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1. Introduction

Originally quantum interference was discovered as
one of the critical features of photon, which testifies to
the wave property of photon. The concept of interfer-
ence was first clearly introduced in Young’s double-slit
experiment: a single light resource was split into two
beams, when these two beams passed through two dif-
ferent paths and arrived at the same place, the light
and shade stripes appeared on the screen. After that,
the electron interference was realized by Davisson and
Germerl!l according to the de Broglie hypothesis;?!
and recently the atom interference was identified!®!
after Bose-Einstein condensation of atoms had been

discovered.[4—¢]

Theoretically, any particle, no matter
whether it is single or complex (such as Cooper pairl”
and photon pair[gl), has quantum interference, as long
as its coherence length is long enough.

The quantum interference between single-photon
absorption and multi-photon absorption in some cer-
tain systems was also proposed,® =4 of which an ex-
ample was the control of optical absorption of a gas
by interference between one- and three-photon ab-
sorption pathways, generated by a fundamental op-
tical pulse and a derived third harmonic optical pulse
exciting the initial states to the final states, both of
which were the same for the two pathways observed.!?!
This new kind of two-path quantum interference effect
is quite different from the interferences of particles,

and it has many potential applications such as con-
trolling the semiconductor exciton population!'® and
producing asymmetric ionization of carriers in quan-
tum well.lM]

In the present paper we propose a new quantum
interference between two different processes: Raman
scattering and single-photon absorption. It is known
that whether it is one-and-two-photon interferencel*!]
or one-and-three-photon interference,'315 they are
both the interferences between two different transi-
tion paths in the same optical process, i.e. absorp-
tion. The interference between single-photon absorp-
tion and Raman scattering that we analyse below hap-
pens between two totally different processes: absorp-
tion and scattering, indicating a new kind of quantum
interference. Apart from other applications, since this
interference is related to the two very important opti-
cal processes, it may also have some potential appli-
cations in the analysis of the spectrum. In the struc-
ture analysis of materials, especially that of molecular
materials, both single-photon absorption and Raman
scattering are used as very important tools. However,
sometimes in infrared and Raman spectra of noncen-
trosymmetrical materials, if two peaks are very close,
it is quite impossible to indicate whether they are ac-
tually the same. In the following we show that the
quantum interference between single-photon absorp-
tion and Raman scattering provides some new infor-

mation, which may be used for solving this problem.
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2. Theoretical analysis

For simplicity, we consider here only two discrete
states in a noncentrosymmetrical material shown in
Fig.1, where |i), |f) and |r) represent the initial, the
finial and the virtual states of a system, respectively.
Three laser beams with frequencies wy, we and ws fo-
cus on the material, and for simplicity again, the laser
field is considered to interact with the energy level
resonantly with A = w; = w3 — ws, where A is the
difference in energy between the initial and the finial
The light loop is shown in Fig.2. At first,
the two lasers with frequencies wo and ws are con-

states.

verged by a beam splitter, then the mix beam is split
into two beams: one directly focuses on the sample
and the other enters a differential frequency generator
(DFG), and thereafter a beam with frequency w; is

produced, which also irradiates on the sample after a
filter and a phase delay. Apparently, when the three
lasers with the frequencies of ws, we and wj3 interact
with the system, two transition paths are available:
Raman scattering and single-photon absorption (also
shown in Fig.1).

l2)

Fig.1. Raman Scattering and single-photon absorption in
a two-level system.
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Fig.2. Quantum interference between Raman scattering and single-photon absorption, induced by two
lasers and their difference frequency wave. DFG stands for the difference frequency generator, M denotes
the reflecting mirror, S the beam splitter, D the detector, F the filter, A the attenuator, and P the prism.

As is known, the Hamiltonian of an electric dipole system, interacting with an external electromagnetic

field, should be

H=H,—- P-E,

where P is the polarization vector, Hy the unperturbed Hamiltonian, the term —P - FE is the perturbed contri-

bution arising from the laser field. The vector E of a laser beam with a single harmonic component of frequency

w is considered as

E(t) = E,e ¥ 4 Ejel,

where the quantity marked with the asterisk is a complex conjugate.
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Considering the single-photon absorption only,
the system transits from |i) to | f) by absorbing a pho-
ton with frequency w;. The transition amplitude is
o— i(hw1—Es+E)t/h

hwi — Ef+ E;
where transition dipole Py; = (f|P]i), for simplicity

as(t) = —Pyi - E,,

we set

A=-Py; - E,,
and rewrite the transition amplitude of single-photon
absorption as
e~ i(hwl 7E_f+Ei)t/h
hw, — Ef + E;

The single-photon absorption rate from |i) to |f) is

as(t) =A

given by

d
Ts(w) = o las(t) ;=
=21 |A® 6(hwy — Ef + E;).

Raman scattering also happens in this system by
absorbing a photon with w3 and emitting a photon
with ws. However, since two lasers with w3 and wq are
involved at the same time, the Raman scattering here
is different from the Raman scattering seen usually in
which only the laser with w3 is involved. It is rather
a “stimulated Raman scattering (SRS)” with a much
bigger transition rate than usual. Its transition ampli-
tude from the second-order perturbation calculation is
given by

o— i(hws—hws—E;+E;)t/h

=B
hwg—h,wg—Ef-i-Ei’

ar(t)

where

Pj, - E;) (P, - E.,
B:Z[( ! )( )

E, — E;, — hws
(Pir . E:Jz)(Prf 'Ews)
E;, — FE, + hws ’

and the transition rate is
d 2
Tr(w2,w3) = En lar (t);—o
= 21| B|? 6(hws — fiwy — Ef + E;).

When these two transition paths from the same
initial and the same final states exist at the same time,
it is impossible to determine whether the transition of
the system from [i) to |f) is via single-photon absorp-
tion or Raman scattering, for there is a quantum in-
terference between them. Therefore we cannot simply
add the two transition rates together to obtain the to-
tal transition rate. First, we need the total transition
amplitude, which is

a(t) = as(t) + ar(t),

and then the total transition rate is

d
T=—
dt

=271(|A> + |B]* + (A*B + AB*))
X 5(7&4)1 — Ef + El)

las|* + lar|” + a3ar + aias —

Using E, = |E,|e?, we can obtain

T =2xn(|A]” + |BJ?
+ 2‘A||B| COS((bwl + ¢w2 - ¢w3))
X 5(%1 — Ef —+ Ei),

i.e.
T =Ts + T + 2/TsTr co8(d, + by — buy), (1)

which explicitly shows how the interference contribu-
tion is related to the phases of the three optical beams.
According to this result, if we select appropriate in-
tensities of the incident beams with the single-photon
absorption amplitude and the Raman scattering am-
plitude matching each other, and then, if we tune the
phase term to 2nm (n is an integer), the total transi-
tion will reach the maximum, or if we tune the phase
term to 2nm + m, the total transition will become zero.
Therefore, by tuning the phase term, we can obtain
a complete destructive interference between Raman
scattering and single-photon absorption, which makes
neither Raman scattering nor single-photon absorp-
tion take place in the material.

The experimental setup shown in Fig.2 can be fur-
ther simplified by using only two lasers with A = w =
2w —w in some cases. The sketch map of the light loop
is shown in Fig.3. At first the laser with frequency w
is split into two beams by a beam splitter, then, the
frequency of one subsequent beam is doubled through
a second harmonic generator (SHG), finally, after a
filter and a phase delay, the beam of frequency 2w is
combined with the beam of frequency w by another
splitter. Based on the result of the general quantum
interference that we have presented above, the inter-
ference term of this process is given by

T =Ts+ TR + 2V/TsTr cos(2¢, — P2w).  (2)

The simplified setup is similar to that in the exper-
iments on interference between one-and-two-photon
absorption pathways.['?! It may have some advantages
over the setup shown in Fig.2 in some cases, but
the second harmonic generation is difficult to achieve
when w is in the far infrared region, which restricts
the application of the simplified setup.
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Fig.3. Quantum interference between Raman scattering and single-photon absorption, induced by a

laser and its second harmonic wave.

3. Application

The quantum interference between single-photon absorption and stimulated Raman scattering has the same
potential applications as the quantum interference between single-photon and multi-photons. Besides, this new
type of quantum interference between optical transitions may also have the following advantages: (i) in most
cases, stimulated Raman scattering is much more efficient than multi-photons absorption, while the efficiency
is known to be crucial to all applications; (ii) in the far infrared region, especially the terahertz region, the
harmonic generation of the laser beam is hard to achieve, and the quantum interference between single-photon
absorption and multi-photons absorption cannot be realized by the technique available currently. If we utilize
the quantum interference between single-photon absorption and stimulated Raman scattering, the laser wo and
the laser w3 could be in the visible and near infrared region where high-power tunable lasers are available, which
makes the job a lot more easier.

For a material with a centrosymmetrical structure, some transitions display solely infrared activity while
other transitions exhibit only Raman activity, and hence it produces a reciprocal Raman or infrared spectrum.
For materials with a noncentrosymmetrical structure, some transitions may exhibit both infrared and Raman
activities, which can be detected in both Raman and infrared spectra. Therefore, from the Raman and infrared
spectra measured from a material, we can know whether it has centrosymmetry. However, when we consider
the two transitions in a noncentrosymmetrical material (one is from infrared absorption and the other is from
Raman scattering), which have the same frequencies, yet, it used to be very hard to indicate whether they
were from the same initial to final states. Now that the theoretical analysis is presented in the present article,
it is no problem to do so any more. Since the complete destructive interference between Raman scattering
and single-photon absorption happens only when the two transitions take place from the same initial state
to the same final state, therefore, the initial and final states of the two transitions should be the same if the
complete destructive interference is observed; otherwise, they should be different. Obviously, understanding the
transitions will provide an additional important clue to the analysis of material structures.

4. Summary

We have theoretically analyzed the interference between Raman scattering and single-photon absorption,
induced by using phase-correlative laser beams with different frequencies. We have also proposed its possible
applications, where more information about molecule structure and electronic state may be disclosed.
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