CN™ mode (2085 cm'i)
for the Ky, 4;x,x(w) and the K, ., ,(w) spectra. At low
temperatures, the anti-Stokes portion is frozen out
and the value plotted is taken as twice the Stokes shift.

tion. Similar results have been obtained for CN
in KBr, NaCl, NaBr, OH in KCl, and OD in KCl1.
Different spectra are obtained for different types
of rotational motion.

The correlation functions that one studies in
the phenomenon under discussion are similar to
the types studied by NMR techniques. In those
cases the effects of rotational motion in the hy-
perfine structure of proton magnetic resonance
spectra yield invaluable information about molec-
ular processes in liquids and solids. The light-
scattering effects we discuss here can yield the
same type of information on systems which do
not have characteristic magnetic resonance sig-
nals. This technique can also be employed where
NMR is inconvenient. Most important, however,
light scattering is sensitive to time scales as
short as 1072 sec. This is many orders of mag-
nitude outside the usable range for NMR studies.
Note also that often in large organic molecules a
particular ligand (like CH,, for example'') have
characteristic frequencies that are only slightly
affected by the binding to the rest of the mole-
cule, Raman scattering due to different ligands
can yield information on the relative motions of
different parts of the same molecule. An excit-
ing possible application of this technique is to
the study of liquid-crystal systems. Previous
measurements,'? which we are continuing in our
laboratory, indicate that there are a number of
sharp lines in the Raman spectrum of the nemat-
ic liquid crystal p-azoxyanisole that can be used
to study the kinetics of the solid, mesomorphic,
and liquid phases of this system.
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LEVEL CROSSING IN CH, OBSERVED BY NONLINEAR ABSORPTION
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Stark-tuned level crossing resonances in an excited vibration-rotation state of meth-
ane were detected through nonlinear optical absorption. The signal accurately follows a
Lorentzian line shape with a 200-kHz minimum width. Pressure broadening studies
yield the rotational relaxation in the excited vibrational state.

Nonlinear optical techniques have recently been
reported which produce unusually high-resolution
spectra in Doppler-broadened transitions. These
nonlinear methods include level crossing, mode
crossing, and Lamb-dip effects and have been re-
stricted to atomic laser systems such as Xe,“?
0,® and Ne.*® Presently, these methods are be-
ing extended to molecules where Lamb-dip reso-
nances have been observed in CH,,” L,,® and NH,D.
In the last case, precision Stark spectroscopy in
the infrared was demonstrated.

We report here the first observation of molecu-
lar level crossing by saturated absorption. Meth-
ane in the vibrationally excited v, mode is exam-
ined. This excited state possesses a small di-
pole moment, exhibits a weak first-order Stark
effect, and allows observation of a Stark-tuned
level-crossing signal about zero field. The sig-

9

nal is monitored by nonlinear absorption from the
ground state with a magnetically tuned 3.39-u
He-Ne laser. The observed line shape reflects
only the excited-state inverse lifetime of the
crossing levels and accurately obeys a Lorentz-
ian function with a half-width which is linearly
dependent on pressure and which can be as nar-
row as 200 kHz. By comparison, the (inverted)
Lamb-dip widths recently reported for CH,” are
nearly identical to these results. Since Lamb-
dip widths reflect an average of both ground- and
excited-state inverse lifetimes, we conclude that
rotational relaxation in the ground and excited
vibrational states is nearly the same.

A few molecular zero-field level crossings
have also been observed in spontaneous emission
by the conventional Hanle arrangement.’ ' How-
ever, these signals are weak because of the com-
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