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Dispersion of the nonlinear second-order optical susceptibility of organic systems
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Dispersion experiments of the second-order nonlinear optical susceptibility are reported for two
fundamentally important organic systems p-nitroaniline and 2-methyl-4-nitroaniline for which de-

tailed quantum-mechanical calculations have been completed. The frequency-dependent measure-
ments were performed by dc-induced second-harmonic generation in liquid solutions with the use of
a tunable (0.2—2 pm) laser source by stimulated Raman scattering from hydrogen gas. Accounting
for dipole-mediated interactions between the molecular sites and the surrounding solvent medium

provides quite satisfactory agreement between the experimental and theoretical results, demonstrat-

ing that the origin of exceptional nonlinear optical responses of organic systems resides in special
highly charge-correlated electron states.

I. INTRODUCTION

In recent years theoretical and experimental interest has
centered on the nature of highly-charge-correlated
electron states in organic and polymeric crystalline struc-
tures that are responsible for exceptional second-order
nonlinear optical responses XI/( —co3,'co~, co),2particularly
as exhibited by second-harmonic generation (SHG) and
linear electro-optic effect (LEO) properties. The case of
2-methyl-4-nitroaniline (MNA) serves as an important ex-
ample. ' Its molecular structure along with its parent p-
nitroaniline (PNA) is shown in Fig. l. MNA crystals pos-
sess SHG and LEO figures of merit 50 times those of
common dielectric insulators such as potassium dihydro-
gen phosphate (KDP) and 200 times those of semicon-
ductors such as gallium arsenide (GaAs). A remarkable
property of MNA is the primarily pure electronic origin
of P;J«( —co3', co&,co2) over the entire frequency range from(2)

dc to optical frequencies.
Currently, these electronic excitations are viewed as

occurring on sites weakly coupled to their neighbors in an
accentric structure and providing macroscopic sources of
nonlinear optical response through the on-site microscopic
second-order nonlinear electronic susceptibility p;1«. In
the rigid lattice-gas approximation,

X ( co3 to~, coq) =Nf 'f 'f '(13; «( —co3 co] co2) )

where N is the number of sites per unit volume and f
represents local-field corrections, and P;J« is evaluated
over the crystallographic unit cell. Thus, unlike common
dielectric insulators and semiconductors, the origin of the
magnitude and dispersion of the macroscopic susceptibili-
ty X' ' is reduced to experimental and theoretical studies
of the corresponding microscopic susceptibility P;J«of sin-
gle molecular units comprising the optically nonlinear or-
ganic solid.

Lalama and Garito have represented a detailed theoret-
ical analysis of P,J«and its dispersion for several molecu-
lar structures including PNA. Their results show that
unique features of highly asymmetric charge-correlated

excited states of the ~-electron structure principally deter-
mine the magnitude, sign, and dispersion of 13,J«. Similar
theoretical results have been obtained for the lower sym-
metry case of MNA. Importantly, there are no analog
states in common dielectric insulators, or semiconductors.

The microscopic susceptibility P,z« is experimentally
determined by electric-field-induced second-harmonic gen-
eration (DCSHG) measurements of liquid solutions as
shown by Levine and Bethea, Oudar and Chemla, and
Singer and Garito. The measured polarization at the
second-harmonic frequency 2co produced by applied fields
at co and zero is given by

~~ =I iiiiEiEiEi
with statistical averaging over the Boltzrnann distribution
of molecules and all laboratory fields having a common
linear polarization. The term I „„E,is the effective
second-harmonic susceptibility of the liquid solution.
When the ground-state dipole moment p is aligned along
the molecular x axis, I

& & & &
is given by

R

0

H

R =H; CH~
PEG. 1. Molecular structure of PNA (R = H) and MNA

(R = CH3).
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I i i ii:f—'I, =&f (f")f " X+ 5k T (2)

where y is the microscopic third-order susceptibility,
which is negligibly small for conjugated molecules

y &&P„p/5k' T; P„is the vector part of Pjk,

P =P + (P—,+P +2P„+2P
However, local-field effects and solution interactions

can lead to widely differing values for P;~k. For example,
the single-frequency values reported for P„ofPNA in
nonpolar trans-stilbene is 6.4&(10 esu (Ref. 9) and in
polar, strongly interacting methanol 34.5 & 10 esu. By
combined experimental studies of DCSHG, dielectric con-
stant, index of refraction, and specific volume, Singer and
Garito developed an infinite dilution extrapolation
method for P,jk that accounts for local fields and mini-
mizes solute-solute and solvent-solvent interactions.
Theoretical gas-phase values of Pjk can then be compared
to infinite dilution values if solvent-induced shifts of the
singlet-singlet electronic excitations of the measured sys-
tem are included. '

Earlier, we had communicated the first results' for the
measured frequency dependence of P,Jk of PNA. In this
paper we report the results of our completed DCSHG
studies of the frequency dependence of P;Jk of PNA and

MNA. The paper is arranged as follows. Section II sum-
marizes the theoretical procedure for calculating P,jk,

' Sec.
III describes the tunable dye laser and stimulated Raman-
cell experimental configurations used in the DCSHG mea-
surements of the frequency-dependent P,Jk,

' Sec. IV
presents experimental results; and Sec. V contains a com-
parison between experiment and theory for P,jk and an
analysis of the effects on P;Jk of solvent-induced excitation
shifts (solvatochromism).

II. THEORY

The quantum-field-theory treatment of P Jk( —2co, co, co)
provides a convenient diagrammatic representation of the
three-wave-mixing process as shown by the space-time di-
agrams in Fig. 2. A ground-state ~g) molecule with

FIG. 2. Space-time diagram of the second-harmonic genera-

tion, where g represents the ground-state molecule, n, n' can be

either ground or excited state.

p; = g P,jk( 2co;co, c—o)Ei Ek,
j,k

(4)

where P;Jk( —2co;co, co) is the microscopic second-order
nonlinear optical susceptibility, where both the fundamen-
tal and created combined frequencies are below electronic
resonances but well above vibrational and rotational
modes.

The quantized field is given by the expression

()1BA
c Bt

r

2M%co

V

I /2

+k, a ~ae a 6ae
k, a

where a (a) is the photon creation (annihilation) opera-

tor; e, the polarization unit vector with o; = 1,2; k, the unit
direction vector; and V, the normalization volume. The
resulting quantum-field theory expression for P;~k is

eigenstates
~

n ) and
~

n') and eigenvalues Ace„ in an elec-

tromagnetic field E"(t)=Re(E"e'"') responds to the per-

turbing Hamiltonian H =eE (t) r in the dipole approxi-
mation that induces an electronic polarization in the
molecular structure,

P;Jk =
z (PJk+Pjk)

e

4' [(r ''„rJ„r„+r'„r„"„rj)(co„s—co) '(co„s—2co) '+ (rsj„r„'„r„&+re„r„'„r„s)(co„s—co) '(co„s+co)
n+n',
n~g,
n'~g

+(rsj„r„"„r„'s+rg"„rJ „r„'s)(co„s+co) '(co„s+2co) 'j

+2+[rj„r"„Ar„'(co„—4co )+r'„(r„br~+r~„br„")(co„+2co)] (co„—co ) '(co„4co)—
where summations are over the complete sets of eigen-
states (n

~

and (n'
~

of the unperturbed system. The
quantities such as rg„and r„'„arematrix elements of the

ith components of the dipole operator for the molecule be-
tween the unperturbed ground (g) and excited states (n and
n') rs„=(g

~
r;

~

n ), and between two excited states
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r„„=(n
~
r;

~

n'}, respectively; Ar„'=r„'„r—~ is the differ-
ence between the excited- and ground-state dipole mo-
ments; co is the frequency of the applied optical field; and
co„s ro„———cos is the difference between the excited- and
ground-state energies. The expression for P;Jk is identical
to that obtained from time-dependent second-order pertur-
bation theory. " The first summation is referred to as an
indirect term for which n&n', and the second summation
a direct term for which n =n '

Calculation of P,jk and its dispersion requires
knowledge of the complete set of eigenstates

~

n } and

~

n'} of the systein. Lalama and Cxarito have developed a
self-consistent-field (SCF), molecular Hartree-Fock pro-
cedure, including configuration interactions (CI) for
electron-electron correlations, for calculating the
frequency-dependent P,Jk of vr-electron structures. All
valence electrons are included, and the calculation is guid-
ed by experiment through the following three-step pro-
cedure: (1) determination of the many-body electronic
ground state of the molecular system as an antisym-
metrized product of the one-electron eigenfunction solu-
tions of the Hartree-Fock equation, with the use of an all-
valence-electron semiempirical parametrization. The solu-
tions are directly compared to gas-phase experimental
photoemission results; (2) aeeounting for correlations by
CI calculations to form the lowest energy excited states
and transition dipole moments of the molecule. These re-
sults are verified by comparison of calculated energies and
oscillator strengths with gas-phase singlet-singlet excita-
tion spectra; and (3) evaluation of the molecular second-
order susceptibility P;Jk through Eq. (6). The theoretical
procedure has been successfully applied to several
resonant benzene structures including PNA and MNA
and directly tested for predictive ability with success in
calculations of quinoid structures possessing classical al-
ternating single- and double-bond structures.

III. EXPERIMENTAL METHODS

The DCSHCx experimental methods and techniques'~
for determining the frequency dependence of P;~k used in
the present measurements have been further studied in de-
tail, and the results are being reported separately. The
new method is essentially based on extensive design and
development of the wedge Maker fringe experiment
described earlier. A brief summary will be given here.

The DCSHG optical design capable of detecting har-
monic conversion to 10 ' —10 ' is shown in Fig. 3. A
tunable pulsed-dye laser (Quanta Ray) is used as a pump
beam into a compressed hydrogen-gas cell, generating
Stokes lines from simulated Raman scattering tunable
from 0.2 to 2 pm. Pi —Bio are beam-guiding prisms, and
I 3 selects the proper Stokes line and sends it through the
slit S2. I'5 splits the beam into a reference beam and sam-
ple beam. The reference beam (right) passes through a
quartz crystal R to provide a reference second-harmonic
signal that is detected by the broadband photomultiplier
tube PMTi. The sample beam (left) acts as the input
beam for second-harmonic generation in the liquid sample
that is positioned on the translational stage assembly T)-
T4. The sample cell [Fig. 4(a)] consists of two wedge-
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aligned optical glass windows (BK-7) positioned between
two stainless-steel electrodes. The sample second-
harmonic signal is detected by PMT2. The ratio of the
two outputs OpMT /OPMT is independent of the input
beam power and therefore the effect caused by fluctua-
tions in beam power is minimized. I

&
—I.~o are focusing

lenses. F4 F6 are opti—cal density filters. F2,F3 are fre-
quency filters that block the fundamental beams, and F&
filters out any optical noise which might mix with the
harmonic signal. M is a monochromator. The photo-
diodes D& and D2 trigger the gate electronics and monitor
the beam power, respectively. A PDP 11/03 laboratory
minicomputer controls the experiment and acquires and
processes the data as previously described.

The intensity of the generated second-harmonic signal
from the configuration shown in Fig. 4(b) is given by'

I2„AEOI„(TilGl, ——T2I Ll, ) f(l)— (7)

with

f(l) = 2 exp —a„+ l

)( cosh 0.'~—+26) '7Tl
I —cos

8sr 8'
C C

2 G Ln~+n 2~
6 6 6 I.n2~+n~ n2~+n2~

I. L
1 n +n2

T2 = t2~t~t
n2~+n~ n2~+n2~

FKx. 3. Optical design for the DCSHG dispersion experi-
ment, where the compressed H2-gas medium was pumped by a
tunable dye-laser source for Stokes generation by stimulated Ra-
man scattering; P~ —P~0, beam-guiding prisms; P3, Stokes-
selecting prism; I.~

—I-)o, focusing lens; F&—F5, optical filters;
M, monochromator; T)-T4, translational stages on which the
sample cell is positioned; R, reference quartz crystal; and
PMT&, PMT2 broadband photomultiplier tubes.
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thresholds of glass and the liquid solutions. The Maker
interference patterns are obtained by translating the sam-

ple cell along the y axis [Fig. 4(b)j at each wavelength as
the sample second-harmonic signal versus pathlength l
and exhibit standard behavior (Fig. 5) as expressed by Eq.
(7). In the small absorptive-loss regime for both the fun-

damental and created second-harmonic beams, the Maker
fringe data are analyzed using a least-squares-fit pro-
cedure to the function

0 z
FIG. 4. Sample cell arrangement in the DCSHG experiment.

(a) Structure, (b) side view and distribution of the static electric
field E'.

m-l
~1sm + +

2A3 2

where (A&+A2) and A2 are, respectively, the maximum
and minimum of each measured fringe, A3 is the coher-
ence length l, of the sample, and A4 is the phase offset.
The mean value of the fringes is given by

A =A t /2+A2 . (10)

where

2n2 2 2n

1+n2 1+n n +n

where Eo is the applied dc electric field (in the liquid
medium), I~ is the fundamental beam intensity; n„(n„)
the index of refraction of glass G (liquid sample L) at fre-
quency co; a (a2 ) is the absorption coefficient of the
liquid sample at the fundamental (second-harmonic) fre-
quency ro(2'); I is the sample optical path length; I, (Io )

is the sample (glass) coherence length given by

&C
I, = 2'(np„n„)—

and E I I (E I G) is the effective dc-induced second-
harmonic susceptibility of the liquid sample (glass).

The DCSHCx measurements utilize several fixed funda-
mental wavelengths. The average input power levels are
less than 0.3 mJ per 7-nsec pulse, well below the damage

For a two-component solution, I L is the sum of the sol-
vent ( I o) and solute (I t) contributions expressed as

I I. =&ofo(fo )f'")'o+&tf t (f t )'f'"rI (12)

Each measurement is repeated with a quartz reference
crystal at the same position as the previously measured
sample solution. This procedure allows I L of the sample
solution to be accurately determined relative to dtt of
quartz (1.2)& 10 esu) (Ref. 14) through the expression

A E(TI I —Tl I )(e " e '")
Ag (g', +g', )d'„(&P)'

where l is the mean value of the sample optical path
length,

2n2~„n~+1
n2„+1n2~+1 n2„+n„n+1
n&„+n~

g a a an2 +1 n2 +n n +1
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where for the ith constituent y'; is defined as P~p;/5k&T
with P; the microscopic second-order nonlinear optical
susceptibility and p; the ground-state dipole moment. In
order to minimize solvent-solvent and solute-solute in-

I

teractions, I L is determined as a function of solute con-
centration as weight fraction u and extrapolated to infin-
ite dilution as previously described. In the Onsager
local-field formalism

(no+ n', )(2no+n', )'M, ~r, BU
2 4 6

' o
g

+ 0 +UO~O UOI 0
(ni +2) npEp Bw p Bw

1,8n 1+
pg 0 BM Ep

2

2 B6

2'+ g o BW2

(13)

where U is the specific volume, t is the static dielectric
constant, n is the index of refraction, Xz is Avogadro's
number. The experimental time for sample and alternate
reference runs did not exceed 10 min in order to avoid
changes in beam profile due to heating effects in the laser
source, which affects the readings of the harmonic signal.
The accuracy of the measurement of I I is 8% and is
determined by uncertainties in the absolute values of the
optical densities of the filters, the applied dc electric field,
and day-to-day reproducibilities. The optical densities
were measured separately with the use of a Perkin-Elmer
Spectrophotometer model 330 at each frequency used in
the DCSHG experiment, and applied dc electric field with
the use of a Tektronix Oscilloscope model 466. The accu-
racy in the determination of the coherence lengths I, and
/, is only 1%. The actual day-to-day reproducibility of
the I I data is approximately 2% and is considered the
best practicable measure of experimental uncertainty.

Measurements of the optical-absorption spectra of PNA
and MNA were obtained using the Perkin-Elmer Spectro-
photometer equipped with standard optical cells for gases
and liquids. The absorption spectra were routinely
analyzed with standard Gaussian curve-fitting procedures.
PNA (Aldrich) was purified by multiple recrystallization
followed by zone refining with SO zone passes at a rate of
1 cmh '. The center zone was used. MNA (Aldrich) was
purified by multiple recrystallization and two vacuum
sublimations. Standard gas chromotograph and mass
spectroscopy analyses established their chemical purity at

I

greater than 99.995%. The solvent 1,4-dioxane (Burdick-
Jackson) as received is triply distilled and standard pre-
cautionary procedures for solution preparation and han-
dling were strictly followed to maintain dryness and avoid
exposure to atmospheric humidity.

IV. RESULTS

The values of the nonlinear susceptibilities I G and I o
and the coherence lengths l, and I, of BK-7 glass and
pure dioxane, respectively, determined at different funda-
mental laser wavelengths are given in Table I. The uncer-
tainty of each value is based on the actual reproducibility
of the data for separate experimental runs. The
frequency-dependent experimental values g"~' of the vec-
tor part of P;Jk for PNA and MNA' are given in Tables II
and III, respectively. In addition to experimental reprodu-
cibility of the data, the uncertainty of each g"~' value in-
cludes small deviations from linearity observed in plots of
I I versus weight fraction w, especially at higher frequen-
cies where the quantity (Bl I /t)w)p (Tables II and III) is
sensitive to the approach of the created second harmonic
to the PNA and MNA resonant excitation energies. This
observation is further discussed below.

V. DISCUSSIGN

The extended theoretical analysis of 13,jk for several
molecular structures showed that the detai1ed nature of

(pm)
%co

(eV)
IG Io

(10 '" esu)

lG

(pm)

l0

(pm)

TABLE I. Frequency dependence of the measured I and l,
of glass (6) and pure 1,4-dioxane (0).

(pm) (eV)

BI L

BN 0

(10 ' esu)

xpt

(10 esu)

TABLE II. Frequency-dependent experimental values P„'"~'of
PNA dissolved in 1,4-dioxane.

1.907

1.370

1.060

0.909

0.830

0.650

0.905

1.170

1.364

1.494

3.45
+0.03

3.30
+0.03

3.20
+0.05

3.25
+0.02

3.12
+0.02

4.50
+0.05

5.07
+0.02

5.3
+0.1

5.1

+0.1

5.1

+0.1

39.12
+0.04
32.29
+0.04
20.56
+0.03
14.15

+0.03
11.03

+0.04

105.7
+0.2
53.6
+0.2
26.4
+0.1

16.60
+0.03
12.50

+0.03

1.907

1.370

1.060

0.909

0.830

0.650

0.905

1.170

1.364

1.494

6
+0.3

7.4
+0.2
10

+0.3
16

+0.6
24
+2

9.6
+0.5
11.8
+0.3
16.9

+0.4
25
+1
40
+3
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TABLE III. Frequency-dependent experimental values P„'"~'

of MNA dissoloved in 1,4-dioxane.
50

I

PNA

(pm)

1.907

1.370

1.060

0.909

0.830

(eV)

0.650

0.905

1.170

1.364

1.494

ar,
Bw

(10 esu)

5.4
+0.3

7.3
+0.3

9.4
+0.3
15

+0.6
24
k2

xpt

(10 esu)

9.5
+0.5
12.8

+0.5
16.7

+0.5
27
+1
45
k4

40—

o 30—
l

O
20—

IO—

0
0.2 0 0.50 0.80 I.I 0 l.4 0 I.70 2.00 2.30

4ur (eV)

50

40— MNA

30—
O

I

O 20—

IO—
(b)

I I

I. I 0 I .4 0 I.70 2.00 2.30
I I

0.20 0.50 0.8 0
km (eV)

Flax. 6. Dispersion of P„:~, experimental points of the sam-
ple dissolved in 1,4 dioxane;, gas-phase theoretical calcu-
lation (a) PNA, (b) MNA.

observable in solution absorption spectra. The spectra for
PNA and MNA measured in the gas phase and in dilute
(w=2)&10 ) dioxane solutions are compared in Figs.
7(a) and 7(b), respectively, showing the same frequency
shift as observed in the P„results.

It has long been known that solvent-induced shifts in
excitation energies are principally caused by

dipole-mediated interactions that change the difference be-
tween the solute ground-state and excited-state dipole mo-
ments. These dipole interactions are standardly analyzed
with perturbation theory and classical reaction field
methods. ' The shift in excitation energy Rb,co« in the
dipole approximation is given by

(14)16 Eco„g=A EP~s(P» +Ps )+8 EP„sPg

where

1 n —1

a 2n +1
n —12

2n +1
8—= 2 e —1

a 2&+1

with n the index of refraction of the solution; e, the dielec-

charge correlations occurring in the m.-electron excited
states determines the magnitude, sign, and frequency
dependence of P,jk. For PNA, of nine lowest energy
singlet excited states with their associated oscillator
strengths [4.20(0), 4.37(0.49), 4.38(0.01), 5.57(0.39),
6.14(0.09), 6.63(0.73), 6.80(0), 7.06(0.30), and 7.49(0) eV],
the major contribution to Pjk originates from virtual exci-
tations to a unique highly charge-correlated second excit-
ed state irtai2s ——4.37 eV through the direct term of Eq. (6).
This many-body excited state possesses relatively large
values for both the transition moment pcs —— er2g of 5.6—
D and dipole-moment difference Spy eb, rz between-——
the ground and excited states of 5.8 D.

In the lower symmetry case of MNA, recent calcula-
tions show that among the lowest energy singlet excited
states with their associated oscillator strengths [4.24(0.20),
4.25(0.04), 4.35(0.23), 5.46(0.45), 6.09(0.25), 6.51(0.58),
6.69(0), 7.02(0.27), and 7.52(0) eV], the first excited state
fico]g ——4.24 eV and the third fico3g 4.35 eV provide near-
ly equal dominant contributions to P,jk through both the
direct and indirect terms of Eq. (6). Again these unique
m-electron excited states possess highly asymmetric
charge-correlated behavior and associated large transition
moments p~g

——3.5 D and p3g ——3.6 D and dipole-moment
differences hpi =2.3 D and hp3 ——3.4 D.

From the DCSHG measurements of P,jk, the
frequency-dependent experimental values g„"~'for PNA
and MNA in dioxane [e in Figs. 6(a) and 6(b), respective-
ly] increase smoothly as the fundainental frequency co is
increased and begin to diverge as 2co approaches the exci-
tation frequency (iruo„s—3.5 eV), which in each case corre-
sponds to the first major optical excitation to the respec-
tive charge-correlated excited states of PNA, or MNA,
dissolved in dioxane. For each system, the set of
frequency-dependent experimental P„'"~' values is red-
shifted to lower energies compared to the theoretical gas-
phase dispersion curve [solid lines in Figs. 6(a) and 6(b)].
This difference between the experimental and theoretical
dispersion results is due to solvent-induced (solvatochrom-
ic) shifts A'b, co„g to lower energies of the gas-phase
singlet-singlet excitation energies. These shifts are easily
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FICx. 8. Comparison between the experimental data points of frequency dependence of P„(O)and the calculated results (

counting for solvent-shift effect. (a) PNA and (b) MNA.
) ac-

field of molecular optics, which promises virtually limit-
less numbers of molecular structures, one can initially
identify by simple independent measurements of the sol-
vent shift A'b, co„s suitable structures possessing optically
nonlinear responses optimized for experimental studies
and a number of optical device configurations. These
structures would include organics, charge-transfer salts,
dyes, liquid crystals, polymers, and even organic
transition-metal complexes. Results from additional stud-
ies of these relationships are being reported separately.
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