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Lecture # 11 { The Raman E�ect & Rovibrational Band Structure

Although the Raman e�ect hasbeenknown of for over �ft y years,its employment asa
routine spectroscopicmethod wasquite limited until the development of high power lasers
which provided a source of highly monochromatic radiation. We'll �rst look at Raman
scattering from a classicalperspective.

Unlik epure rotational or rovibrational spectroscopy, the Raman e�ect doesnot involve
the direct absorption or emissionof radiation. Instead, it involvesthe scattering of incident
radiation which has beenmodi�ed by someinternal changein the system. The scattering
can either be elastic, in which casethere is no changein the internal state of the molecule,
or inelastic, in which the molecule either gains energy from or contributes energy to the
electromagnetic radiation �eld. The Raman e�ect is straightforward to understand when
one considersthe electrical nature of matter.

Atoms and molecules consist of collections of oppositely charged particles whose
relativepositionscanbealtered by the application of external electric �elds. This alteration
leads to an eletric dipole moment being intro duced ino the system. These easewith
which a moleculeor atom may be distorted by an electric �eld is measuredby the electric
polarizabilit y � . We have already consideredstatic polarizabilities in the context of the
Stark e�ect, as analyzedby perturbation theory.

For atoms, where the symmetry is spherical, the polarizabilit y will be the samein all
directions and it can be expressedby a single scalar quantit y. For moleculeswith lower-
than-spherical symmetry, the polarizabilit y will not be the samealong all directions, and
just as is true for the moment(s) of inertia, the full polarizabilit y is described by a tensor.
In matrix form, the induced dipole is given by
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The polarizabilit y tensor is clearly symmetric, and just as the principal axes
diagonalize the moment-of-inertia tensor so too can the polarizabilit y tensor be
diagonalized and a polarizabilit y ellipsoid de�ned. The isotropic polarizabilit y, which is
what matters in many applications, is then

< � > =
1
3

(� x 0x 0 + � y0y0 + � z0z0) ;

where the primes denote the principal polarizabilit y axes.
If the molecule is undergoing some sort of internal motion, such as vibration or

rotation, this can alter the isotropic polarizabilit y such that

� 0 = � + Asin 2� � i t ;
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where � i is the frequency of the internal motion. If a time-varying electric �eld
characterized by E = E � sin(2� � Laser t) is applied, the induced moment is then given by

� I = � 0E = E � (� + Asin 2� � i t)sin 2� � Laser t

or

� I = �E � sin 2� � Laser t +
1
2

AE � cos2� (� Laser + � i )t +
1
2

AE � cos2� (� Laser � � i )t ;

and the emitted radiation will contain inelastic components at � Laser � � i as well as the
elastic scattering component at � Laser .

Thus, a prerequisite to the observation of the Raman e�ect is not only the occurrence
of a periodic internal motion, but also the association with this motion of a change in
the polarizabilit y of the molecule. This change can either be in the magnitude of the
polarizabilit y tensor components or in the direction of the principal axis system,sincethe
latter will also lead to the presenceof a changing dipole. The rotation of a moleculethat
doesnot have spherical symmetry will produce a change in the spatial orientation of the
principle axis system. Hence,the rotation of most moleculeswill provide a type of motion
which givesrise to a Raman e�ect. The stretching or bending of a bond as a result of the
vibration of a moleculecan also result in a changein the polarizabilit y. To go any further,
we'll needto look at the quantum mechanics of the Raman e�ect.

Raman Selection Rules in Diatomics
As always, what we need to investigate is the matrix element of the induced dipole

moment with the upper and lower statesunder consideration. Let's look �rst at a diatomic
molecule,for which the eigenstatesare labeledjJ M > and for which the appropriate matrix
element is

< J 0M 0j� I E jJ M > :

Unlik e the previous caseof pure rotational selectionrules in which there was only a single
direction cosinewithin the matrix element integral, now there are two (one for the �eld
and one for the induced moment). Each givesrise to selectionrules like � J = � 1, and so
the overall selectionrule for the rotational Raman e�ect for a diatomic (or linear) molecule
is:

� JRaman = 0; � 2 :

The � J = 0 term corresponds to elastic scattering, and occurs at the laser frequency
� Laser . This is called the Rayleigh peak. For � J = � 2, the inelastic scattering occurs at
lower frequenciesthan the laser frequency, and the collection of lower frequencytransitions
are called the Stokeslines. Similarly, the � J = +2 occur to higher frequenciesthan the
laser radiation, and are collectively called the anti-Stokes lines. Figure 11.1 presents a
pictorial view of rotational Raman scattering.
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Figure 11.1 An outline of the rotational Raman selection rules in diatomic/linear
molecules,and the de�nition of the Stokes/anti-Stokesbranches.

For inelastic scattering o� a molecular vibration of a diatomic molecule,the rotational
selection rules are still � JRaman = 0; � 2: For � J = 0, or Q-branch lines, the o�set
from the laser is simply the vibrational frequency� � . The Stokesand anit-StokesO and S
branches(or � J = � 2, � J = 2 transitions) occur to either side, and Figure 11.2 presents
a pictorial view of rovibrational Raman scattering.
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Figure 11.2 The vibrational Raman e�ect in diatomic/linear molecules.

Raman Selection Rules in Poly atomics
For polyatomic species, the best recoursefor determining whether or not a normal

mode is Raman active or inactive is to usegroup theory. The character tables at the backs
of most textb ooks, including Atkins & Friedman, include the irreducible representations
of the polarizabilit y operators (which are sometimeslisted as � 's, but may alsobe listed as
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x2, y2, xy, ...). As before,we demand that the overall matrix element have A1 symmetry.
Going through the C2v and C3v tables, weseethat all of the vibrational modesin molecules
like water or ammonia are Raman active (and also electric dipole allowed).

The interesting di�erence of absorption spectroscopy and Raman spectroscopy comes
when considering moleculeslike CO2 or acetylene which have a center of inversion (and
hencewhich support g and u states). Acetylene, for example,has3(4)� 5 = 7 modes. Three
are non-degenerateand four are degenerate,and are summarizedin Figure 11.3below. We
seethat two of the modesare infrared active and Raman inactive (the antisymmetric C{H
stretch and the cis-bend), while three of the normal modes are IR inactive and Raman
active (the C{C stretch, the symmetric C{H stretch, and the tr ans-bend). This is a speci�c
exampleof the exclusionrule, in which it can be shown via group theory that for molecules
with a center of inversionmodeswhich are Raman active are electric dipole forbidden and
vice versa. Thus, to fully characterize the force �eld of such polyatomic systems,both the
Raman and IR absorption spectra must be acquired.
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Figure 11.3 The normal modesof acetylene and their IR/Raman activit y.

Sofar, we'veonly examinedthe symmetry propertiesand propensitiesof the vibrations
themselves. Of course, moleculesvibrate and rotate at the same time, and so the next
sectionsbrie
y outline the rotational envelopesthat are associated with the di�eren t kinds
of vibrational modes in linear, symmetric top, and asymmetric top molecules.

Rotational Pro�les of Vibrations in Linear Molecules

The point groups of linear moleculesare either C1 v (if they are polar, and hence
have a rotational spectrum) or D1 v (if they are symmetric, and hencehave no rotational
spectrum). The vibrations associated with such moleculesare either of � or � symmetry,
and transitions to these kinds of states are called parallel and perpendicular transitions,
respectively. The latter have vibrational angular momenta associated with the vibrational
degeneracy, and so have di�eren t rotational selection rules associated with them that are
re
ected in the rotational envelopes of the vibrational bands. From the ground state of
a closedshell linear molecule, the parallel transitions are of � ! � symmetry, while the
perpendicular bands are of � ! � symmetry.
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Figure 11.4 An overview of the mid-IR spectrum of HCN.

The most important di�erence between thesetypesof bands is that the former obey
� J = � 1 selectionrules, while the latter obey � J = 0; � 1 selectionrules. Thus, at coarse
resolution, parallel bands have only P and R brancheswhile perpendicular bands have P,
Q, and R branches. Physically, the parallel bands have the dipole derivative along the
internuclear axis, while the perpendicular bands have the dipole derivative normal to the
internuclear axis. An overview of the appearanceof these kinds of bands for the HCN
moleculeis shown in Figure 11.3. At higher resolution, the parallel bands for a C1 v linear
molecule such as HCN look just like a vibrational transition in a heteronuclear diatomic
molecule, as Figure 11.4 shows. The major di�erence, especially as the molecule gets
larger, is the presenceof hot bands in the linear molecule spectrum that are associated
with low lying vibrational states that can be signi�cantly populated at room temperature.

For perpendicular bands, the angular momentum of vibration leads to a doubly
degeneratestate in the absenceof rotation. In the rotating principal axis referenceframe,
however, there are Coriolis forceswhich lift the degeneracy. This is called l-type doubling,
and modi�es the term expressionfor linear moleculesto

Fv (J ) = Bv J (J + 1) �
qi

2
J (J + 1) ;

where qi is the l-t ype doubling constant. The most obvious e�ect of the perpendicular
nature of the vibration is that the Q-branch is now allowed, as is shown for the � 1 + � 5

combination band of acetylenein Figure 11.4(in which the ortho/para alternativ e is clearly
visible). Upon closerinspection of the actual rotation levelsinvolved, it canbeseenthat the
P and R branchesterminate on the lower l-t ype doublet, while the Q-branch terminates on
the upper half of the l-t ype doublet. Thus, in order to measurethe qi valuesfrom infrared
spectra, both the P/R- and Q-branches must be rotationally resolved! This can be quite
di�cult for larger molecules,and so in many casesthe l-t ype doubling is in fact measured
via the pure rotational spectra arising from the thermally populated upper vibrational
states. In this case,the l-t ype doublets appear weakly to either side of the intenseground
state rotational transition, and the splitting grows with frequency (or J ).
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Figure 11.5 Selection rules for a linear moleculeparallel transition (top), and a speci�c
example, the C{H stretch of HCN.

+
-

 +

-

 +

-+

+-

-
 +

 +
-

-
+

0

2

3

4

1

1

2

3

4

5

. . .      R(0)   Q(1)... P(2) . . .

S+

Pu

g

Figure 11.6 Selection rules for a linear molecule perpendicular transition (top), and a
speci�c example, the 11

051
0 combination band of acetylene.
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Rotational Pro�les of Vibrations in Symmetric Top Molecules

With symmetric rotors we now have K 6= 0 to worry about. For symmetric rotors in
the C3v group, which is a commonoccurrence,remember there are A and E symmetries. A
quick check of the character table reveals that only A1 ! A1 and A1 ! E transitions are
allowed. Just as for the linear molecule case,these are called parallel and perpendicular
transitions, respectively. For the parallel bands the selectionrules are

� K = 0 and � J = � 1; for K = 0

� K = 0 and � J = 0; � 1; for K 6= 0

while for perpendicular bands the selectionrules are

� K = � 1 and � J = 0; � 1:

Thus, unlike the casefor a linear molecule, for a symmetric top there is a Q-branch
for both parallel and perpendicular bands. For the parallel bands, however, all of the
di�eren t K -values for which there is a Q-branch have transitions in essentially the same
place { splittings are intro duced only by the small change in rotational constant upstairs
and downstairs and by the centrifugal distortion constants. Thus, for parallel bands there
is a single tight Q-branch with P- and R-branches to either side with a spacing between
features of roughly 2B . As J increases,a larger and larger number of K states become
available, and even the P- and R-branch featuresbegin to get smearedout as J increases.

For the perpendicular bands, life is even more complicated. Here, sinceK is allowed
to change by � 1, the individual Q-branches are spread out according to K . Just as
for diatomic molecules, the change in angular momentum by one leads to a spacing of
approximately a rotational constant. For a prolate symmetric top the spacingbetweenthe
Q-branchesis approximately 2(A � B ), for oblate tops the appropriate spacingis obviously
2(C � B ). Underlying theseevenly spacedQ-branchesare the assortedP- and R-branches
that go along with them. These are smearedout at low resolution, and what is most
apparent are then the evenly spacedQ-branch features. Two examplesof parallel and
perpendicular bands are presented in Figures 11.7 and 11.8, which show the 11

0 parallel
band of CH3F and the 61

0 perpendicular band of SiH3F. Here, the notation 11
0 should be

read as meaning the 0 ! 1 transition of the v1 mode, etc.

Rotational Pro�les of Vibrations in Asymmetric Top Molecules
Finally , the most complex examplesof rotational pro�les in polyatomic moleculesare

due to those of asymmetric tops. As before with rotational spectra, the only rigorous
selectionrule left is

� J = 0; � 1 ;

which leads to a widely scattered suite of P-, Q-, and R-branches. Just as was true for
the permanent dipole moment projections, the dipole derivative for a given vibration can
be broken down into it components along the a; b;c inertial axes that rotate with the
molecule. By analogy with pure rotational spectroscopy, we'll again label various bandsas
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Figure 11.7 The 11
0 A1 ! A1 parallel vibrational band of CD3F.

Figure 11.8 The 61
0 E ! A1 perpendicular vibrational band of SiH3F.

type A, type B , or type C according to their dipole derivative projections. The di�eren t
projections lead to di�eren t overall shapesfor the bands, as summarized in Hollas.

For prolate tops, the type A bands resemble those of parallel bands from symmetric
tops { their is a strong central Q-branch feature 
ank edby compactP- and R-branch wings
whosefeature spacingsare closeto 2B . For the type B bands, the changein both K p and
K o spreadsall of the featuresout, much as in a perpendicular band of a symmetric top. At
low resolution, therefore, type B bands tend to lack a strong central peak, but instead can
often look like the parallel bands of linear moleculesat low resolution and signal-to-noise
(so watch out!). At somewhathigher resolution, the Q-branch featuresspacedby roughly
2A begin to appear. At very high resolution thesetypeB bandsarevery complex,but since
so many transitions are permitted, once they are fully understood quite accurate values
of the A; B ; C rotational constants and centrifugal distortion constants can be extracted.
Example type A and type B bands from the ethylene molecule are presented in Figure
11.9. Finally , for a type C band there is again a strong central feature, but one which is
more spread out than that of a type A band. In addition, the wings to higher and lower
frequency are stronger relative to the central feature in a type C band than in a type A
band. Other examplesof such spectra may be found in various texts (such as Spectra of
Atoms and Molecules,Bernath).
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Figure 11.9 The 111
0 type A band of ethylene (top), the the 91

0 type B band of ethylene
(middle), and the 71

0 type C band of ethylene.
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