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ABSTRACT
As one of the popular coherent Raman scattering techniques, stimulated Raman scattering (SRS) has made significant progress in recent
years, especially in label-free biological imaging. Polarization provides an additional degree of freedom to manipulate the SRS process. In
previous studies, only linearly polarized SRS was fully investigated, in which both pump and Stokes laser fields are linearly polarized. Here,
we theoretically analyzed the SRS process excited by two circularly polarized laser fields and then experimentally demonstrated it by taking
a spherical symmetric CH4 molecule as a model system. The experimental results are in good agreement with the theoretical ones. It is
shown that circularly polarized SRS (CP-SRS) has unique characteristics different from linear polarization. When the handedness of circular
polarization states of two laser fields is the same, CP-SRS further suppresses the depolarized vibrational band while keeping the polarized
band almost unaffected. On the other hand, when the handedness is opposite, CP-SRS enhances the depolarized band while suppressing the
polarized band. Therefore, the CP-SRS not only allows us to resolve the symmetry of vibrational modes but also can enhance vibrational
contrast based on symmetry selectivity by suppressing or enhancing the signal from a specific vibrational mode. These results will have
potential applications in improving chemical selectivity and imaging contrast as well as spectral resolution SRS microscopy. In addition, the
CP-SRS has the ability to determine the depolarization ratio ρ and identify the overlapping Raman bands.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124727

I. INTRODUCTION

Coherent Raman scattering (CRS) is a nonlinear optical pro-
cess associated with third-order susceptibilities (χ(3)) of the medium.
With the development of advanced laser sources and detectors, CRS
has been a well-established tool for the investigation of the inter-
action between matter and light fields in various research areas.1–16

Different from spontaneous Raman scattering, in which only one
laser beam is used, CRS is driven by two laser beams (pump field ωp
and Stokes field ωs), whose frequency difference (ωp − ωs) matches
the vibrational transition energy of molecules. As a result, much
stronger vibrational signals can be achieved compared to conven-
tional spontaneous Raman scattering. Interest in CRS largely comes
from these improved sensitivities, allowing the detection of weak
Raman signal and fast response of the medium to the light field.

Beyond the sensitivities, CRS offers more detailed control
of molecular orientation in terms of light polarizations. This is
because the symmetry properties of a molecule are intrinsically
related to third-order nonlinear susceptibilities, whose tensor ele-
ment describes how molecules will respond to incident laser fields,
and so can be selectively excited to obtain the information on molec-
ular symmetry through polarization manipulations. From this point
of view, the polarization provides an additional degree of freedom to
tune the CRS process.

Among the CRS techniques, coherent anti-Stokes Raman scat-
tering (CARS) and stimulated Raman scattering (SRS) are the most
widely used ones. In the former, a new wave at anti-Stokes frequency
(2ωp − ωs) is generated, whereas in the latter, the energy trans-
fers from the pump field to the Stokes field, leading to the gain of
the Stokes beam and loss of the pump beam as well as molecular

J. Chem. Phys. 157, 204201 (2022); doi: 10.1063/5.0124727 157, 204201-1

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0124727
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0124727
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0124727&domain=pdf&date_stamp=2022-November-22
https://doi.org/10.1063/5.0124727
https://orcid.org/0000-0001-7647-8404
https://orcid.org/0000-0002-7456-543X
https://orcid.org/0000-0002-0264-0146
https://orcid.org/0000-0002-3704-3798
mailto:yyq@ahu.edu.cn
mailto:slliu@ustc.edu.cn
https://doi.org/10.1063/5.0124727


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

population at vibrational excited state. Correspondingly, there are
three ways to detect the SRS process:17 stimulated Raman gain spec-
troscopy (SRGS), stimulated Raman loss spectroscopy (SRLS), and
photoacoustic Raman spectroscopy (PARS).

Compared with SRS, one disadvantage inherent to CARS is
that its spectrum is distorted due to the interference of nonreso-
nant background, causing difficulties in spectral interpretation and
limits in final detection sensitivity. To suppress the nonresonant
background, the polarization-resolved CARS (P-CARS) has been
successfully developed.18 In addition, P-CARS was used to unravel
the information on molecular orientation19 and Raman optical
activity (ROA) for chiral molecules,20 decompose overlapping vibra-
tional bands, and determine the depolarization ratio of molecular
vibrations.21

The SRS is considered to be superior in maintaining an undis-
torted spectral shape since it is free of the nonresonant background
of third-order susceptibilities, and thus, the spectral shape is the
same as the normal Raman lines. Moreover, the SRS signal exhibits
a linear dependence on molecular concentration, convenient to
conduct quantitative analysis. In addition, there is no phase match-
ing in SRS. These features render SRS a powerful tool in several
fields, especially in label-free biological imaging.22–26

The growing interest in SRS has brought important progress
in the application of polarization-resolved measurements.27–36 For
example, the manipulation of linear polarization states of SRS
has allowed a precise determination of the Raman depolarization
ratio.27–29 Recently, the dual-polarization hyperspectral stimulated
Raman scattering microscopy was demonstrated to be simulta-
neously accessible to two polarized Raman images in orthogonal
polarization states, with the ability to measure the symmetry of
vibrational bonds and to distinguish the overlapped bands.30 More
recently, polarization-sensitive stimulated Raman scattering was
used to resolve amphotericin B orientation in Candida membrane
from fingerprint C=C stretching vibration.35

Compared to CARS, the potential of polarization application
of SRS was not fully exploited. For example, there is no report that
clearly shows the dependence of SRS intensity on circularly polarized
(CP) laser fields, whereas, for CARS, the use of circular polariza-
tion has been theoretically and experimentally demonstrated to have
the ability to directly image individual symmetry of samples and
enhance the contrast from anisotropic samples in recent studies.37–39

Here, we investigated the SRS process excited by two circularly
polarized (CP) laser fields called CP-SRS. To be contrasted, the
SRS process excited by two linearly polarized laser fields is also
shown. We will first present the principle of CP-SRS and then our
experimental demonstrations.

II. THEORY
The third-order nonlinear susceptibility χ(3) that describes SRS

is a four-rank tensor consisting of 81 components, and the third-
order nonlinear polarization density P at ωs is given by17,40

P(3)i (ωs)∝∑
jkl

χ(3)ijkl (−ωs; ωs,−ωp, ωp)Ej(ωs)E∗k (ωp)El(ωp), (1)

where ωp and ωs are the frequencies of pump and Stokes laser fields,
respectively, χ(3)ijkl is the tensor element of the third-order nonlinear

susceptibilities, i, j, k, l = 1, 2, 3 represents the Cartesian coordinates
x, y, z, and ∗ denotes the complex conjugation of incident laser field
E. The summation runs over all permutations.

To be contrasted, we first discuss linearly polarized SRS. Briefly,
consider that both pump and Stokes beams propagate along the
z axis. The Stokes beam is linearly polarized along the x axis, while
the pump beam is linearly polarized at an angle of θ relative to the
Stokes beam (x axis), as illustrated in Fig. 1(a). Then, the laser fields
can be written as

⇀
E(ωs) = Ex(ωs)

⇀
e x = E(ωs)

⇀
e x, (2a)

⇀

E(ωp) = Ex(ωp)
⇀
e x + Ey(ωp)

⇀
e y,

= E(ωp) cos θ
⇀
e x + E(ωp) sin θ

⇀
e y, (2b)

where ex and ey represent the unit vectors of the x and y axes,
respectively.

For isotropic medium, carrying out the tensor field product in
Eq. (1), the induced polarization density at the x direction becomes

P(3)x (ωs)∝ χ(3)1111Ex(ωs)Ex
∗(ωp)Ex(ωp)

+ χ(3)1122Ex(ωs)Ey
∗(ωp)Ey(ωp)

+ χ(3)1221Ey(ωs)Ey
∗(ωp)Ex(ωp)

+ χ(3)1212Ey(ωs)Ex
∗(ωp)Ey(ωp),

= (χ(3)1111 cos2 θ + χ(3)1122 sin2 θ)E(ωs)[E(ωp)]2, (3)

in which the tensor elements of χ(3)1221 and χ(3)1212 were eliminated due
to Ey(ωs) = 0. It should be mentioned that the SRS is a coherent
process in which the induced photons are generated due to seeded
photons, and then, all the behaviors of induced photons are the same
as the seeded photons, including their frequency, polarization state,
and phase. Therefore, for linearly polarized SRS shown in Fig. 1(a),
we only need to consider the induced polarization density along the
x axis.

FIG. 1. Polarization configurations of pump and Stokes fields in SRS. (a) Linear
polarization, where θ is the cross angle between the linear polarization state of two
laser fields. (b) Circular polarization of two laser fields in the same handedness.
(c) Circular polarization of two laser fields in the opposite handedness. The tensor
elements of χ(3) involved in each polarization configuration are also shown.
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If the light fields are quasi-monochromatic waves along the z
direction, the coupled wave equation under slowly varying envelope
approximation (SVEA) can be expressed as17

∂E(ωs)
∂z

= i
ωs

ns

√
μ0

ε0
P(3)x (ωs), (4)

where ns is the refractive index of Stokes beam, and μ0 and ε0 are the
vacuum permeability and the dielectric constant, respectively. Then,
the signal field at the propagation distance L becomes

E(ωs, L) = exp{i
ωs

ns

√
μ0

ε0
(χ(3)1111 cos2 θ + χ(3)1122 sin2 θ)

× (E(ωp))2L}E(ωs, 0), (5)

where E(ωs,0) is the initial Stokes field, and L is the interaction length
between the pump and Stokes fields. It is known that the third-order
nonlinear susceptibility contains the contribution of both resonant
and nonresonant parts, i.e.,

χ(3) = χ(3)NR + χ(3)R = χ(3)NR +
Nσ

ωR − (ωp − ωs) − iΓR
, (6)

where ΓR is the linewidth (HWHM) of Raman resonance corre-
sponding to vibrational frequency, ωR, N is the molecular number
density, and σ is the Raman scattering cross-section. Then, the signal
intensity,

I(ωs, L) = exp{−2ωs

ns

√
μ0

ε0
(Im(χ(3)1111)cos2 θ

+ Im(χ(3)1122)sin2 θ)I(ωp)L}I(ωs, 0), (7)

where Im(χ(3)) is the imaginary part of χ(3)R , and I(ωs, 0) is the
initial intensity of Stoke field. Under weak signal condition with
exponential expansion, the SRS gain can be written as

ΔI(ωs) = I(ωs, L) − I(ωs, 0),

∝ (cos2 θ + ρsin2 θ)NLσI(ωp)I(ωs), (8)

where Im(χ(3)1111)∝ σ, and ρ is the Raman depolarization ratio and
the relationship of ρ = χR

1122/χR
1111 is applied.17,40 The proportional-

ity symbol accounts for the omission of some constants, which are
the same for linearly and circularly polarized SRS and, thus, do not
contribute to the analysis.

For the CP-SRS, we first consider the case that the handedness
of circular polarization states of two laser fields is the same, such as
right-handedness in Fig. 1(b), and then, the laser fields become

⇀

E(ωs) =
1√
2

E(ωs)(
⇀
e x + i

⇀
e y), (9a)

⇀

E(ωp) =
1√
2

E(ωp)(
⇀
e x + i

⇀
e y). (9b)

Different from linearly polarized SRS, for circularly polarized
SRS, the polarization of the initial Stokes field can be projected into

any two independent directions, such as the x and y directions in
Fig. 1. As a result, the induced polarization density has components
at both the x and y polarization directions, and they are

P(3)x (ωs)∝
1

2
√

2
(χ(3)1111 + χ(3)1122 + χ(3)1221 − χ(3)1212)E(ωs)[E(ωp)]2,

(10a)

P(3)y (ωs)∝
i

2
√

2
(χ(3)2222 + χ(3)2211 + χ(3)2112 − χ(3)2121)E(ωs)[E(ωp)]2.

(10b)
Using the relationship of χ(3)1122 = χ(3)1212 and χ(3)1221 = (1 − 2ρ)

χ(3)1111
40,41 (Appendix), the SRS gain is (see supplementary material)

ΔI(ωs) = ΔIx(ωs) + ΔIy(ωs),

∝ (1 − ρ)NLσI(ωp)I(ωs), (11)

where ΔIx(ωs) and ΔIy(ωs) are the components of the CP-SRS gain
intensity along the x and y polarization directions, respectively, and
ΔI(ωs) is the overall intensity as a sum of them. It should be men-
tioned that ΔIx(ωs) and ΔIy(ωs) are overlapped in space, and they
can only be distinguished by adding an extra polarizer before the
detector. If no polarizer is added, the overall SRS gain intensity will
be detected. In our experiment, the overall gain intensity in CP-SRS
was measured.

When the handedness of two circularly polarized fields is
opposite, as shown in Fig. 1(c), the induced polarization densities
become

P(3)x (ωs)∝
1

2
√

2
(χ(3)1111 + χ(3)1122 + χ(3)1212 − χ(3)1221)E(ωs)[E(ωp)]2,

(12a)

P(3)y (ωs)∝
i

2
√

2
(χ(3)2222 + χ(3)2211 + χ(3)2121 − χ(3)2112)E(ωs)[E(ωp)]2,

(12b)
and the gain is (see supplementary material)

ΔI(ωs)∝ (2ρ)NLσI(ωp)I(ωs). (13)

From the above analysis, it can be seen that the excitation of a
sample with specifically polarized laser fields allows us to probe dif-
ferent components of the susceptibility tensor χ(3) associated with
the SRS process, meaning that the four tensors χ(3)1111, χ(3)1122, χ(3)1221, and
χ(3)1212 can be determined by the combinations of linearly polarized
and circularly polarized SRS, as summarized in Fig. 1. This is very
similar to those demonstrated in another CRS technique, Raman-
induced Kerr effect (RIKE).42–44 In addition to the polarization state
of incident laser fields, it can be seen that the SRS intensity is strongly
dependent on the depolarization ratio ρ of a specific vibrational
mode. For totally symmetric vibrational mode, 0 ≤ ρ < 3/4 is called
a polarized band. A depolarization ratio of ρ = 3/4 is the so-called
depolarized band and describes a non-totally symmetric vibration.
Therefore, each molecular vibration shows a specific symmetry with
a characteristic depolarization ratio ρ.

It should be mentioned that the induced polarization density
has a different dependence on tensor elements in CP-SRS given here
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and CP-CARS in the literature.38 This can be understood when con-
sidering that the different tensor elements are involved in CARS,
SRS, and RIKE even though using the same linear polarization to
excite them.43 In addition, it should be mentioned that the subscript
of tensor elements χ(3)ijkl may be different in the different literature
due to the intrinsic permutation symmetry in nonlinear optics,40,45

which requires that the nonlinear susceptibility be unchanged when
simultaneously interchanging two frequency arguments and its two
Cartesian indices. For example, in SRS, χ(3)1122(−ωs; ωs,−ωp, ωp) is
equivalent to χ(3)1221(−ωs; ωp,−ωp, ωs).

III. EXPERIMENT
The experimental setup is similar to previous studies27,28 but

some modifications were made to measure CP-SRS, as shown in
Fig. 2. The laser source is a pulsed Nd: YAG laser (Spectra-physics,
532.1 nm, linewidth 1.0 cm−1, 10 ns, 10 Hz). The output of the YAG
laser is divided into two beams. One is used as a pump beam and the
other is used to pump a dye laser (ND6000, linewidth 0.05 cm−1)
to generate a tunable Stokes beam (624–637 nm). To match the
spot size between the pump and Stokes beams, a pair of telescopes
is added on the path of the pump beam. Two temporally and spa-
tially overlapped laser beams are focused (f = 35 cm) into the sample
cell to generate the SRS process. The SRS signal was detected by the
photoacoustic Raman spectroscopy (PARS) technique developed by
Barrett and Berry46 since the SRS process leads to the transfer of
ground vibrational state molecules to excited vibrational state. The
molecules at the excited vibrational level will relax to the ground
state, resulting in a sound wave due to local heat. The sound wave
will be detected by a microphone, then amplified to obtain the SRS
spectrum. The energies of the pump and Stokes beams are typically
10 and 6 mJ/pulse, respectively. The sample pressure is 5 Torr.

For polarization measurement, the pump and Stokes laser
beams were linearly polarized at first, which was achieved by two
Glan-Taylor prisms, P1 and P2 (extinction ratio <10−6). To minimize

FIG. 2. The experimental setup for linearly and circularly polarized SRS.

polarization distortion by the optics, two laser beams were arranged
as a counterpropagating configuration.

When measuring the linearly polarized SRS, the operation in
counterpropagation was the same as that in copropagation. The
linear polarization of the Stokes beam was fixed in the vertical direc-
tion, while that of the pump beam was rotated by a λ/2 wave plate.
When measuring CP-SRS, two λ/4 wave plates were added, and
the operations between counterpropagation and copropagation were
slightly different. For example, to obtain the same handedness of
circular polarization state for both pump and Stokes beams, in the
counterpropagation, the optical axis of two λ/4 wave plates must be
set at a contrary angle (one is 45○ and the other is −45○) relative to
the polarization direction of pump or Stokes beam, whereas in the
copropagation, the optical axis of two λ/4 wave plates must be set at
the same angle (45○ or −45○). On the contrary, to obtain the oppo-
site handedness of circular polarization, the optical axis of two λ/4
wave plates will be set at the same angle in counterpropagation.

IV. RESULTS AND DISCUSSIONS
To confirm our theory, we have carried out a proof-of-principle

experiment on a model system of methane (CH4). It is known that
methane is a highly symmetrical spherical molecule. It has two dif-
ferent C–H stretching vibrational modes, totally symmetric mode
υ1 (2917 cm−1) and nontotally antisymmetric mode υ3 (3020 cm−1).
The depolarization ratios ρ for υ1 and υ3 modes are strictly 0 and 3/4
in theory, respectively.

Figure 3 presents the SRS spectra of CH4 recorded under four
different polarization combinations of pump and Stokes fields: (a)
parallel linear polarizations, (b) perpendicular linear polarizations,
(c) circular polarizations in the same handedness, and (d) circu-
lar polarizations in the opposite handedness. From Fig. 3, it can
be seen that the SRS intensities change with the changes in polar-
ization states of incident fields. For the polarized υ1 mode (ρ = 0),
the measured intensity ratio is 1:0:0.98:0 in the above four polar-
ization combinations (a)–(d), whereas, for the depolarized υ3 mode
(ρ = 3/4), the intensity ratio is 1:0.76:0.23:1.48. These values are
in good agreement with the theoretically predicted intensity ratio
at four polarization combinations: 1:0:1:0 for the υ1 mode and
1:0.75:0.25:1.5 for the υ3 mode, according to Eqs. (8), (11), and (13).
Therefore, the theoretical description of CP-SRS, here, is feasible. In
addition, similar to linearly polarized SRS, according to Eqs. (11) and
(13), the values of the depolarization ratio of υ1 and υ3 modes can be
derived from the intensity ratio of CP-SRS at the same and opposite
handedness [Figs. 3(c) and 3(d)], and the determined values are 0
and ∼0.77 for υ1 and υ3 modes, respectively, very close to theoretical
values of 0 and 0.75.

Carefully comparing the behaviors of υ1 and υ3 modes in linear
and circular polarization combinations, it is interesting to find that
CP-SRS has its own unique characteristics. This can be explained
in the following. On one hand, as shown in Fig. 3(c), when the
handedness of circular polarization states is the same, the intensity
of the polarized υ1 mode is almost unchanged compared to par-
allel linear polarization [Fig. 3(a)], but that of the depolarized υ3
mode is reduced by ∼4 times. However, this reduction is only ∼1.33
times in the case of perpendicular linear polarization [Fig. 3(b)],
meaning that the CP-SRS in the same handedness has the ability
to further suppress the depolarized vibrational mode while keep-
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FIG. 3. The SRS spectra of CH4 molecule in the C–H stretching region. (a) Parallel linear polarizations. (b) Perpendicular linear polarizations. (c) Circular polarizations in
the same handedness. (d) Circular polarizations in the opposite handedness. To be clear, the SRS spectrum of υ3 mode was enlarged and shown in the inset.

ing the polarized mode almost unaffected. On the other hand, as
shown in Fig. 3(d), when the handedness of CP-SRS is opposite, the
intensity of the polarized υ1 mode decreases to 0, whereas that of the
depolarized υ3 mode is enhanced by ∼1.5 times compared to parallel
polarization and ∼2 times compared to perpendicular polarization.
This indicates that CP-SRS in the opposite handedness has the
ability to enhance the depolarized vibrational mode while suppress-
ing the polarized vibrational mode. These characteristics are not
shown in linearly polarized SRS.

Therefore, by switching between combinations of left- and
right-handed circular polarization states, CP-SRS not only allows
us to resolve the symmetry of different vibrational mode but also
enhances vibrational contrast based on the symmetry of the Raman
mode under study. This contrast capability is very similar to that
found by symmetry filtering using circular polarization.47 From
this point, the CP-SRS will open new prospects toward improving
chemical selectivity and vibrational contrast as well as spectral reso-
lution in SRS microscopy by suppressing the unwanted vibrational
signals.

In addition, CP-SRS makes it easier to distinguish the over-
lapped Raman peaks. This can be demonstrated in the spectra of
cyclohexane (C6H12) in the C–H stretching region. This molecule is
famous for many polarized and depolarized Raman bands. Figure 4
presents the cyclohexane molecule in its chair conformation whose
population is about 99% at room temperature. The chair conforma-
tion belongs to the D3d point group, in which there are two kinds of
different C–H bonds, i.e., axial C–H bond and equatorial C–H bond.
Correspondingly, there are two different CH2 symmetric stretching
(SS) modes and two CH2 antisymmetric stretching (AS) modes due
to the vibration from axial and equatorial C–H bonds, respectively.
On the other hand, the cyclohexane molecule has two Raman-active
CH2 bending modes in the region of 1400–1500 cm−1. Therefore,
the Fermi resonance (FR) can occur between the fundamental of

symmetric stretching (SS) and the overtones of bending [called
Fermi resonance (FR) modes].

Figure 5 shows the SRS spectra of gaseous cyclohexane in
the C–H stretching region recorded under the same four polar-
ization combinations as in Fig. 3. It can be seen that the C–H
stretching spectra of cyclohexane are very complex due to spectral
overlapping of various bands, including Fermi resonance (FR), CH2
symmetric stretching (CH2-SS), and CH2 antisymmetric stretching
(CH2-AS) in axial and equatorial C–H bonds, as mentioned above.
The spectra were assigned by combining with polarization com-
bination measurements and quantum chemistry calculation, and
compared with liquid cyclohexane in the literature,48 as labeled in
Fig. 5 and listed in Table S1 in the supplementary material. It can
be seen that the separated Raman peaks in Figs. 5(a) and 5(c) are
from the polarized SS and FR modes, whereas the broad bands in

FIG. 4. The geometry of cyclohexane in chair conformation. The dark yellow
denotes the C atoms, and the light and dark blue denote the axial and equatorial
H atoms, respectively.
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FIG. 5. The SRS spectra of gaseous cyclohexane in the C–H stretching region recorded under four polarization combinations as in Fig. 3. (e) and (f) are the spectra in (b)
and (d) enlarged by ten times to be clear, respectively. CH2-SS-1 and CH2-SS-2 denote symmetric stretching of axial and equatorial C–H bonds, respectively, and CH2-AS-1
and CH2-AS-2 denote the corresponding antisymmetric stretching. FR denotes Fermi resonance mode. ∗ denotes unassigned.

Figs. 5(b) and 5(d) are from the depolarized AS modes. The broad-
band shape of AS mode is due to the rotational transitions of a
depolarized band consisting of all five O, P, Q, R, and S branches
in the gas phase, while the polarized band mainly consists of
Q branch.

Compared with Fig. 5(a), it is clear that the spectra from the
depolarized AS modes are suppressed in Fig. 5(c), leading to the
obvious decrease in the broad background from AS modes. On the
contrary, compared with weak spectral intensity in Fig. 5(b), the
depolarized AS modes are obviously enhanced in Fig. 5(d), further
showing that these spectra are from weak CH2-AS modes and they
overlap with strong CH2-SS and FR modes.

It is known that the depolarization ratio is defined as

ρ = 3γ2

45α2 + 4γ2 , (14)

where α and γ are isotropic and anisotropic invariants that are
related to diagonal and off-diagonal elements of the Raman tensor,
respectively.49 For symmetric vibrational mode, the value of ρ is gen-
erally close to 0 due to small γ and mainly contributed by isotropic
invariant. For antisymmetric mode, the ρ value is totally related to
the anisotropic invariant due to α = 0. In this sense, the depolariza-
tion ratio characterizes the contribution of isotropic and anisotropic
vibrations in a Raman mode.

From the above point, CP-SRS may have the potential to high-
light anisotropic structures with enhanced vibrational contrast when
it is applied to anisotropic samples. Such enhanced vibrational con-
trast has been recently demonstrated in CP-CARS for anisotropic
structures. On the other hand, the use of circular polarization makes
SRS independent of the sample orientation, making the contrast
enhancement efficient without the need to find an optimal polariza-
tion coupling direction relative to the sample. Therefore, the CP-SRS
will be suitable for the investigation of anisotropic samples such as
crystals and biological samples provided that the laser polarization
is less disturbed by samples.

V. CONCLUSION
The use of polarization manipulation offers possibilities for

expanding the applications of the SRS technique since the tensor
elements of third-order nonlinear susceptibilities χ(3) describe how
the molecules will respond to incident laser fields and so can be
selectively excited through polarization combinations. In this work,
we theoretically and experimentally demonstrated the SRS process
excited by two circularly polarized laser fields. When the handedness
of circular polarization states is the same, CP-SRS can further sup-
press the depolarized vibrational band while keeping the polarized
band almost unaffected. When the handedness is opposite, CP-SRS
can enhance the depolarized vibrational mode while suppressing the
polarized band. These spectral characteristics are significantly dif-
ferent from linearly polarized SRS. The results presented here will
open a new window for improving chemical selectivity and imag-
ing contrast as well as spectral resolution in SRS microscopy. Very
recently, the CP-SRS microscopy has been developed to increase the
epi-detection efficiency of the SRS signal, allowing rapid character-
ization of bulky brain tissues without tissue pretreatment,50 but the
detailed mechanism of CP-SRS was not discussed there. Our results
presented here will provide insight into further interpretation of
spectral features in the CP-SRS microscopy. In addition, we know
that the chiral molecule has a different response to left-handed and
right-handed circularly polarized laser fields, and this is just the prin-
ciple of Raman optical activity (ROA) spectroscopy. The possibility
of CP-SRS application on chiral molecules will be investigated in the
future.

SUPPLEMENTARY MATERIAL

The supplementary material provides the evidence for Eqs. (11)
and (13) and spectral assignment for cyclohexane in the C–H
stretching region.
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APPENDIX: A PROOF OF EQUATION χ(3)1122 = χ(3)1212
and χ(3)1221 = (1 − 2ρ)χ(3)1111.

In this appendix, we provide a proof of the equation of χ(3)1122

= χ(3)1212 and χ(3)1221 = (1 − 2ρ)χ(3)1111.
In nonlinear optics, the intrinsic permutation symmetry

requires that the nonlinear susceptibility be unchanged when simul-
taneously interchanging two frequency arguments and its two Carte-
sian indices.40 That means for a four-wave mixing process (ω1, ω2,
ω3, ω4),

χ(3)ijkl (ω4; ω1, ω2, ω3) = χ(3)ikjl (ω4; ω2, ω1, ω3), (A1)

where i, j, k, and l denote the polarization directions (x, y, z) of
corresponding light fields.

Similar to the well-known third-order nonlinear optical tech-
nique (CARS), the nonlinear refractive index is a four-wave mixing
process, as illustrated in Fig. 6.

According to Eq. (A1), for the nonlinear refractive index in
Fig. 6,

χ(3)ijkl (−ω; ω, ω,−ω) = χ(3)ikjl (−ω; ω, ω,−ω). (A2)

That means

χ(3)xxyy(−ω; ω, ω,−ω) = χ(3)xyxy(−ω; ω, ω,−ω), (A3)

FIG. 6. Energy diagram of nonlinear refractive index effect.

i.e.,

χ(3)1122 = χ(3)1212. (A4)

In an isotropic medium, the tensor elements of χ(3) satisfy the
following relationship:

χ(3)1111 = χ(3)1122 + χ(3)1212 + χ(3)1221. (A5)

On the other hand, for SRS, the depolarization ratio is
defined as12

ρ = χ(3)1122

χ(3)1111

. (A6)

Then, χ(3)1122 = χ(3)1212 = ρχ(3)1111, and we have

χ(3)1221 = (12ρ)χ(3)1111. (A7)
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