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We propose a method for increasing Raman scattering from an ensemble of molecules by up to 4 orders
of magnitude. Our method requires an additional coherent source of IR radiation with the half-frequency
of the Stokes shift. This radiation excites the molecule electronic subsystem that in turn, via Frohlich
coupling, parametrically excites nuclear oscillations at a resonant frequency. This motion is coherent and
leads to a boost of the Raman signal in comparison to the spontaneous signal because its intensity is
proportional to the squared number of molecules in the illuminated volume.
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Introduction.—Since the discovery of the Raman effect in
1928 [1,2], Raman spectroscopy has become the main tool
for studying molecular vibrations [3]. The frequency of
Raman peaks and their widths are determined by the internal
structure of the molecule providing information that is used
in various applications, such as bioimaging [4-8], sensoring
[9-11], and temperature measurements [12—17], and in the
research of two-dimensional materials [18,19].

The main disadvantage of Raman spectroscopy is that
spontaneous Raman signals are weak. This weakness is
caused by the smallness of the indirect interaction of optical
waves with vibrations of molecules. This limits the mini-
mum concentration of molecules of the analyte and the
minimum source intensity required for the spectroscopy.

There are several effective methods for enhancing
Raman signals. Surface-enhanced Raman scattering
(SERS) [20-22] and tip-enhanced Raman spectroscopy
(TERS) [9,23,24] utilize the enhancement of the local field
around a molecule using the plasmon resonance [25-27].
Other methods employ the parametric excitation of nucleus
vibrations in the molecule. This approach is used in
coherent anti-Stokes Raman scattering (CARS) [28-30],
in coherent Stokes Raman scattering (CSRS) [31-34], as
well as in surface-enhanced coherent anti-Stokes Raman
scattering (SECARS) [35]. Obtaining an enhancement in
CARS requires strong driving fields. Consequently, some
undesirable side effects arise; in particular, stimulated
Raman scattering (SRS) can result in the energy transition
between two laser beams that leads to the signal suppres-
sion and limits the sensitivity [36]. Therefore, a method
that, on the one hand, similar to CARS, allows for coherent
excitation of oscillations of molecular nuclei, but on the
other hand, does not suffer from a strong energy transition
between waves is highly desirable.
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In this Letter, we propose a method for enhancing Raman
signals from molecules at both Stokes and anti-Stokes
frequencies. This method utilizes an additional coherent
infrared (IR) source. Below, we consider molecules, whose
transitions between vibrational states have zero dipole
moments. Consequently, the IR radiation can directly affect
the electronic subsystem only. The influence on the vibra-
tional motion of nuclei is realized via the interaction
between electronic and nucleus subsystems of the mol-
ecule. This interaction, which may be represented in the
form of the Frohlich interaction Hamiltonian [37], results
in an effective force affecting the nucleus vibrations. The
frequency spectrum of this force contains all possible sums
and differences of frequencies of participating waves. In
our work, a doubled IR frequency may coincide with the
eigenfrequency of vibrational states causing a resonant
excitation of nucleus vibrations. Because of the coherence
of the IR radiation, the excited vibrational motions of nuclei
in different molecules are also coherent, leading to coher-
ence in signals from the molecules at both Stokes and anti-
Stokes frequencies. This results in an enhancement of the
Raman signal proportional to the squared number of
molecules in the pumped volume while the Raman signal
originated from incoherent vibrational nucleus motion is
linearly proportional to the number of molecules.

Infrared pumping.—For molecules with zero dipole
moments of the transitions between vibrational states, light
may only interact with the electronic subsystem of a
molecule. The excitation of nuclear oscillations may arise
due to the interaction between electron and nucleus
vibrations. The nature of this interaction is the same as
the interaction of the electronic subsystem with vibrational
motion of nuclei at the Raman scattering. We take into
account only one vibrational mode, which is considered in
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the harmonic approximation. [llumination of a molecule by
IR light results in mixing of ground and excited states of the
electronic subsystem. This causes a periodic displacement
of negative charges [37], which, in turn, results in a periodic
motion of molecule nuclei that tends to keep local equi-
librium. The electronic subsystem of a molecule can be
treated as an effective two-level system (TLS), and one can
show [37] that the Hamiltonian of the interaction between
the electronic subsystem and vibrations of nuclei takes the
form of the Frohlich Hamiltonian [the third term in Eq. (1)].
Such a system can be described with the Heisenberg-
Langevin equations [38,39]. To obtain these equations, we
use the Hamiltonian [40-46]

Hg=hwyot6+how,b b+ hgs's(b" + b)
+ (6" 4-6)Qyis cos(@yis?) +1(67 +6) Qg cos(orr?),
(1)

where @, @y, and w, are the frequencies of the
incident optical light, the TLS transition, and vibrational
motion, respectively. We consider a nonresonant case,
|wg — wyis| >y, where y, is the TLS transverse relaxa-
tion rate. & and &' are the transition operators of the TLS,
w, is the vibrational frequency of nuclei, 5 and b" are the
annihilation and creation operators of the vibrational
motion, w is the frequency of the IR source, and g is
the coupling constant of electrons and vibrations of
molecule nuclei. The last two terms of Eq. (1) describe
the interaction between the electronic subsystem of the
molecule with the external fields; the Rabi constants
of these interactions are ()i = —d, - Ey/h and
Qg = —d, - Er/h, tespectively, where d, is the TLS
transition dipole moment, and E;; and E are the electric
field amplitudes of the visible and IR incident lights.

Using the Hamiltonian Eq. (1) one can obtain the
Heisenberg-Langevin equations [39,47] for the TLS and
operators of the vibrational motion (see Supplemental
Material for details [48]):

db/dt = (—iw, —7,)b — igst6 + F, (1), (2)

A

dé/dt = (—iwy—y,)6
(2676 — 1)
(b B)

vis COS(@yist) + Qupcos(ogt)]

Q
+F, (), (3)

where 7y, is the decay rate of the amplitude of vibrations,
and F,(t) and F,(¢) are the noise operators for the
vibrations and TLS, respectively. Dissipation and noise
are not independent but are related to each other by the
fluctuation-dissipation theorem [39,53]. We consider the
case of hwy > kT, which is common in quantum optics.
Then, we can omit the TLS noise by putting F,(¢) = 0.

The noise F,(t) is the thermal noise with the correlators

(FN (1) Fy(1)) = 7,,8(1; —13) and  (Fy(1)F} (1)) =

71}(1 + ﬁv)é(tl B t2)’ with n, = [exp (hwt/kT) - 1}_1'
Let us introduce the parameter

L)

where Qvis/|wvis — a)o‘ < 1 and QIR/|(UIR — (1)0| < 1. The
smallness of e allows for using the perturbation method for
solving Eqgs. (2) and (3). Below, we use the series expansion
of the averages of the operators 6 and b: 6 = 6y + 61 + - - -
andl;:130+131+~--.

In the zeroth order of the perturbation theory, we have

e = max{€y/|wyis — @, g/ |0 — @g

dl;O/dt + (la)v + }/1;)2;0 = Fb(t)v (5)
déy/dt + (iwy + 7. )69 = 0. (6)

The solutions for these equations are

t

bo(t) = | Gy(1—1)F,(¢)dr, (7)
/
50 =0, (8)

where G, (1 —1') = exp[(—iw, —y,)(t —1')]. Note that
by (1) describes incoherent, thermal vibrational motion with
<b2-)(t)b0(t>> =n, = [exp(hwv/kT) - 1]_1'

In the first order of the perturbation theory, we
obtain

dl;l/dt + (ia)v + 7/,,/.)[31 = 0’ (9)

dé, /dt+(iwg+y1 )61 = —ifdyis cOS(@yist) — i cOS(WR ).

(10)
The solution to Egs. (9) and (10) is
by (1) =0, (11)
1 Q . 1 Q, )
51(1) = — vis —iwy;t - vis iwyigt
61<) 2a)vis_woe +2wvis+w06
+ TR e*lwml _|_ Ik elwml. 12
2 WR — Wy 20)]R + (Oh) ( )

In obtaining Eq. (12) we take into account that the
frequencies of the external fields are far from the TLS
transition frequency, |@, —@g| >y and |oR — @g| > 7.
We, therefore, neglect the imaginary part in the denomi-
nator of Eq. (12).

The first order of the perturbation theory, Eq. (12),
describes the Rayleigh scattering, but it still does not
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describe spontaneous Raman scattering. In the second order
of the perturbation theory, we obtain

db,/dt + (iw, + Yv)lsz = —i!}‘ﬂa’l’ (13)

dé,/dt + (i + 7, )8, = —2igé, (1) [by(t) + bo(1)]. (14)

The right-hand part of Eq. (13) can be considered as an
effective force. According to Eq. (12), this force has the
form of a weighted sum of products of cosines, cos(2m.;s?),
cos|(@m — wyi)1], cos|(@r + wyi)1], cos(2wgr), and 1
[weighting coefficients are derived in the Supplemental
Material [48], Eqgs. (S14)—(S18)]. The resonant excitation
of the vibrational motion occurs if one of the following
relations are fulfilled: 2w = w,, o — OR = @,
OR + 0y = 0, and 2R = o, If o were in the optical
range, the second relationship would be equivalent to
CARS, and the others could not be satisfied. We are
interested in the case when wyg is in the IR range.

The second harmonics in the right-hand side of Eq. (13),
arising due to the nonlinearity of the Frohlich Hamiltonian,
is responsible for the resonant excitation of vibrations when
the frequency of the IR radiation is wy % @, /2. Implying
that wg % w,/2, in the right-hand side of Eq. (13), we
retain the resonant term only. Since this term is independent
of incoherent variables, in particular of by(¢), it leads to the
excitation of the coherent vibrational motion: in deriving
Egs. (13) and (14) we disregard nonresonant terms.
Equation (13) takes the form

2
QIR

~ . ~ .g .
dbz/dt+(l(l)v+}/U)bzzlzmexp(—l2wlRt). (15)
0 IR
The solutions of Egs. (14) and (15) are
~ 1 g 0% .
by~ —lZa)IRZ" 16
! (0, = 20R) — iy, 0f — Of ‘ (16

4.
V18

3¢3

2w |deg|2

I(w)

,)*

Qvis 2
( > 5(wvis - a)) +
Wyis — 0o

t

—2ig/ di"G,(t—1")6,
0

7

« Re / drG, (¢ — 1), (1),
0

(")

5(1)

(17)

where G, (1 — ') = exp[(—iwy —y,)(t — )] is the Green
function for Eq. (14). The right-hand side of Eq. (17) is
due to the influence of incoherent vibrational motion on
the electronic subsystem; this term leads to spontaneous
Raman scattering [37,45,54].

The second order of the perturbation theory, Eq. (17),
describes spontaneous Raman scattering near the frequen-
cies w;; and wr. Indeed, summing up terms for 6 from
Egs. (8), (12), and (17), we obtain

5(1) = 1D e iovist | T Qi el®vist
2 Wyis — W 2 Wyig + Q)
+ l Qi e~ lOrR! 1 O ei®R!
2wr — 2wRr + 0y

t

—2ig/dt”Ga(t—t”)&l(t”)

0
!
0

To calculate the scattering spectrum /(w), we use the
quantum regression theorem [38,39],

xRe | dfGy(t" — ), (7). (18)

(@) ~ |deg|"Re / (&1 (t +1)5(t)) e dr,  (19)
0

where the averaging is done over the noises F' »(1). As a
result, we obtain

208 |deg* [ Q 2
ng | eg| IR 5(0)IR _ CU)
3¢ 4 WR — Wy

7 (1+7,)r,

4
+ |dcg|2 QVis 2 2(wvis -
4 Wyis — Wy 3C3

+ 2(wvis + (1)1))4 92

(a)O — Wyig =+ wv)2 (wvis — Wy, — (1))2 + y122/4

ni?}/@'

Wyis — wv)z (wvis + @y — w)2 + 7%/4>

7 (1+7,)y,

33 (wy —
P

O 220 — w,)*
4 WIR — Wy 3C3

n 2(wr +w,)* 7

(0o — o + @,)* (0 — ®, —®)* +71/4

ﬁi}yl/‘

33

(0o — o — 0,)? (R + @, —0)* + 7%-/4) '

(20)
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In the right-hand side of Eq. (20), the first two terms
describe the Rayleigh scattering of both the coherent visible
light beam of the probe with the frequency w,;, and
the coherent IR light of the pump with the frequency
wr- One can see that both Stokes and anti-Stokes signals
caused by the incidence of these signals are incoherent,
having the line half-width determined by the dissipation
rate of nucleus vibrations y,. The intensities of anti-Stokes
signals are proportional to the number of quanta of thermal
vibrations, (b (1)by(t))=71,=[exp(hw,/kT)—1]"", while
the intensities of the Stokes signals are proportional
to 1+ 7n,. The ratio of intensities of these signals is
exp(—hw,/kT).

Now, summing up incoherent, l;imoh = Eo, and coherent,
IA)coh = 132, terms from Egs. (7), (11) and (16), we obtain
(note that lA)l =0)

l; = Bincoh + l;coh
t
- /Gb(t - t,)ﬁb<tl)d[/

0

+ e—iZwIRt’ (21)

l g Q%R
4(w, —20R) — iy, 0§ — ok

where the first term, coming from Eq. (7), is the incoherent,
thermal contribution by, arising due to the noise £,(7),
and the second term i)coh, arising from Eq. (16), is the
coherent contribution arising due to the external IR
radiation.

In the case of resonance, wr = w,/2, taking into
account that wjr < @g, we obtain the number of coherent
quanta of the vibrational motion:

1 (Qr\*/ )2
”iOh = |bcoh|2zﬁ<w_l:> (}7) . (22)

At the same time, the number of quanta of incoherent
vibrations is equal to (see Ref. [38])

nibncoh — <B:ncohl;i“c°h>
. t
— </ GZ(I—I/)FZ(ﬂ)d//Gb(t—t”)f”b(’”)dtﬂ>
g 0
1
) (23)

exp(hw,/kT) — 1"

Using the typical values of the parameters for organic
molecules, @, ~ 100 meV, y,~1 meV, ¢g=10 meV,
wy~3eV, Qr~10meV, and T =20 meV [55-57],
we obtain n{" ~ 10775 <« 1. This means that the
number of quanta of coherent vibrations is by many orders
of magnitude smaller than the number quanta of the

incoherent vibrational motion. Nonetheless, as we show
below, coherent vibrations give the dominant contribution
to the anti-Stokes signal.

In order to find the number of emitted photons, we
should go further and consider the next order of the
perturbation theory of Eqgs. (2) and (3):

d6'3/dl‘ + (la)o + 7L)63
= —ig6, (b} + by)
+ 206161 [Qyis cos(@yist) + Qg cos(wrt)].  (24)

Equation (24) is linear with respect to 63; therefore, the
solution for 63 can be found separately for each frequency.
Since we are interested in the intensities of Stokes and anti-
Stokes signals with frequencies w,s; = ;s + 2w and
Wg = Wy;s — 2WR, respectively, in the right-hand part of
Eq. (24), we consider terms oscillating with frequencies
®, F 2w only:

dés/dt+ (iwg+y )65
__ i Oyis Q12R 92 e~ i@y H20R)t
8 (wvis - 600) (a)(z) - a)l2R) (wv - zwIR) - iy"
2
. QviSQIR e—i(wvierZwIR)t
2 2
Wy — WR
. 2 2
1 Qyis QIR g e~ i(@ys—2wR)t
8 (a)vis - a)O) (w(z) - a)IZR) (0)1; - 2wIR) + Wv
2
. Qi g e i@ —2wR)t (25 )
22 :
Wy — DR

The solution of this equation is

03 =

INREY <l g + 1>
(w(2) - a)IzR) 8 (wvis - wO)[(wv - ZCUIR) - l]/v]
exp[—i(wys + 20 )]

(wvis + 26UIR - C()())

QVisQIZR 1 92
(a)(z) - a)IzR) <§ (@yis — @o)[(@, — 20r) + iy,] " 1)
exp[—i(wyis — 20R)1]
(@yis — 2w1r — @)

(26)

From Eq. (26), the quantum regression theorem,
Eq. (19), allows us to find the intensity of the coherent
Raman signal:

153905-4



PHYSICAL REVIEW LETTERS 122, 153905 (2019)

02 QO
_ 2 IR
) s = oy
x 1+ ] 92 ’
8 (a)vis - C‘)O)(wt - 26‘)IR - iyv)

« (2(wvis + 20R)* S(wyis + 2R — )

363 (a)vis + 2wIR - 0)0)2
2(wyis — 201R)* (s — 20 — @
+ ( . IR) ( IR )2 (27)
3¢ (@yis — 201 — @p)

This intensity includes both Stokes and anti-Stokes
coherent signals (the first and the second terms in the
large parentheses). If the resonance condition wr = w,/2
is fulfilled, /(w) takes the form:

o) = a2y [ g ¥
® (wvis - Wo)zwg 8 Vv ((1)0 - wvis)
2 Wyig =+ 20) 4
X (% S(wyis + 20 — ®)
2wy, — 2 4
Mfﬂwm —2wR — w)) . (28)
P

As one can see from Eq. (28), for the scattering on
coherent vibrational motion, the intensities of signals at the
Stokes and anti-Stokes frequencies coincide. That distin-
guishes this result from the one for the scattering on the
thermal vibrational motion, in which the ratio of these
intensities is exp(—hw,/kT).

In Eq. (27), the term ¢?/8(wyis — wy) (@, — 2w1g — iy,)
has resonance at 2w = w,,, while the rest of the expres-
sion has no resonances. The intensity of the resonant term is
proportional to the number of coherent quanta of nucleus
vibrations nf,‘)h. From Eq. (27), one can see that the ratio of
intensities of coherent Stokes and anti-Stokes peaks,
defined by the coherent parts only, is about unity:

Is _ <LSt _ “’0)2 ~1. (29)

Ly Wsy — Wy

The reason for intensities of anti-Stokes and Stokes
signals to be about the same is that coherent oscillations of
nuclei cause classical modulation of the frequency of
electronic system transition. This affects both signals in
the same way. In incoherent Raman scattering, both anti-
Stokes and Stokes signals arise due to the modulation of the
electronic transition by thermal noises. In this process, the
intensity of the incoherent Stokes signal is higher than that
of the incoherent anti-Stokes signal.

Thus, in contrast to Eq. (28), in which the spontaneous
Raman radiation is taken into account, Eq. (29) describes
the coherent radiation, which is caused by stimulated
radiation only. Consequently, the intensities of the
Stokes and anti-Stokes signals are both proportional to
ni(’h and are about the same. Thus, in contrast to CARS,

which allows for measuring the anti-Stokes component
only, in our approach both signals can be measured.

The nonresonant term in Eq. (28) is related to the
electronic nonlinearity. This nonresonant part of Eq. (28)
corresponds to the nonresonant background also observed in
CARS [58-62]. This background reduces the contrast of
Raman signals. There are, however, some effective methods
for suppression of this background [63—67]. For example, it
can be suppressed by the time delay between IR and visible
light pulses [29,68]. In view of this, of special interest is the
case of nitrogen, for which w, ~ 100 meV, y, ~ 0.05 meV,
g~ 50 meV, wy~ 3 eV, and the ratio of resonant to non-
resonant backgrounds is ~10. In such a case, it is not
necessary to remove the nonresonant background.

According to the experimental data, the coherent
Raman signal is proportional to the squared number of
illuminated molecules, while the spontaneous Raman
signal is linearly proportional to the number of molecules
[69,70]. Consequently, CARS can only be experimentally
realized for extended samples. In this case, the phase
relations between the incident and scattered waves become
important. In a homogeneous medium, the wave vector
mismatch between the incident fields and the induced
polarization, Ak = K, — (Ky;s + 2kr), is caused by the
temporal dispersion of the medium [36]. For nonzero Ak,
the radiating field will run out of phase with the induced
polarization. Effective coherence of the vibrational motion
of the molecules is maintained over the length scale of
L. =2r/AK. In a gas medium, the temporal dispersion of
the refractive index n is small (for example, for nitrogen,
An ~ 107). Therefore, in the case of the forward detected
CARS (kg ki, and kg have the same directions), the
coherence length for nitrogen is L. ~ 10~ m. Further, the
concentration of gas molecules, such as hydrogen or
nitrogen, is of the order of ~10'¥-10'> cm™. Thus, in
the coherence volume of about 1 mm?, there are about 10'°
molecules that are involved in the scattering process. For
this reason, the coherent Raman signal dominates over the
spontaneous signal. According to Egs. (15) and (24), in our
method, the intensity of the coherent Raman signal is
proportional to N?n$°h, while the intensity of the sponta-
neous signal is proportional to Nnif°®". Hence, the intensity
is enhanced by the factor Nn$oh/nincoh ~ 108 — 10°.
Considering that the spectrum of the coherent Raman
scattering is narrower than that of incoherent scattering,
and the signal of the former is more directional [29,60], we
have obtained a lower estimate for the ratio of intensities.
Thus, one should expect that in our method the coherent
anti-Stokes signal is by 4 orders of magnitude greater
than the incoherent anti-Stokes signal. In view of this, a
case of nitrogen molecules is of particular interest. For
these molecules, at room temperature 7 = 20 meV, from
Eqgs. (22) and (23) one obtains nS°" ~ 10ni1°" and the
coherent Raman signal exceeds the spontaneous one even
for a single molecule.
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To conclude, we note that the analytical results, which
have been obtained within the perturbation theory, allow us
to calculate the nonlinear dielectric permittivity y®) that is
usually used for the characterization of the Raman scatter-
ing. It can be obtained from the following arguments. The
dipole moment of a single molecule is d() = d.,(6(1))
[38,39]. This gives that the specific polarization of the gas
P(1) = nd,(6(1)) [39,47], where n is the concentration of
the molecules. As it follows from Eq. (26), for the incident
fields E,; having the frequency w,;; and ER with the
frequency wpg, the responses at the frequencies w,;; + 2oR
arise (see Supplemental Material for details [48]):

P(a) (wvis + 26UIR)
nde,
- 1 — of) (04 £ 20k — ay)
1 I )
x | = —— + 1 |E, E%.
<8 (a)vis - C‘)O)[(a)t - 2C‘)IR) + Wv] R
(30)

The corresponding nonlinear susceptibilities
73 (wyis £ 201R; wyis, wR ) are defined by the polarizations

PO) (@, & 2w1R), respectively. Thus,

)((3) (wvis + 26UIR; Wyjis 5 CUIR)
B nde,
1 (w0f — o) (0 £ 20 — @)
1 7 )
X | < —+1). (31)
<8 (wvis - wO)[(wv - 2wIR) + Wv]
The nonlinear susceptibilities ) (wy;s £ 20ROy, O1R)
have resonances at 2o = ®,,.
In experiments, y® is not measured directly. It can be

obtained by the Raman cross section 6 s section that can be
calculated by integration of the spectrum of Stokes signal,

2(wvis —(1)1))4 |deg|2 < Qvis >2

33 4 Wyis — WD
g (1+7,)70

X , (32
(wﬂ_wvis+wv>2 (a)vis_a)v_w)2+}/zz)/4 ( )

Ig(w) =

over all frequencies

[se]

1
Ocross section — CE%,iS/Sﬂ'/ISt(w)dw' (33)
0
This gives
471, d 4 2
Ocross section ~ 5~ k4 | eg| g (34)

3 hz(wvis - wo)2 (wo - w5t)2 ’

where kg = wg,/c.

Finally, for y©), we obtain

)((3) (wvis - 26OIR; Wyjis 5 a)IR)
_ 3 n (wyis — @o) (@y — wg)
32z hkét (w(z) - wIZR) [(wv - 2C‘)IR) + i%i]

cross section *

Note that similar a relation between ¥ and 6o section
exists for CARS as well [71].

Discussion and conclusion.—Quanta of the vibrational
motion are absorbed in Raman scattering via the anti-
Stokes processes. The anti-Stokes signal, therefore, is
proportional to the number of quanta of the nuclei vibra-
tional motion. We propose a method of enhancement of the
Raman signals for molecules with zero dipole moment
transitions between vibrational states, based on an increase
in the number of quanta of the vibrational motion due to
illumination of molecules with IR coherent light.

Our method differs from the two-photon method sug-
gested in Ref. [72], which also requires an additional IR
source. In the latter method it is also assumed that the
dipole moment for the transitions between ground and
excited vibrational states equals zero. Nevertheless, the
excitation of the latter state is caused directly by the
incident IR radiation. This becomes possible thanks to a
cascade of transitions between auxiliary vibrational states
with nonzero dipole moments. This method is only
applicable to specific molecules having such additional
vibrational states.

The implementation of our method for Raman active
molecules implies that a direct excitation of nuclei vibra-
tions by incident IR light is not possible. The light non-
resonantly affects the electronic subsystem, which via
the nonlinear interaction excites nuclei vibrations. The
enhancement of the Raman signal is caused by a parametric
resonance interaction of the incident IR light with nucleus
vibrations. It has also been shown that these processes can
be considered by introducing nonlinear susceptibilities
of the third order y(®. The coherent Raman scattering
can be considered as nonlinear four-wave mixing with
73 (@4 £ 20R; 0y, g, @R ). Since the coherent Stokes
and anti-Stokes peaks are the result of nonlinear frequency
mixing, their intensities are about the same and their ratio
does not explicitly depend on temperature.

The coherent anti-Stokes signal is also obtained in
CARS. However, in contrast to our method, in CARS
stimulated Raman scattering can result in energy exchange
between the laser beams [72]. This leads to signal sup-
pression and limits the sensitivity [36]. In the method
suggested here, the stimulated Raman scattering does not
affect the sensitivity of the spectroscopy because neither
Stokes nor anti-Stokes frequencies coincide with the
frequency of the IR field.

The authors thank D. N. Kozlov and V. I. Fabelinsky for
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