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Introduction
Light-Matter Interaction

 When light interacts with matter, the electric field of the incident 
light causes a distortion of the electron cloud in the molecule, 
which is measured in terms of polarization. A stronger electric 
field and loosely bound electron cloud give larger polarization 
than a weaker electric field and a tightly bound electron cloud. In 
most of the molecules, the said polarization can be expressed as a 
linear function of the electric field and hence the optical processes 
associated with this linear polarization are called linear optical 
processes. The normal UV-Vis or IR absorption falls into this 
category. Most of the molecules show this kind of absorption with 
UV-Vis or IR source of radiation. However, when LASER is used as 
incident light, polarization becomes a non-linear function of the 
corresponding electric field.

The optical processes associated with such non-linear 
polarization are called non-linear optical processes. Two-photon 
or multi-photon absorption and hyper-polarizabilities are the two 
examples of non-linear optical processes. In this mini-review, we’ll 
discuss the multi-photon absorption process with an emphasis on 
two-photon absorption (2PA) caused by a linearly polarized light.

Linear and non-linear absorptions
Pictorially, a linear absorption process can be shown as in 

Figure 1 where, S0 and Sf represent the initial and final states 
respectively. E0 and Ef are the corresponding energies of the states  

 
and hν is the energy of the incoming photon. If an incident light of 
low intensity is used, absorption will occur if and only if hν matches 
the energy gap 0( )of fE Eω = −  between the two states. If the system 
is centrosymmetric, then an additional requirement for an allowed 
transition is that the two involved states should have the different 
symmetry. For example, if the absorption is taking place from 
ground state (having gerade symmetry), in a centro-symmetric 
molecule, then the final excited state should have gerade symmetry 
[1] this is the case of linear absorption, also called one-photon 
absorption (1PA). This is measured in terms of oscillator strength  

1( )pδ which is directly proportional to the product of ω0f and square 
of transition dipole moment (TDM) vector ( )ofµ  between initial 
and final states [2,3].
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Figure 1: Pictorial representation of 1PA process.
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Abstract

In this mini-review, the author discusses a different view of two-photon absorption and in general any multi-photon absorption process in 
a molecular system in a very didactic way. This novel point of view is termed as “channel interference”. It connects the overall absorption cross 
section with the orientation of different transition dipole moment vectors that come into existence when a molecule undergoes two- or multi-
photon absorption process. Therefore, channel interference provides an in-depth view of the process which can be used to control and fine tune 
the multi-photon activity in a molecular system for designing an efficient material.
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In contrast to the linear absorption, non-linear absorptions 
are more complicated in mechanistic way and hence in their 
theoretical descriptions. A pictorial representation of first two 
non-linear optical absorption processes i.e. 2PA and three-
photon absorption (3PA) are shown in Figure 2. MPA ( 2)M ≥  is 
defined as the simultaneous absorption of M-photons of same or 
different frequencies by a system resulting in a transition from one 
state to another via one or more intermediate states (Si, Sj). The 
intermediate states can be either a real or a virtual state [2]. The 
requirement of simultaneous absorption of more than one photon 
is the reason why one needs a high intensity light for achieving an 
MPA process. In order to have an idea about the complexity of the 
process, let us take the case of the simplest MPA process i.e. 2PA. 

Figure 2: Pictorial representation of 2PA and 3PA
processes.

The 2PA strength of a system is measured in terms of 2PA 
cross section, which depends upon the following quantities – two 
TDM vectors 

oiµ  and ifµ  and energy gap between the states. 
Additionally, 2 pδ  depends upon the dipole moment of the ground- 
and the excited-states. Thus, in 2PA the system first absorbs a 
photon hν1 and reaches the intermediate virtual state Si (which has 
a negligibly small life time), but before relaxing back to the initial 
state S0, the system absorbs the second photon hν2 and reaches the 
final excited state Sf. For a successful 2PA to occur, both the TDMs 
i.e. oiµ  and ifµ  should have large values and also the time-lag 
between the two photons should be smaller (that means high 
intensity) than the life-time of the intermediate state. The 3PA and 
other higher order multi-photon absorption processes require more 
photons to be absorbed simultaneously and hence are even more 
complicated and even more intense light is required for observing 
such processes. This is the reason why we do not encounter non-
linear optical absorptions in our daily life.

For 2PA, the requirement of high values of oiµ  and ifµ  
indicate that the 1PA for S0 ⟶ Si and Si ⟶ Sf should be allowed 
transitions i.e. in centrosymmetric molecules the states (S0 and Si) 
and (Si and Sf) should have different symmetries. This requirement 
is fulfilled if and only if S0 and Sf have same symmetry and Si have 
symmetry different from the other two states. Thus, a 2PA process, 
in a centrosymmetric molecule, is allowed between states of same 
symmetry. The TDM vectors are also called one-photon transition 
moments. Similar to this, we can also define two-photon, three-
photon and other multi-photon transition moments. For 2PA, the 
corresponding transition moment is given as [4]. 
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E E∆ = −  The summation in Eq. 2 runs over all the electronic 

states of the system including ground state and { , , }X Y Zαβ ∈ . The 
2PA cross section, 2 pδ  for single beam of a linearly polarized light 
is related to transition moments, Tαβ   by the following relation [5]

2 2 2 2 2 2 21 {3( ) 4( ) 2( )}
15

p
XX YY ZZ XY XZ YZ XX YY XX ZZ YY ZZT T T T T T T T T T T Tδ = + + + + + + + +   (3)

For a circularly polarized light, the relation is [6]

 2 2 2 2 2 2 22 {( ) ( ) 3( )}
15

p
Circ XX YY ZZ XY XZ YZ XX YY XX ZZ YY ZZT T T T T T T T T T T Tδ = + + − + + + + +    (4)

Origin of Channel Interference
So far, we have seen that both 1PA and 2PA depends upon the 

magnitudes of TDM vectors between the involved states. We have 
also seen that in case of 1PA, only one TDM is involved whereas, 
in case of 2PA (as in Eq. 2) and another multi-photon absorption 
processes several TDMs are involved. Since TDMs are vector 
quantities and hence these should contribute not only through 
their magnitudes but also through their orientations. Thus, 2 pδ  
should depend upon the relative orientations of different TDM 
involved in the process. This should also be the case for 3PA and 
other higher order multi-photon absorption processes. But the 
question is how can we separate the contributions coming from 
the magnitude and those coming from the relative orientations of 
the TDM vectors? The quantum chemistry codes like DALTON [7], 
GAMESS [8], TURBOMOLE [9], etc. uses quadratic response theory 
(details about this theory can be found somewhere else [10,11] for 
calculating Tαβ   and 2 pδ . 

Because of this approach, it is not possible to get the 
contribution from relative orientation of the TDM vectors as neither 
Eq. 2 nor Eq. 3 has any orientation related term. The orientation 
related terms or angles between TDM vectors appear when Eq. 2 
is inserted into Eq. 3 and the terms are rearranged properly. This 
was first done by Cronstrand, Luo and Ågren [12] in 2002 for 2PA 
process. However, their description was limited to two-dimensional 
cases that means when only two components of the TDM vectors 
contribute. In most of the molecules, all the three components of 
the TDM vectors have significant contributions, which require a 
general three-dimensional formula. This was done, again for 2PA 
only by Alam, Chattopadhyaya & Chakrabarti [13] in 2012. This is 
called generalized few-state model (GFSM), which reads as [13].

2
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Where rs
pqθ   is the angle between two TDM vectors  pqµ  and   

rsµ and other terms have their usual meanings. Eq. 5 has separated 
the contributions from the magnitude of the TDM vectors and those 
from their relative orientations. This formula, thus, can be used for 
studying the effect of orientation of different TDM vectors on 2 pδ  .
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Some General Characteristics of Equation 5
It is interesting to discuss the characteristics of the generalized 

formula i.e. Eq. 5, because it can give important information 
regarding the symmetry in the process and it can also help to answer, 
whether such generalization is possible for other higher order MPA 
processes. It is interesting to note that Eq. 5 represents the overall 

2 pδ   as a summation of interference between two channels S0 
⟶ Si ⟶ Sf and S0 ⟶ Sj ⟶ Sf. One can easily divide Eq. 5 into four 
contributions - (A) the pre-factor , (B) magnitudes of TDM vectors 
(numerator in the summation), (C) energy term (denominator in 
the summation) and (D) the orientation term (term in curly braces). 
Here, a brief discussion about different contributions is given. 

A more comprehensive and full discussion can be found in 
[14]. Contribution (A) is same for all the molecules. Contribution 
(B) depends upon the magnitudes of a maximum of four TDMs 
(when i, j, and f represent different states). For a large value of  , 
the corresponding TDMs should have large values for each state 
involved (i, j) in the summation. Note that, for 2PA, contribution (B) 
contains a maximum of four  terms. The third contribution i.e. (C) 
should have small value for a large value of  2 pδ

This means, if the two incident photons have same frequency, 
then Ei and Ej should be larger than Ef/2 i.e. the two states should 
lie above the mid-point between the initial and final states. Finally, 
contribution (D) has all cosine terms in it, each of which has a 
maximum value of +1. So, for a larger 2 pδ , contribution (D) should 
be larger and close to its maximum value of +3. Note that there 
are altogether six cosine terms, which indicates that it includes 
orientation of each TDM vector relative to each of the others. 
The above partitioning scheme was further explored by Alam, 
Beerepoot and Ruud and using this, very recently, they came up 
with another generalization that can now be applied to any multi-
photon absorption process.

Factors Affecting Channel Interference
Alam and co-workers have extensively studied [15-18] channel 

interference in several different kinds of molecules including both 
through-bond and through-space charge transfer molecules. They 
have shown that in general, channel interference is affected by 
donor-acceptor strength in the molecule, type of substitutions and 
their position in the molecule, polarity of the solvent, orientation 
of one part of the molecule relative to the other part etc. They 
have also studied the relative effect of donor and acceptors and 
concluded that donors may contribute more than acceptors [19].

Future Prospects
Channel interference is an interesting phenomenon that can be 

used to fine tune the two-photon activity in a molecule. Although 
several factors affecting channel interference has been studied, but 
still these studies are limited to specific systems. The phenomenon 
of channel interference in different types of molecules in various 
different solvents can provide interesting results, which can help 
to provide an effective design strategy for controlling channel 
interference. One of the main questions still unanswered about the 
channel interference is that how to visualize the different transition 

dipole moments in a molecule. For example, the ground and excited 
state dipole moment can be plotted in the molecular framework but 
how can one plot the TDM vectors between excited states? Answer 
to this question may help to visualize the channel interference in a 
real molecular framework.
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