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Abstract

We calculated the first hyperpolarizability of the molecules with some fraction of both ground and excited state

populations. We used a numerical procedure employed widely known software. The comparison with experimental data

for para-nitroaniline molecule obtained by the Hyper-Rayleigh technique is done.

� 2002 Published by Elsevier Science B.V.

1. Introduction

Many applications in photonics are based on

non-resonant second- and third-order optical

nonlinear processes. They occur due to virtual
electronic transitions and are described by the first

bð�x3;x1;x2Þ and second cð�x4;x1;x2;x3Þ hy-
perpolarizabilities, respectively. Such processes, as

they involve only virtual electronic excitations, are

essentially instantaneous, and avoid attenuation of

optical signals. Magnitudes and signs of b and c
are determined by the electronic structure of

molecule and by the frequency of optical waves xi

participating in a given nonlinear process.

Usually hyperpolarizabilities are studied for

molecules in their ground state. However the real

population of the initial state for the virtual elec-

tronic excitations can include not only the ground

state but also excited states populated owing to an

external source. As is shown in [1–3] non-resonant

optical nonlinear processes can be changed if the

excited states are populated. This effect is mainly
due to the incorporation of new energy levels al-

lowed to the virtual transitions responsible for the

nonlinear process.

Experimental and theoretical studies of the ex-

cited-state hyperpolarizabilities were done mainly

for second hyperpolarizabilities cð�x4;x1;x2;x3Þ
[1–9].

The first hyperpolarizability bð�x3;x1;x2Þ of
molecules with excited states has been more spar-

sely investigated. Theoretical calculations of

bð�2x;x;xÞ for 1,1-dicyano-8-dimethylamino-

octatetraene and trans-octatetraene were done in

[3]. The hyper-Rayleigh Scattering (HRS) mea-

surements in solution of p-nitroaniline (PNA) in

methanol showed that b increases upon 10 ns pulse
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excitation at 464 nm. By CW excitation (457.9 nm)

of the PNA an increase of the HRS signal was also

observed [10–12]. From the time dependence of

HRS intensity the life time of the excited state (9.3

ns) and the value of b at the excited state

(2:05� 10�27 esu) were found [10]. First hyperpo-
larizabilities for several twisted intramolecular

charge transfer molecules including PNA at the

ground and excited states have been calculated in

[13] using CNDO/S method. For PNA the en-

hancement of the b-values for the excited states by
10–30 times was predicted. In our recent paper [14]

we reported results on the HRS measurements in

the PNA by pulse excitation at 355 nm. We ob-
served that the contribution of optically pumped

excited states to the total first hyperpolarizability

depends of the energy of pump photons: in con-

trast to [10–12] we found a decrease of the first

hyperpolarizability for the excited molecules.

In this Letter we report results of numerical cal-

culations of the first hyperpolarizability bð�2x;
x;xÞ of PNA in excited states. We choose this
molecule for the following reasons. The nonlinear

properties of the molecule in the ground state are

well studied experimentally and theoretically [15–

18]. It is important also to have a good knowledge of

the photo-physical properties of the molecule

studied, in particular to know the ways of energy

transformation of the molecule after excitation.

Some properties of the PNA molecule with excited
states have been investigated by different techniques

[19–21]. Also the nonlinear properties of the

molecule in excited states can be calculated with

reason- able accuracy due to its relative small size

and com- parisons with experiments [10–12,14] can

be done.

Unlike [13] we suppose that two states (the

ground state and an excited state) are populated.
We applied directly the standard perturbation

theory and by calculations of the dipole moments,

transitions dipoles moments and transitions ener-

gies we used widely known software.

2. Theory

We suppose that a molecule is initially at the

excited state such as two energy levels – the ground

state g and the first electronic excited state e – are

populated and the populations of the both states

are stationary. We suppose that a source of exci-

tation produces the distribution of population

such as the ground and excited states are coherent

during the time needed for nonlinear polarization
measurements. A non-resonant monochromatic

probe beam with frequency x induces nonlinear

optical processes at frequencies different from the

resonant frequencies for transitions between

the ground state and excited states, i.e., both the

fundamental probe and output signals fall in the

transparency regions, experiencing no optical loss

(Fig. 1).
We calculated the nonlinear response of the

excited molecule using standard time-dependent

perturbation theory [22]. We express the wave

function of our system W as a superposition of

wave functions of the ground Wg and excited states

We: W ¼ aWg þ bWe, where a and b vary between 0

and 1. The second-order contribution to the in-

duced nonlinear polarization pð2Þi generated by the
fundamental field EjðxÞ contains following com-

ponents:

pð2Þi ¼ bijkð
�

� 2x;x;xÞ þ Rijkð � 2x � xeg;

� x;x;xegÞ þ Rijkð � 2x þ xeg;

� x;x;xegÞ
�
EjðxÞEkðxÞ:

Fig. 1. Two energy levels (the ground state g and first electronic

excited state e) are occupied. There are several contributions

into the first hyperpolarizability at the frequency 2x (for ex-

ample, 1 and 2) and different contributions (for example, 3)

with frequency 2x þ xeg due to the Raman-type processes.

Here xeg is the frequency of transition between the ground state

and first excited state, and m is the second excited state.
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Here bijkð�2x;x;xÞ is the first hyperpolarizabil-
ity, Rð�2x � xeg;x;x;xegÞ are the Stokes and

anti-Stokes Raman components of the nonlinear

polarization emitted by the molecule at the

frequencies 2x � xeg and 2x þ xeg, respectively.
These signals are due to the presence of the pop-

ulated excited state. However, all nonlinear mea-

surements use filters to select the desired

wavelength, and therefore by HRS measurements

at the frequency 2x the first term only should be

included. The expression for bijkð�2x;x;xÞ is gi-
ven by

bð�2x;x;xÞ ¼ qggP
ijk
gg

h
þ qeeP

ijk
ee þ qegP

ijk
eg

þ qgeP
ijk
ge

i
;

where

Pijk
aa ¼ 1

8�h2
P1

X
m;n

li
anl

j
nmlk

ma

ðxna � 2xÞðxma � xÞ

�

þ li
mal

j
mnl

k
na

ðxma � xÞðxna � xÞ

þ li
mal

j
nmlk

an

ðxma � 2xÞðxma � xÞ

�
;

if a ¼ b;

and

Pijk
ab ¼ 1

8�h2
P1

X
m;n

li
mal

j
mnl

k
nb

ðxma � xÞðxnb � xÞ

( )
;

if a 6¼ b:

Here li
ma is the matrix element of the dipole mo-

ment operator along the ith molecular axis be-
tween the electronic states m and a, P1 is the full
permutation operator, qgg ¼ aj j2, qee ¼ bj j2, and
qge ¼ ab [22]. As seen, the total value of nonlinear
response of the molecules that have some fraction

of both ground and excited state populations in-

cludes also two terms proportional to the product

of the populations of the ground and excited

states.
Calculations of the dipole moments, transitions

dipoles moments li
ma and transitions energies xma

were performed using the semi-empirical Inter-

mediate Neglect of Differential Overlap (INDO)

Hamiltonian [23,24] implemented within ZINDO

program [25]. The configuration interaction tech-

nique with single excitations (INDO/S-CI) was

used. The geometry of the PNA molecule was

obtained using the AM1 (Austin model 1) Ham-

iltonian [26], implemented in the MOPAC93r2

program [27], which shows an excellent perfor-
mance in predicting of the structures of organic

molecules [28].

Below we present all calculated values of the first

hyperpolarizability in terms of the total intrinsic

first hyperpolarizability [29] b ¼ ðb2xþ b2y þ b2z Þ
1=2
,

where bi ¼ biii þ 1
3

P
i6¼j ðbijj þ bjijþ bjjiÞ.

3. Results

Before proceeding with calculations of the first

hyperpolarizability we compare the experimental

and calculated spectra of linear absorption (Fig.

2). At least in terms of the band gap energy the

experimental and theoretical results are in good

agreement. These spectra have been thoroughly
investigated [15,18,21,30,31]. Their most striking

feature is the appearance of a partial electron mi-

gration in the molecule. Because of this migration

there are two bands in the spectra in the range

200–420 nm. The band near 380 nm is due to the

transition nNH2
! n�NO2

with charge transfer from

the nitrogen nonbonding orbital of the amino

group to vacant orbital of the nitro group. The
experiments [10–12] were done at the pump ener-

Fig. 2. Experimental (solid line) absorption spectra of the PNA

molecule [14]. Vertical solid lines indicate the relative oscillator

strength calculated at the energies for electronic transitions

between ground and excited states.
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gies of 464 nm (pulse excitation) and 457.9 nm

(CW excitation) that are lower that the energy of

maximal absorption. The pump energy in our ex-

periment (355 nm) [14] is higher than the energy of

maximal absorption. One can explain the absorp-

tion of the PNA by considering a possible elec-
tronic-state diagram [20,21]. The absorption band

is due to the transition from the ground state S0 to

an excited singlet state S1 (the transition energy

ES0S1 ¼ 3:25 eVÞ: The fluorescence spectrum ob-

tained with the pump energy Epump ¼ 3:49 eV
shows one very weak band near 409 nm (3.03 eV)

which is due to the fluorescence from the S1 state

with a short (picosecond) mainly radiationless
decay life-time. The rapid decay of the S1 state of

PNA is due to very rapid intersystem crossing to a

triplet state T1. The T1 life-time determined from

the decay of the time-resolved-microwave con-

ductivity measurements was found to be 54 ns for

PNA in benzene [21]. This unusual short time for

T1 to S0 was ascribed to substantial mixing be-

tween T1 and S1 states, resulting in considerable
singlet character of T1 and enhanced efficiency for

intersystem crossing to S0. This strong T1 $ S1
mixing indicates that S1 and T1 are close in energy

and probably of different electronic configurations,

i.e., 1np� and 1pp�. The lowest 1np� and 3pp� are

also close in energy and both contribute to the first

absorption band of PNA [19,20,32]. The general

conclusion is therefore that all of the lowest np�

and pp� singlet and triplet states of PNA are very

close to each other.

It should be pointed out that within the limits of

our simple model we could not include triplet ex-

cited states and hence the effect of strong T1 $ S1
mixing. This may be responsible for distinctions

between the experimental spectrum and calculated

energies of electronic transitions.
Supposing the population of the ground state

qgg or excited state qee to be equal to zero we

calculated separately the first hyperpolarizabilities

of the ground state bg and excited state be. The
dispersion behavior of these values is shown in

Fig. 3. The calculated values of bg and be correlate
well with results published previously [13,29].

Throughout the entire energy range be is larger
than bg. The enhanced magnitude of bg can be

explain from the following reasons. Most chro-

mophoric structures possess only one highly-al-

lowed electronic transition in the visible or near-

UV spectral region; that is, if lge is large, lgm must

be small. It means that the two-level contribution

lgeleeleg must be larger that the three-level
contribution lgelemlmg. Let us compare now the

two-level contributions for the ground state

hyperpolarizability and for the excited state

hyperpolarizability. bg is mainly proportional to

lgeleeleg ¼ leg
�� ��2lee, however be is proportional to

leglgglge ¼ leg
�� ��2lgg. Usually [29] lgg 
 lee,

therefore we can expect that be > bg.
An important result of our analysis is that the

total first hyperpolarizability as a function of the

population of the excited state can have a non-

monotonic behavior. In fact, Fig. 4 shows an
example of such a behavior obtained for the fun-

Fig. 3. Calculated dispersion curves of bg (solid line) and be
(dash line).

Fig. 4. Total first hyperpolarizability of the PNA molecule

versus the population of the excited state. The fundamental

photon energy is 1.17 eV (1064 nm).
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damental photon energy of 1.17 eV that is the same

as in the experiments [10–12,14]. In factweobserve a

slight decrease of the total hyperpolarizability if the

population of the excited state increases. By further

increase of the population the total hyperpolariz-

ability increases also. As the expression for
bð�2x;x;xÞ suggests the total value of first hy-
perpolarizability includes also the terms that are

proportional to the product of the population of the

ground and excited states. Since bg and be have al-
most the same values at the 1.17 eV (see Fig. 3) the

contribution of these terms becomes important. The

be-spectrum has several infinitely sharp resonances.

They are due to two-photon resonances by optical
transitions between the ground state and excited

states.

As indicated in Fig. 3, the enhancement of first

hyperpolarizability is much higher at lower fun-

damental photon energies. In particular, for

practical applications in fiber optics communica-

tions optical signals at 1550 nm (�hx ¼ 0:8 eV) are
of importance. For this fundamental photon en-
ergy the enhancement comprises more than one

order of magnitude.

The experimental studies [10–12,14] showed

that the contribution of optically pumped excited

states to the total first hyperpolarizability depends

of the energy of pump photons. To explain this

difference we note first that the energy of pump

photon of 355 nm is higher than the energy gap
between the ground state and first excited state,

whereas the energy of pump photon (460 nm) is

below this gap. Hence, these two pump photons

create different distribution of population of the

excited state. Probably the population of the ex-

cited states by the 355 nm pump is lower than by

the 460 nm pump due to the best coupling with

triplet states. Following the Fig. 4 this can result to
decreasing of the first hyperpolarizability. Of

course, full understanding of such experimental

facts should include additional experimental and

theoretical studies, in particular the strong and

rapid intersystem crossing to a triplet state T1 must

be included.

In conclusion, in this Letter we proposed a

simple numerical procedure employed well-known
software in order to calculate the first hyperpo-

larizability of the molecules with populated excited

states. The procedure may be improved for in-

stance by including damping of excited states, vi-

brational states, optimization of the molecule

geometry at the excited state both for singlet and

triplet states, etc. The important result of our

analysis is that the total first hyperpolarizability as
a function of the population of excited state may

have a nonmonotonic behavior.
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