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The polarization CARS spectra were observed for a few typical Raman lines at various experimental settings.
Based upon the observed and calculated spectra, the usefulness and the validity of the polarization CARS method
for the study of the overlapped Raman lines observed for a condensed system have been emphasized.

The coherent anti-Stokes Raman scattering (CARS)
experiment is a new method of Raman spectroscopy
which utilizes the nonlinear optical phenomena induced
by the macroscopic third-order nonlinear polarization,

P®.  This type of spectroscopy has been extensively
applied in a wide range of laboratories utilizing the
feature of the nonlinear phenomena.!~® The polariza-
tion CARS is one application of the CARS method, one
in which the direction of the polarization of the incident
and the scattered light are properly chosen.®-®

One of the most important and difficult problems in
the field of application spectroscopy lies in the analyses
of the spectral lines which are composed of two or more
different lines whose resonance frequencies are very
close to each other in comparison with their linewidths.
For the analyses of the condensed-phase spectra, it is
often necessary to resolve an observed line into a number
of lines by assuming symmetric lineshape functions, like
a Lorentzian or a Gaussian. This method is indeed
useful for practical purposes. In many cases, however,
the assumption of the lineshape functions is arbitrary
in nature and falls short of experimental proof. We
started the present work with the belief that we could
perform this line-separation into multi-components on
a purely experimental basis if we used the polarization
CARS method.

In this study, we observe a few typical overlapped
Raman lines by the polarization CARS method and
ascertain the usefulness and validity of the application
of the polarization CARS method for the study of the
overlapped Raman lines observed for condensed

systems.

Theoretical

Third-order Susceptibility in Liquid. CARS arises
from a third-order nonlinear polarization which is
induced in the medium at the frequency when wy;=
2w, —w, by the incident lights, w, and w,. This third-
order nonlinear polarization at the w; frequency can be
expressed as:

PO () = 1P (3) B (1) By B¥(w,), (1)

where I_L"(wl) and E(wz) are the amplitudes of the

incident lights and where ?‘3’(w3) is the third-order
susceptibility. As the CARS intensity is proportional

to I;‘s’(wa)lz, the CARS spectra are characterized by

x1®(w3), which is a fourth-rank tensor. In general,
2®(w;) can be expressed as the sum of two terms:

A (wy) = ™ + oF, (2)

where x"® is an electronic or background susceptibility,
and x*, a Raman susceptibility.

It has been established, for a spontaneous Raman
scattering, that a totally symmetric Raman line is
composed of two parts: an isotropic component and an
anisotropic component. The linewidth of an anisotropic
component is much broader than that of an isotropic
one, because the isotropic linewidth is governed mainly
by the reorientational relaxation process.® Therefore,
it is preferable to write the x® of Eq. 2 in this form:

- er xrA 3

x ; (arl_irrl * 6rA_iI1rA )’ ( )
where I';; and I',s are the linewidths of the isotropic
and anisotropic components respectively; 6,=w,—
(w;—wy); . is the Raman frequency of the r-th
vibrational mode. In the derivation of Eq. 3, we
assumed that w;;=w;a.}?

In an isotropic medium, there are only two independ-
ent tensor components, x$u(—w; : w0, —w,) and
X2 (—w; : 0,0, —~w,), where 1 and 2 denote two
distinguishable Cartesian axes. These tensor com-
ponents are given by an orientational average of the
susceptibilities of individual molecules. According to
to Yuratich and Hanna,™ x and x** of Eq. 3 for an
electronic non-resonant condition are given by these
relations:

NLa?

rl — — 4
X1 127 ° (4)
Xt = 0, (5)

3 NL 2
Xiter = % Xit = m 5 (6)

where «? is the mean value and y,% is the symmetric
part of the anisotropy of an usual Raman tensor. In
this discussion we assumed that the antisymmetric part
of the anisotropy is negligible. N is the number density
of the Raman-active molecules, and L is the local-field
correction factor.? It is important to add that the
following relation holds approximately between the
tensor components of x"*: it is known by the name of
the Kleiman relation:

1R = 3l (7
Polarization CARS. From the above discussion
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Fig. 1. Polarization directions for polarization CARS
experiment.

—
it can be understood that the polarization, P®(w,), can
be expressed as;

I;(‘”(wa) — pYR +2(1;r1 + i;m), (8)

where the superscripts correspond to those of Egs. 2
and 3.
We set the experimental conditions as is shown in

Fig. 1. One incident light, E(wl), is linearly polarized to
the X-direction, while the other incident light, E(w,),
is polarized on the XY-plane at an angle; 0, with the
X-direction. At this experimental setting, the terms of
Eq. 8 are expressed by these relations:

- - 1 -
PR = 3R, E% (01) {Ex(wy)ex + 3 Ey(w;)ey}, ©)

s NLPEZ (0,) Ex (w,) -
© 4(y—ily) Y

. NLyE? (0,) (4 - -
2 LA D A 11
P GOh(arA__iPrA) < 3 Ex(wz) €x + EX (wz)ev) ) ( )

(10)

i g . . . -
where ex and ey are unit vectors in the directions of X
and Y respectively. If we designate the angles between

: —_*NR _’I —)A
the X-axis and the vectors, P"*, P”, and P™, as Oy,

0, and 6, respectively (see also Fig. 1), Egs, 9, 10, and
11 lead to these relations:

Ey(w,) 1
= X% 1
tan Oyg 3y (0g) 3 tan 0, (12)
tan 6; = 0, (13)
and. 3Ey(w;) 3
Y @2
= ————"" = —tan 0 14
tan 6, TE (o) 7 @n (14)

Fig. 2. Polarization direction of the CARS light which
passed through the polarization analyzer.
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The amplitude of the CARS light, E(ws), is proportional
to the polarization, P® (wg), so the observed amplitude,
i(ws), can have only one polarization state, which is

defined by the vector-sum of I_;"R, i;", and P. In
this respect, the CARS light is obviously different from
that of the spontaneous Raman scattering. As can be
seen from Fig. 2, we can obtain various spectra by
setting the polarization direction of the CARS light
by putting a polarization analyzer in the path of the
CARS light. If we cut off that light whose polarization
direction makes an angle; B, with the X-axis, the
amplitude, E(w;), which penetrates through the analyzer
may be given by this relation:

E(w3) oc {|P¥[sin(6y, — B)
+3 [|Psin (—B) + |P*4|sin(6, — B)]}. (15)

Especially, we can obtain “background-free” spectra if
we set the experimental condition at §=0ys.

Experimental

Apparatus for Polarization CARS Measurement. A schematic
diagram of the polarization CARS spectrometer is shown in
Fig. 3. A N, laser is oscillated at 337.1 nm with a peak
output of 300 kW. The time-width of the N, laser is 7 ns,
and the repetition rate is 4 Hz. This N, laser output is used
to pump two dye lasers, 1 and 2, simultaneously. The
frequency, w;, of the dye laser 1 is fixed at 19200 cm-!
(HWHM=0.4 cm-?), while the frequency, w,, of the dye
laser 2 (HWHM=0.6 cm™!) is tunable. The directions of
the polarization of w,; and w, are adjusted by the use of two
Glan-Laser prism polarizers, GP, and GP,. The two light-
beams, w; and w,, are adjusted to be parallel with each other
before a lens, L, (f=10 cm), and then focused into a sample
cell. The phasematching angle is adjusted by sliding a
mirror, M,. The scattered light is selected out by the use of
an appropriate aperture. The polarization direction of the
CARS light is selected out by means of a Glan-Laser prism
polarizer, GP;. After being passed through a depolarizer,
DP, the CARS light is focused into a monochromator (JEOL,
Model Ul double-monochromator). Finally, the monochro-
mated CARS light is detected by means of a photomultiplier
(RCA-1P21) and averaged by the use of a laser photometer
(Molectron, LP-20).

w
Dye Laser! ! M
) G.R3
A an M
& M1 Sample V| 1 10
I . , M B.S.” . .<>.L3
% B.S. FBefere‘nce
= etector.
Mono - -
f G'P'ZE-?-I chromator|
I.Uz PM.[
Dye Laser 2| 1 Photo
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Fig. 3. Schematic representation of the experimental
set-up.
BS: Beam splitter, M: mirror, GP: Glan prism, DP:
depolarizer, PM: photomultiplier.
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A part of the w, is taken out by the use of a beamsplitter,
BS, and used for the purpose of the normalization of the CARS
light and for the triggering of the photometer. The depo-
larizer, DP, is used for the cancellation of the polarization
characteristics of the monochromator.

Measurement of Ordinary Raman Specira. The ordinary
Raman spectra were recorded by a JEOL, JRS-400T Raman
spectrophotometer equipped with an Ar*-ion laser source
(Spectra Physics, Model 164, 488.0 nm). A PL filter (Kenko)
was used as a polarizer after being corrected for the polariza-
tion characteristics.

Sample. All the chemicals used in the present work
were commercially available in a guaranteed grade and were
used without further purification. The Raman spectra were
observed for pure liquid toluene and chlorobenzene for a
binary mixture (1 :1 in volume) of them. The Raman
spectra were also observed for pure liquid styrene.

- Results and Discussion

For the purpose of dealing with the CARS lineshapes
of Raman modes in liquid, we write the electric field
of a CARS light being observed in this form:

E(ws)=Bsin(6ys — )

R, sin(—f) | R sin(o,,—m]
r , 16
+ E"[ 6r_iI1rI 6r—irrA ( )
where:
B ‘;\‘Rl = 4/9+tan20 x}'{zuExz(wl)Ex(wz)’ (17)
1;51 NLy?
Ry e el — LByl 18)
and
L I —
R, « m = A/ 16+9tan% 6
NLy?
X'Toil—Exz(wl)Ex(wz)- (19

Depolarized Raman Lines. A depolarized Raman
line has only 9% in the Raman tensor. Therefore, the
polarization CARS spectra expected for this case are
represented by this relation:

(a)
B<ENROr

(c)
R ELTN F
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Fig. 4. Typical polarization CARS spectra for an iso-
lated single Raman line.
Remark that (d) corresponds to a “background-free”
spectrum.

Polarization CARS and Line-shape Analysis
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R, sin(6,—p) 2

o_ir, |
The typical spectra expected for this case are illustrated
in Fig. 4. It can be seen from the figure that the spectral
features change dramatically with the change in f.
It must be emphasized that this is the only case in
which the Raman line is composed of only one com-
ponent.

Totally Symmetric Raman Lines. A totally sym-
metric Raman line is characterized by % and o2
Therefore, the polarization CARS spectra can be
represented by this relation:

| £ (wq) |

|E(w,)|* = | Bsin(Oxe — B) + (20)

R;sin (—p) R, sin(0,—p) [ (21)
0—ir; 0—ir, |’

It must be emphasized that a totally symmetric Raman
line is composed of two components, isotropic and
anisotropic, although it seems to be a single line. Thus,
Eq. 21 has two Raman-resonant terms, in good contrast
to Eq. 20.

= |Bsin (65, — §) +

(a)

Intensity

Wy - Wy wr=(wy-wy)
10°L 1 1 1 1 1 1 ] 1 1
1020 1000 980 -20 0 20
y/cm~1
Fig. 5. Polarization CARS spectra for the 1000 cm~! line

of pure liquid styrene.

(a) : Observed f-dependence, (b): Calculated g-depend-
ence. The dotted lines indicate the background
height; B? sin? (Oyg—f).

As an example, we observed the polarization CARS
spectra of the 1000 cm~! Raman line of pure liquid
styrene for various f-values. Figure 5(a) shows the
results for the experimental settings of 6=85° and =
10, 15, 20, 25, and 30°. The spontaneous Raman
spectra of this line, on the other hand, are characterized
by these spectral parameters: the polarization degree
is 0.05, and the lineshapes are Lorentzian, with I'i=
1.4 cm™! for the isotropic line and with I'y=2.5 cm~!
for the anisotropic line. Using these spectral parameters,
the polarization CARS spectra were calculated for
this Raman line: the results are illustrated in Fig.
5(b).1» The good agreement between the observed
and the calculated spectra indicates that the physical
meaning of the damping factors, I'1 and I',, which
appear in the CARS formulation is essentially the same
as that of the half-widths in the spontaneous Raman



3694

scattering formulation.

It can be seen from Fig. 4 that we can clearly identify
the existence of the two Raman components, the
polarized and depolarized ones, by observing the
polarized CARS spectra for various f-values. It is
essential that, in the case of a totally symmetric Raman
line, a Raman line should be considered to be overlapped
lines whose frequencies are equal, but whose linewidths
are different from each other.

Two Closely Located Totally Symmetric Raman Lines.

In a case where two Raman lines are located very close
to each other, we must consider the overlapping of
four Raman lines: two isotropic components and two
anisotropic components. As a model system, the binary
mixture of toluene and chlorobenzene was chosen,
because liquid toluene shows a Raman line at w,=1004
cm~!, with a depolarization degree of p=0.018 and
with half-widths of 2I';=2.1 cm~! and 2I'y,=4.2 cm™,
while liquid chlorobenzene shows a Raman line at
w,=1002.8 cm-1, with a depolarization degree of p=
0.025 and with half-widths of 2I'y=1.5 cm~1 and 2I',=
3.8 cm-1. These two Raman lines are assigned to the
C—C stretching vibrations of the benzene rings and have
almost equal intensities.

CeH5CH3 + CgHsCl

—— parallel component

---- perpendicular component

T T
1020 1010
v/cm~!

Fig. 6. Observed spontaneous Raman spectra for the
binary mixture of toluene and chlorobenzene, (1 :1
mixture in volume).

(a) (b)

Intensity

4,1‘ | Wy-wg
1 1 1 1 1 1
1020 1000 380 1020

v/cm~!

wy-wz
1

1 1
1000 980
Fig. 7. Polarization CARS spectra for the binary
mixture of toluene and chlorobenzene, (1 : 1 mixture in
volume).
(a): Observed p-dependence, (b): Calculated -
dependence. The dotted lines indicate the background
height, B? sin? (Oxg—f).
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Figure 6 shows the Raman spectra observed for the
binary solution of toluene and chlorobenzene. In this
figure, two Raman lines are overlapped with each other
at about 1000 cm~!. It can be seen from the figure
that it is almost impossible to separate this line into two
Raman lines without knowing accurate spectral infor-
mation about these individual lines. Figure 7(a) shows
the observed polarization CARS spectra for 6=85°
and for =4, 6, 8, 10, and 12°. Figure 7(b) shows the
results of the simulative calculation of the corresponding
spectra on the basis of the above spontaneous Raman
data. Itcan be seen from this figure that the overlapping
of two Raman lines can easily be surmised by means of
the asymmetric feature of the polarization CARS
spectra. That is, the positive and negative peaks are
quite different from each other both in shape and area,
in good contrast with the spectra given in Fig. 5.19

Concluding Discussion. In the preceding para-
graphs, the polarization CARS spectra have been
discussed for three different cases: (1) a spectrum is
composed of only one Raman line and only one com-
ponent; that is to say, the line corresponds to one
vibrational mode and one component: (2) a spectrum is
composed of one Raman line which can be assigned
to one vibrational mode, but is made from two com-
ponents, namely, isotropic and anisotropic components,
and (3) a spectrum corresponds to two overlapped
Raman lines, each of which is made from isotropic and
anisotropic components. From the results obtained, we
can draw a few important conclusions with respect to
the application of the polarization CARS method to the
analysis of the overlapped Raman lines.

First, it has been shown that polarization CARS
spectra should be analyzed by considering both isotropic
and anisotropic scattering processes. It is essential to
consider the difference between the isotropic and
anisotropic linewidths. Therefore, the separation of
the overlapped Raman lines into the individual vibra-
tional lines is not so simple as has been described by
Koroteev et al.® The apparent splittings in the CARS
spectra cannot directly be related to the band-overlap-
ping in ordinary Raman spectra.

Secondly, a polarization CARS method can be a
useful technique to compare the isotropic and anisotrop-
ic components which are related to the same vibrational
mode, because we can observe isotropic and anisotropic
components separately by using a proper experimental
setting. If we set =0, or §=0;, we can obtain a purely
isotropic spectrum or a purely anisotropic spectrum
respectively.  For other angles, the spectra exhibit
rather complicated features, namely, mixtures of
isotropic and anisotropic spectra. As we can change
the ratio of R; and R, properly by changing the 0,
this method is extremely useful for the analysis of a
Raman line whose depolarization degree is very small.

Thirdly, it has been shown that the polarization CARS
spectra are quite sensitive to the change in the spectral
parameters of component lines. Although the analyses
of polarization CARS spectra themselves are rather
complicated and difficult when several Raman modes
are overlapped, the simultaneous use of spontaneous
Raman and polarization CARS spectra is a very
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promising method for the separation of the overlapped
Raman lines into their component lines. We can
ascertain the validity of the line-separation of overlapped
ordinary Raman lines by simulating polarization CARS
spectra using the spectral parameters obtained from the
line-separation of ordinary Raman spectra. It must
be emphasized, however, that this process is purely
experimental.
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