PHYSICAL REVIEW A 100, 023808 (2019)

Influence of coherent population trapping on Raman scattering
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We have considered the Raman scattering in molecular media. Applying two laser fields in a two-photon
resonance with vibrational transition, we have studied the role of rotational levels for excitation of vibrational
coherence. It is shown that the molecular vibrational coherence strongly depends on the effect of coherent pop-
ulation trapping for rotational levels. The obtained results are important for applications of Raman spectroscopy
to molecular detection in engineering, chemical, and biological applications.
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I. INTRODUCTION

Raman spectroscopy [1-3] is one among many power-
ful techniques that has been widely used in engineering,
chemical, and biological applications. Raman spectroscopy
is based on a two-photon optical resonance with vibrational
molecular levels (see Fig. 1) when two optical pulses excite
the molecular vibrational coherence. In an effort to optimize
Raman spectroscopy, techniques have been developed that
introduce modified optical pulses and models. Applying the
femtosecond adaptive technique allows researchers to excite
maximal vibrational coherence to improve the sensitivity
of coherent Raman spectroscopy and to perform real-time
identification of bacterial spores and biomolecules [4—8]. The
femtosecond-laser-based coherent anti-Stokes Raman spec-
troscopy (CARS) has been used extensively in time-resolved
nonlinear spectroscopy research in recent years [9]. It is used
in several fields of study, such as identifying molecules in
chemistry, measuring temperature in solid-state physics, and
noninvasive monitoring of muscle tissue, among other things.

It is the quantum coherent effects that have strong influence
on the Raman scattering. Quantum coherence effects, such
as coherent population trapping (CPT) [10] and electromag-
netically induced transparency (EIT) [11-14], have been the
focus of broad research activity for the past decades, as they
drastically change optical properties of media. For example,
for EIT in continuous-wave(CW) regimes [12—16], absorption
practically vanishes.

The medium with excited quantum coherence [11] shows
ultradispersive properties [17] and has several orders of mag-
nitude higher spectral dispersion than natural materials [18].
The corresponding steep dispersion results in the ultraslow
or ultrafast propagation of light pulses [19-23], which can
be used for drastic modification of the phase-matching condi-
tions for Brillouin scattering [24] and four-wave mixing [25].
It has been shown that the optical O pulses [26] under the
condition of EIT [27,28] are very sensitive to resonant inter-
action and have advantages for use in Raman spectroscopy.

2469-9926/2019/100(2)/023808(9)

023808-1

Recently, the saturation of vibrational Raman coherence
and coherent anti-Stokes Raman scattering (CARS) using
femtosecond optical pulses has been investigated theoretically
[29]. It was demonstrated that the vibrational coherence and
also the vibrational CARS with femtosecond excitation dis-
play saturation-like behavior once the rotational coherence is
saturated. A generalized formulation is developed for deter-
mining the saturation thresholds for optical processes excited
by ultrafast pulses based on the pulse area of the excitation
pulse [30] and for different pulse shapes [31]. The condition
was derived for the saturation threshold of a probe pulse
in an ultrafast electronic-resonance-enhanced (ERE) coherent
anti-Stokes Raman spectroscopy (CARS) configuration [32].
Further, femtosecond fully resonant electronically enhanced
CARS (FREE-CARS) has been demonstrated with orders
of magnitude enhancement of the CARS signal, where all
three input pump, Stokes, and probe pulses are resonant to
electronic states of the molecules [33,34].

In this paper, we study excitation of the molecular coher-
ence in a A-type molecular media (see Fig. 2). In order to
analyze the interaction and gain new insights into a rotational-
vibrational system, we restrict ourselves to a simplistic model
of a single rotational split of a ground level.

Thus, we consider a four-level molecular medium interact-
ing with the probe and coupling fields (see the Appendix for
more details of the simplified system). We have considered the
three- and four-level molecules [Figs. 2(a)-2(c)]. The dressed-
state basis approach is employed, which provides deep physi-
cal insights showing interaction of “bright” and “dark™ states
with radiation. For the four-level model, we find two sets
of the bright and dark states that show the important role
of coherent population trapping between split ground states
on Raman scattering in such molecular systems. The level
structure of the model is common for the molecular media,
where the split ground states can be viewed as rotational
levels in addition to the vibrational levels with much higher
frequency. We demonstrate the importance of formation of
dark states between rotational levels on Raman and stimulated
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FIG. 1. Molecular levels: ground and excited electronic states,
vibrational and rotational levels.

Raman scattering. We consider the propagation effects for the
case when the vibrational-rotational coherence is induced. In
particular, we consider a gas of three- and four-level atoms or
molecules in the presence of two coherent optical pulses.

The paper is organized as follows. In Sec. II, we describe
the theoretical model. In Sec. III, we describe the coherent
population trapping and its role for the excitation of the
vibrational coherence, and we have shown that the rotational
levels strongly influence the population transfer as well as the
excitation of the vibrational coherence. Section IV extends the
discussion to propagation of optical fields in both three- and
four- level systems.

Finally, Sec. V presents our discussion and conclusions.

II. MODEL

To describe the interaction of the molecules with optical
fields, we employ molecular models that include three- and
four-level quantum systems shown in Fig. 2. First, let us
consider a A-type atomic medium. A strong field of frequency
w» is the coupling field and a field of frequency w; is the probe
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FIG. 2. (a) Energy-level scheme of the three-level A-type atoms
or molecules. (b) The three-level A-type system with two close
levels similar to molecular rotational levels (see Fig. 1). (¢) A simple
four-level model that takes into account the vibrational and rotational
molecular levels.

field. The probe and coupling fields can be represented as
Ei» = EY, expliki oz — iw 1], (D

where E?,z is the amplitudes of fields at z = 0. The interac-
tion Hamiltonian in the rotating-wave approximation can be
written as

H = R[Qfe™"|b)(a| + Qe |c)(al + adj.] ()

where |b)(a|, and |c){a| are the atomic projection operators,
Q = gwE1/h and Q, = g,.E>/h are the probe and coupling
Rabi frequencies, A| = w,p — w1 and Ay = w,. — w, are the
detunings for probe and coupling laser beams, and g, and
e are the dipole momenta of the corresponding transitions.
Here, w,, and w,. are the angular frequency of |a) — |b) and
|a) — |c) transitions. The coupling field is resonant with the
|a) — |c) transition (A, = 0).

We consider various relation with the duration of the laser
pulses and relaxation times. For the case when the laser pulses
are shorter than the relaxation times, we are going to use the
state vector approach. The molecular system in Hamiltonian
in Eq. (2) is described by the state vector

[¥) = ala) + blb) + cc), 3)

where, a, b, and c are the probability amplitudes of the molec-
ular states |a), |b), and |c), respectively. The Schrodinger
equation for the state vectors is given by

N I
i) = H{Y). S

To take into account the relaxation processes, we employ the
density matrix approach and the equations are given by
W g H1 = 2T+ pT) (5)
% h P, 3 p T pL),
where I' is the matrix of relaxation rates for all components

of the density matrix p. The steady-state evolution of optical
fields is determined by the propagation equations

092 . 092, |
= —M1Pab, —— = N2Pca; (6)
0z 0z
3A3,N ..
where 112 = —Z=y12, y1,2 are the spontaneous emission

relaxation rates for corresponding transitions, I'c, = Yeq —
(Wae — @2), Tep = Veb + i(wep — w1 + w2), and 'y, = Yab +
i(wgp — w1). The Doppler broadening is important to take
into account by averaging the polarizations p,;, and p., over
velocity distribution [35].

Similarly, we consider a four-level molecular medium
interacting with the probe and coupling fields. For angular
frequencies w,p, and w,p, corresponding to the allowed transi-
tions |a) — |by) and |a) — |b,), the interaction Hamiltonian
in the rotating-wave approximation can be written as

H = R[Q, 1 b)) (a] + Qe b)) (al
+ Q3e™|c)(al + adj.]. (7)

Here, Q211 = g, E1/h and Q212 = g, E1/h are the coupling
Rabi frequencies, Aj; = g, — w1 and Ay = wgp, — ) are
the detunings for probe laser beam, and g5, and g, are the
corresponding dipole momenta of the transitions. The state
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vector for the four-level system is written as
|¥) = ala) + bilb1) + ba|bz) + clc). )

III. COHERENT POPULATION TRAPPING
OF ROTATIONAL AND VIBRATIONAL LEVELS

First, let us consider the molecular system shown in
Fig. 2(a). The state vector is given by Eq. (3) and a, b, and
¢ coefficients can be found from the set of equations

a= —inb - inC, (9)
b= —iQa, (10)
¢ = —iha. (11)
0.5
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FIG. 3. The bare state basis (a) and the dark-bright state basis
(b) for three-level system. For two fields and three-level system, we
have one bright state and one dark state. The bare state basis (c) and
the dark-bright state basis (d) for the four-level system are shown.
The situations for two fields and the four-level system are different;
we have one bright state and now we have the whole plane of dark
states that are linear combinations of the dark states |D,) and |D;)
given by Egs. (25) and (26).

It is instructive to introduce the so-called “dark” and “bright”

states [11]
Qb)) + Qa|c Q|b) — 2|c
|B) = —]| ) 2| >, |D) = —2| ) ! ), (12)

where Q, = ,/Q% + Q3 is the effective Rabi frequency. The

Egs. (9)—(11) can be re-written as

a=—iQ,B, (13)
B = —iQ.a+ gD, (14)
D= —gB, (15)
where
Q12 — Q0 )
=2 2 o, (16)
Q4+ Q3

and ® = arctan (%). Note that g describes the coupling be-
tween the “bright” and “dark™ states. Although, we should
point out that for the adiabatic pulses, g >~ 0, the excited level
a >~ 0 and thus the bright state B ~ 0 are not excited. The
eigenvalues for A scheme are given by

Ap=0, Ay=+,/Q2+Q3 (17)

In the presence of rotational splittings, corresponding to
vibrational levels involved in the three-level energy model,
new coherent optical interactions appear. The results of these
interfering levels can, however, produce strong variations in
excitation of vibrational coherence. For a resulting four-level
molecular system shown in Fig. 2(c), the state vector is given
by Eq. (A5) and a, by, b,, and ¢ coefficients can be found from
the set of equations

a=—iQ b — iQnby — e, (18)
by = —iQa, (19)

by = —iQaa, (20)

¢ = —ia. (21)
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FIG. 4. (a) Excitation of vibrational coherence of molecules
shown in Fig. 2(a) (2,/y = 1). (b) Excitation of rotational coher-
ence of molecules shown in Fig. 2(b). (c) Excitation of rotational
coherence prevents excitation of vibrational coherence of molecules
shown in Fig. 2(c).
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FIG. 6. Population transfer achieved with the optical pulses

Let us also note here that any linear combinations of the dark
state above are also the dark state, namely the state |D) =
a|D;) + B|D,) for arbitrary numbers « and 8 is the dark state

shown in Fig. 5 for the case of the three-level A system [shown in

too, the state that is not coupled with excited state |a) by the
Fig. 2(a)]. p11 corresponds to population of level b;.

laser fields. Figures 3(a) and 3(b) show a three-level system
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FIG. 8. (a) Population transfer achieved with the optical pulses
shown in Fig. 5 for the case of the four-level A system [shown in
Fig. 2(c)] as a function of A/i5. (b) The vibrational (p;.) and
rotational (p;29) coherences are excited by the pulses.

bare state basis and the corresponding dark- bright state basis
with one bright and one dark state. Figures 3(c) and 3(d) show
the bare state basis and a dark-bright state basis for the four-
level system correspondingly. The situation with the four-level
system and two applied fields is different with the possibility
of more than one dark state. We have one bright state and a
whole plane of dark states that are linear combinations of the
dark states |D,) and |D;) given by Egs. (25) and (26).

Usually, with a weak laser field, the three-level atom is a
good approximation, but to achieve higher detection sensi-
tivity, a stronger laser field is needed. This, however, has its
limitations, because once the Rabi frequency becomes com-
parable with the rotational frequency, the coherent population
trapping in rotational levels start influencing the excitation of
the vibrational coherence and the Raman scattering processes.
Therefore, once the dark state with rotational levels is formed,
the excitation of vibrational coherence starts decreasing. It has
been observed that the vibrational Raman transition saturates
before the maximal coherence is reached because of the
rotational Raman saturation [29].

Indeed, we have performed simulations for three- and
four-level atoms. The results are shown in Fig. 4. For three-
level atoms, the efficient excitation of vibrational coherence
occurs as shown in Fig. 4(a). One can see excitation of the
rotational coherence in Fig. 4(b). As seen in Fig. 4(c) for
the four-level atoms, the excitation of rotational coherence
prevents the excitation of vibrational coherence. Similar
behavior can be observed for more sophisticated effects such
as stimulated Raman adiabatic process (STIRAP) [36-38],
where by adjusting properly the pulse shapes we demonstrate
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FIG. 9. Adiabatic passage population transfer in the A system
for different space positions inside the cell achieved with initial
STIRAP pulses given by Eqs. (27) and (28). Their amplitudes are
(a) Q]()’zo = 51’71, (b) Qo0 = 7'[71, and (c) 910,20 =107"". The
p11 corresponds to population of level b;.

very efficient population transfer from the ground state to the
excited vibrational state. The time behavior of STIRAP laser
pulses are shown in Fig. 5. The Gaussian pulses €2; and €2,
are given by

2
Q1) = Qupexp [—;—Tz} @7)
RV
Qs (1) = Qoo exp [—%} 28)

where 7, is the relative delay time between the laser pulses
that have time duration t, and €29 and €2, are the complex
amplitude of the Gaussian pulses. We can see that for these
pulses the population is transferred to close to 100% efficiency
as shown in Fig. 6. For the case of the four-level model, the
transferred population depends on the relation between the
Rabi frequencies of the driving field and the splitting of the
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ground level. The Gaussian pulses corresponding to the split
ground states are

2
Q1) = Qroexp [_ﬁ}’ (29)

2
Qa(t) = Qo exp [_ﬁ}’ (30)

where Q19 and 2,y are the complex amplitude. In Fig. 7,
one can see that with increasing laser fields, the STI-
RAP process of the adiabatic population transfer is strongly
modified.

The population transfer depends on the ratio A /€20, and
for the fields with the Rabi frequency less than the rotational
splitting (2129 < A), the efficiency is maximal as shown in
Fig. 8(a). The comparative evolution of the vibrational and
rotational coherences are shown in Fig. 8(b).

IV. PROPAGATION EFFECTS FOR STIRAP PULSES

Now we turn to propagation effects. The spatial and tem-
poral evolution of €2; and €2, are given by

—iQ2,ab*, (31)

—
o
Sl
+
SJEE
~—
0
Il

= —iQ%ac”, (32)

where the Q2, , = ¢y are the so-called cooperative frequen-
cies. Using the basis of the “dark” and “bright” states, we
can obtain the propagation equation for the effective Rabi
frequency €2, as

a a
— + — |Q, = —iQZaB*. 33
(C 5z a:) Plat 33)
Let us note that, for the adiabatic optical pulses, the population
is in the dark state, |D|? ~ 1, thus aB* ~ 0, and the effective
Rabi frequency does not change during propagation such that
2, =~ const. Finally, we obtain
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(Caz+ a:)( @ Ta )Tl G
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FIG. 10. Evolution of the STIRAP pulses for different space
positions inside the cell filled with a three-level molecules achieved
with initial STIRAP pulses given by Egs. (27) and (28). The initial
amplitudes of optical pulses are (a) 25920 = 5t~ (b) Qo0 =
777!, and (c) Q4920 = 10771

It has a simple physical meaning and can be rewritten in the
form of

a9 ¥,
(CB_Z + 5)(Afl +A)+NZlaP =0, (9)

where | = 4|f}1|;] and A, = 4‘5}31':)2 are the photon density of
the laser beams and N is the molecular density. Equation (35)
can be interpreted as the conservation of the photon flux and
the population in the excited atomic state.

It is important for applications to study the effect of STI-
RAP along the laser pulses propagating through the media.
We perform simulations, and the results of simulations are
shown in Figures 9, 10, and 12. As expected, the laser pulses
experience strong changes during propagation through the
resonant media as shown in Fig. 10. Nevertheless, one can also
see that the efficient Rabi frequency €2, does not practically
change during propagation as it follows from Eq. (33) for
adiabatic optical pulses.
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FIG. 11. Adiabatic passage population transfer achieved with
STIRAP pulses as a function of optical density with different
initial Rabi frequencies: (a) Q920 = 577!, (b) Q20 = 777!, and
() Qio20 = 1071,

023808-6



INFLUENCE OF COHERENT POPULATION TRAPPING ON ...

PHYSICAL REVIEW A 100, 023808 (2019)

0.8 - P11 Pecc
06 |
04 |
02} P22
0 Paa,
415 10 10 15 20 25

FIG. 12. The propagation of population transfer in a dense
medium of four-level quantum system is shown for different space
positions inside the cell achieved with initial STIRAP pulses given
by Egs. (27) and (28) and Q]Q,zo =7t L

Surprisingly, even with this strong change of laser pulses
via propagation, we have demonstrated in our simulations that
the effects of STIRAP are very prominent. The populations
of ground levels are transferred very efficiently between vi-
brational levels as shown in Fig. 11. As an extension, the
population transfer in a four-level system in an optically
dense medium shows coherence pattern as expected during
propagation (see Fig. 12). It is interesting to compare the
energies of the laser pulses changes during propagation. The
relative pulse energies can be characterized by

[0 19212(t, 2)Pdt
[ 1Qua(t, z = 0)2dt

o= (36)

The dependence of relative change of pulse energies are
shown in Fig. 13.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have considered simple models containing
three- or four-level molecules in the A configuration (see
Fig. 2). The optical pulses are in two-photon resonance with
the ground state and the vibrational state to provide excitation
for Raman scattering, and the splitting of the ground-state

2
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FIG. 13. Dependence of the energies of pulses propagating
through the media with different initial Rabi frequencies. Adiabatic
passage population transfer achieved with STIRAP pulses with
initial Rabi frequencies: (a) Qg0 = 577!, (b) Q020 = 777!, and
(¢) Q1020 = 10771,

simulates rotational levels. Because of the dark state forma-
tion, the modification of Raman coherence occurs and the
dark state has strong influence on the STIRAP. We have also
studied STIRAP in the extended media, taking into account
the propagation of optical pulses. The importance of these
effects are related to modification of the Raman spectroscopy
due to molecular rotational motion.

On the other hand, the effects reported here are related
to the presence of additional levels such as the magnetic
sublevels for alkali metal vapors. Indeed, the Rb vapor demon-
strates many coherent effects, in particular, the coherent Ra-
man scattering enhancement via maximal coherence in atoms
[39] that demonstrating the importance of quantum coher-
ence. The efficiency of the STIRAP to the helium Rydberg
state (23S — 33P — nL, n = 24) was thoroughly studied in
Ref. [40], where some deviation from the simplified theory
has been reported. Our approach suggests another reason for
lower efficiency originated from the effects of the magnetic
sublevels.

The femtosecond coherent anti-Stokes Raman spec-
troscopy has been used extensively in time-resolved nonlin-
ear spectroscopy research [9]. The results reported in this
paper demonstrate new physics when femtosecond ultra-
fast laser pulses are used for Raman excitation and Raman
spectroscopy. For example, the femtosecond ultrafast laser
pulses with broad spectra may overlap with rotational levels
of molecular system, and the resultant interaction subse-
quently forms coherently populated states. The configuration
of trapped states involving rotational energy levels will inter-
fere with pure Raman excitation of vibrational coherences,
crucial to contemporary spectroscopies of molecular identi-
fication, etc.

We have studied the role of the rotational levels not only
on the electromagnetically induced transparency and on the
coherent population trapping but also on the fractional STI-
RAP that allows researchers to obtain the maximal coherence.
Even though for the fractional STIRAP optical pulses we have
seen strong modification of the population transfer between
the molecular levels similar to the STIRAP, we have found
that the excitation of the vibrational coherence by fractional
STIRAP pulses turns out to have less influence on the pres-
ence of the rotational levels.

We have been using the parameters for relaxation rates in
the molecular and atomic systems from experimental works
[17,20,23]. We study the propagation of optical beams and
demonstrate that the population transfer is very robust with
respect to propagation in the dense media. The propagation
is influenced by the molecular rotational structure, but nev-
ertheless it stays robust. The simulated plot in Fig. 12 shows
the population transfer tendency as the applied pulse propa-
gates through the medium. Optical field intensity affects the
population transfer such that the stronger field demonstrates
a strong coherence, influencing better population transfer in
a three-level system. The deviation from perfect adiabatic
transfer is far more symmetrical (linear systems) and can be
seen as a tool for selective population transfer for coherently
prepared system. The fractional-STIRAP can be improved to
estimate the precise thickness of the medium under controlled
optical field excitation. With the propagation of the optical
pulse, the system starts approaching a coherent superposition
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of coupled states. This presents the maximal coherence of
Raman transition for an extended media. It is interesting to
note that even with expected laser pulse variation observed,
the effective Rabi frequency does not vary during propagation.
Applied field variation is shown in the form of Rabi frequency
plotted against optical thickness of the medium. As expected,
the strong coherence with the applied field retains its shape
for longer optical depth.

It is interesting to compare laser pulses energy changes
during propagation. The propagation of pulses and their ef-
ficiency to perform population transfer is essential to the
applications involving an extended optically dense medium.
The linear resonant absorption regime is well studied and
improved over past decades, but the application involving
the three- and four-level systems may explain the deviation
observed in gaseous medium. For example, the efficiency of
STIRAP for Rydberg states [41] performed in helium. Simple
three-level models of STIRAP predict 100% excitation prob-
ability, but the raw measurements are typically around half of
this and vary with both n and / of the Rydberg states selected
for excitation. It is important that magnetic sublevels be taken
into account because they can form the additional dark states
that prevent a complete population transfer, as can occur in a
simple three-level scheme.

The propagation of optical pulse in an optically dense
medium shows a dependence on effective Rabi frequency. The
physics of formation of dark states is strongly influenced by
the presence of the fourth and more levels. For the case of a
four-level scheme, we have shown explicitly the dark states
that are formed under the action of the laser fields. This is
very important for atomic and molecular media and for Raman
and coherent Raman spectroscopy. It can also be important
for the near-field interaction due to the strong electromagnetic
field induced by resonant localized plasmons that can result
in a strong coupling of excitonic states or formation of hy-
brid exciton-plasmon modes in quantum confined structures.
Silver nanoislands nucleated on molybdenum disulfide
(MoS;) is an ideal platform for such interaction (see
Ref. [42]).
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APPENDIX

The state vector for the three-level atom with a rotational
level structure is written as

) = Z(aﬂa,-) +b;lbj) +cjle;)).

J

(AL)

The Hamiltonian with changes to accommodate possible
J(J + 1) interacting levels can be written as

H=h Z Qi b)) (ay| + Q5 e ay | + adj. (A2)
Let u;,Jfor simplicity, restrict discussion to a single rota-
tional split of a ground level in order to analyze the interaction.
Thus, we consider a four-level molecular medium interacting
with the probe and coupling fields. For angular frequen-
cies wgp, and wy,, corresponding to the allowed transitions
|ay — |b;) and |a) — |b;), the interaction Hamiltonian in the
rotating-wave approximation can be written as

H = H[Q,¢ 2 by al + Q™ |ba)(al  (A3)

+Q3ec) (a] + ... (A4)

Here Q211 =g, E1/h and Q12 = g, E1/h are the coupling
Rabi frequencies, Aj; = wg, — w1 and Ay = wgp, — ) are
the detunings for probe laser beam, and g, and g, are the
corresponding dipole momenta of the transitions. The state
vector for the four-level system is written as

|¥) = ala) + bi|by) + ba|b) + clc). (A5)
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