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Measurement of The Third Order Optical
Susceptibility of Quasi-Two Dimensional
Conjugated Discs: Silicon Naphthalocyanine

N. Q. WANG, Y. M. CA|, J. R. HEFLIN and A. F. GARITO
Department of Physics, University of Pennsylvania, Philadelphia, PA 19104

The isotropically averaged nonresonant microscopic third order susceptibility <y>
has been measured for a quasi-two dimensional metallophthalocyanine at several
near infrared wavelengths. An infinite dilution extrapolation method employing
the Maker fringe technique for third harmonic generation in the wedge configu-
ration was developed for measurement of <y> in liquid solutions and is presented
in detail. At a fundamental wavelength of 1907 nm, <y> of silicon naphthalocy-
anine is measured to be —3140 = 250 X 1073 esu whereas <-vy> is less than the
experimental sensitivity of =50 X 10736 esu for a fundamental wavelength of 1543
nm. These results are discussed in terms of the dispersion of <y> in the region
between the 3w resonances associated with the Q and B absorption bands.

1. INTRODUCTION

Conjugated mr-electron organic and polymer structures are now well known to
exhibit unusually large macroscopic second order, x{3( — w;;0,,@,), and third order,
X5( — w4;0,,0,,05), nonlinear optical susceptibilities, and their microscopic origin
and virtual excitation processes can be successfully described by many-electron
theory of highly correlated quasi-one (1D) and two (2D) dimensional systems.!—3
In the quasi-2D case of metallophthalocyanines,*-1° studies of the resonant third
order optical properties of disk-like silicon naphthalocyanine (SINC) (Figure 1),
randomly dispersed in glassy polymer films, demonstrated that SINC behaves as
an optical Bloch two level system, exhibiting absorption saturation of the large
oscillator strength (ap = 1 x 10° cm~!) Q band in the near infrared range (810
nm) and an associated, large, intensity dependent refractive index n, of 1 x 10-*
cm?KW.5-7 These intrinsic properties are the basis for the first observation of
absorptive optical bistability occurring through the nonlinear electronic excitations
of a random solid medium. In this paper, our purpose is to extend our studies of
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FIGURE 1 Schematic diagram for the molecular structure of silicon naphthalocyanine (SINC).

SINC to measurements of the nonresonant third order optical properties in the
near infrared range of individual SINC molecules.

The important spectral features of the SINC films are essentially the same in
liquid solution. As shown in Figure 2, SINC exhibits a characteristic, vibronically
coupled, large oscillator strength Q band centered at 778 nm, and, after a relatively
large transparent region (500 nm-600 nm), a B (Soret) band located near 335 nm.
The Q and B bands are due to widely separated Sy(1'Ag) — S;(1'Eu) and Sy(1'Ag)
— S,(2'Eu) m-electron transitions, respectively, as is well-established for metal-
lophthalocyanines and related metalloporphyrins of D, symmetry.11-13

In the present paper, an infinite dilution extrapolation method is developed for
liquid solution measurements of the isotropically averaged value <y> of the mo-
lecular third harmonic susceptibility v;;u( —3w;0,0,0) based on the Maker fringe
technique for third harmonic generation (THG) in the wedge configuration.!* The
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FIGURE 2 Linear absorption spectrum of SINC in DMF. The Q band absorption peak occurs at 778
nm (1.59 eV) and B band peak at 335 nm (3.70 € V). The solution is transparent between 500—-600 nm.
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dispersion of <y> for SINC dissolved in dimethyl formamide (DMF) is measured
for 10 ns pulses at the fundamental wavelengths of 1907, 1543 and 1064 nm. At
1907 nm, the value of <y> for SINC is —3140 = 250 x 1036 esu, and, at shorter
wavelengths, <vy> is immeasurably small, being less than the experimental un-
certainty of = 50 x 1073 esu at 1543 nm. After the infinite dilution analysis,
these results are discussed in terms of the dispersion of <vy> in the region between
the 3w resonances associated with the S; — S, Q and §; — S, B band excitations.

2. EXPERIMENT

The basic optical layout of sample and reference arms for the liquid solution THG
measurements is similar to that described previously for DC induced second har-
monic generation (DCSHG) measurements.!5-1¢ The laser source is a 10 Hz, 10
ns pulse width, Q-switched Nd:YAG laser with 120 mj/pulse maximum output at
a fundamental wavelength of 1064 nm. The 1907 nm fundamental is generated
through stimulated Raman scattering (SRS) by focusing the 1064 nm output into
a hydrogen gas cell. To generate the 1543 nm fundamental, the hydrogen cell is
replaced with a methane gas cell. In the sample arm, the fundamental beam is
focussed on the sample cell containing a liquid solution of SINC dissolved in
transparent DMF. The solutions were prepared under inert gas conditions and
purged with nitrogen or argon for 15-30 minutes just prior to use.

The sample cell (Figure 3) consists of two 12.7 cm BK-7 glass windows mounted
to form a 0.0223 rad wedge compartment with mean thickness 0.44 mm. The waist
of the Gaussian beam is 70 um at the center of the sample. At the two liquid- glass
interfaces, the beam width is expanded no more than 0.1% such that the funda-
mental intensity remains essentially constant throughout the sample. At the two
air-glass interfaces, however, the beam intensity is reduced by two orders of mag-
nitude compared to the intensity in the liquid compartment, eliminating the con-
tribution of x® from air at the air-glass boundaries. The sample cell is mounted
on a computer-controlled, stepping motor driven translation stage where the trans-
lational axis is perpendicular to the direction of beam propagation. The third
harmonic signal generated in the sample cell is measured as a function of beam
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-FIGURE 3 The THG sample cell design. The two BK-7 glass windows with dimensions 127 x 30 X

20 mm>. The sample compartment has an average thickness of 1 mm and a wedge angle o of 0.0223
rad. The weakly focused laser beam has a waist r, of 70 um at the center of the sample and is expanded
no more than 0.1% at the two sample-glass boundaries. The beam intensity is reduced by two orders
of magnitude at the air-glass boundaries compared to at the center of the sample.
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pathlength through the sample, and the third harmonic susceptibility x*( — 3w;0,w0,»)
of the sample liquid is determined by calibrating the results against a solvent of
known x¥(-3w;w,w,w0).

The fundamental beam is split into separate reference and sample arms. The
purpose of the reference is to divide out any laser power fluctuations. THG signal
from the sample cell is detected by PMT2. Since the ratio of the two outputs from
PMT1 and PMT2 is independent of the fundamental input power, the effects due
to fluctuations in the fundamental beam intensity were minimized. A PDP-11 lab
computer was utilized for data acquisition and signal averaging through a CAMAC
interface.’

3. ANALYSIS AND RESULTS

The weakly focused fundamental laser beam can be approximated as a plane wave
in the sample region. Standard treatment involving free and bound waves was
employed to derive an analytical expression for the third harmonic intensity of the
sample. Since both the input and the output window surfaces are distant from the
sample region of the weakly focused fundamental beam and the intensity is greatly
reduced at these surfaces, only the glass-liquid (G-L) and liquid-glass (L-G) bound-
aries need to be considered in solving the boundary conditions for the wave equa-
tions. The THG intensity I, is then given by the expression

L = (96n/c2>szaa)z(tsp)ﬁ(l..,r[TG X p e (tw] K ()

ng, + nS Inl + nt
where the transmittance factors t and T are

2ng, nL + nk, nS + n},
3w - 1 1 G = 76 . L
“ 1 +n§ " ng +nL’ n§, + n§’

. 2n8
@ 1+ n8 ™ (08 + nLy

1. is the coherence length

e

"= Satm, —n) @
and f(/) is the interference term
f(l) = e~ G2 + o) eosh[30,/2 — as,/2)l] — cos(ml/IE)} 3

where [ is the sample thickness and o, and a;,, the linear absorptivity coefficients
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at the fundamental (w) and third harmonic (3w) frequencies, respectively. In the
absence of any absorption (o, = o3, = 0), f(/) reduces to

f() = 2 sin2<%) 4)

which is the standard Maker fringe interference pattern. The average fundamental
power was kept to less than 5 mJ/pulse, such that the laser intensity is below the
damage thresholds of glass and the liquid solutions. x®(—3w;0,w,w) is obtained
by fitting the third harmonic fringes to a function of the form

/I A
L, = Alsinz<2lA3 + 7“) + A, 5)

where A, is the fringe amplitude, A, is the minimum fringe height which can be
nonzero due to finite beam size effects as well as absorption in the solution at
either w or 3w photon energies, A; is the coherence length /., and A, is an arbitrary
phase factor. It can be shown that the mean value of the fringes, A, = A,/2 +
A,, obeys the relation

2
B Il a
(Alrﬂ)corr _ ° ng;‘" + ng Ln%‘” + nt\ “
AR B JGy(3) [Ry(3) 2 (6)
m T L‘xs:v _ T Cxi{ /t(z))3
Sng, + nS RnR + nRY
where
2 Ar[;l 0DS
AR —— ™

e—-3a....l + e—asml

is the mean value of the fringes of the liquid solution corrected for any absorption
at w and 3w and R refers to the reference liquid.

The values of x® and /. of BK-7 glass and DMF at 1907 nm fundamental were
taken as x&) = 4.67 x 10" esu, IS = 16.7 pm, xBYe = 5.05 x 10~ esu and
o -
22.41 pm.'181% At A = 1543 nm for BK-7 glass, the values for x&’ of 4.73 x 10~
esu and for /9 of 13.03 pm were obtained from the dispersion relation for the
refractive index of BK-7 and Miller’s rule applied to x§ at 1907 nm. For DMF at
1543 nm, we obtained the values for 8l of 5.28 X 104 esu and for /[PMF of
14.3 = 0.1 pm.

The concentration dependence of the solution x> at 1907 nm is shown in Figure 4.
The values of x{> decrease linearly with increased concentration of SINC, showing
that the SINC contribution is negative in sign.
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FIGURE 4 Concentration dependence of x{’( —3w;»,w,w) for solutions of SINC in DMF at 1907 nm
fundamental wavelength.

4. DISCUSSION

For a two-component system, the solution macroscopic x{¥ is related to the mi-
croscopic susceptibilities +y; of each component through

xP

N, £}, (8)%y: + No£3e(f5)*y,
= NyFivi + NoFay,

(8)

where N,(N,) is the number density of the solute (solvent), and f,(f,) is local the
field factor of the solute (solvent). In order to account for local field effects and
the solute-solute, and solvent-solvent interactions, we have extended the infinite
dilution extrapolation method for DCSHG' to measurements of x{¥. The method
requires combined measurements of the concentration dependence ofx{® and the
refractive index n.

The number densities N, and N, can be expressed as

N W
N]=AW11 N2

_N.W,
VM, ®
with w = W,/(W, + W,) defined as the weight fraction of the solute, and v = V/
(W, + W,) as the specific volume, then

Naw

_ _Nal — W)
B vM,

N, N, = A (10)
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and Equation (8) becomes

X2 = JTFon + =, (1)
2

For the local field factor f;, we adopt the Lorenz-Lorentz model where the indices
of refraction n;, =n, = n

fro= o =2 (1)
and
n + 2\
e (22) o

where n is the refractive index of the solution.

Taking the derivative with respect to w on both sides of Equation (11) and
extrapolating to infinite dilution where w — 0, we obtain the following equation
for determining the microscopic third-order susceptibility v, of the solute

4
ox® 3)6_V »1 _ 4 t_?lz _ __]:_ nz + 2
\re lo + X5 e lo + vox8( 1 T 2w lo) = M, 3 Nav: (14)

where M, is the solute molecular weight, x5 the macroscopic third harmonic
susceptibility of the solvent, N, Avagadro’s number and the subscript 0 denotes

the infinite dilution limit. At 1907 nm, using the DMF values given in Section 3,
2

)
the slope in Figure 4 and the measured value for % of 0.72 + 0.30 determined

using a Fabry-Perot interferometer, v, which is the isotropically averaged value
<+v> for SINC, is found to be —3140 = 250 X 10~ 3¢ esu. THG measurements at
shorter wavelengths show that at 1543 nm x{» is independent of the SINC con-
centration, and, therefore, <y> is less than the experimental uncertainty of +50
X 1073 esu. For a fundamental wavelength of 1064 nm, the absorption of the
SINC solution at the third harmonic wavelength is too large for Maker fringes to
be discernible.

We have previously!® described in detail the origins of the electronic ground
state v — w40;,w,,w3) in strongly electron correlated conjugated 1D and 2D «r-
electron systems and illustrated the important virtual excitation processes that lead
to their large nonresonant nonlinear optical susceptibilities. In the fully nonresonant
case, where all optical frequencies are below electronic resonances, there are two
major types of contributing terms to v;( — w4;0;,w,,w;). One of these, denoted
type I, involves only the ground state and the dominant one-photon state and is
negative definite. The other, type II, additionally involves a high-lying two-photon
state and is positive definite. The latter term is slightly larger leading to a
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Vi — @4301,0,,0,) that is positive in sign for frequencies below any resonances.
We further found that, as a general rule, 2D conjugated structures have smaller
nonresonant v;;( — w,;0;,0,,03) values than their 1D analogs since the effective
length over which w-electrons can respond to the optical electric field is one-half
the circumference for 2D structures as opposed to the full end-to-end length across
the conjugation axis for 1D structures.

Yija{ — 3w;0,0,0) of SINC can be understood in terms of the key examples of
type I and type II third order virtual excitation processes schematically illustrated
in Figure 5. The state S, is a postulated large cross-section singlet state accessible
through S; and S,. The Sp — S; — Sy — S; = S, virtual excitation process shown
in (a) is a type I term deriving from the large oscillator strength S, — S, Q band
excitation. A dominant type II term is shown in (b) where the §, —> §, —» §, —
S; — S, virtual excitation process involves both the S, — S, and S, — S, virtual
transitions. Correspondingly, less important type I and type Il virtual processes
are illustrated in (c) and (d), respectively, where each involves the S, — S, tran-
sition. Since the S; — S, transition is much stronger than the S; — S, transition,
the virtual excitation processes shown in (a) and (b) dominate those shown in (c)
and (d).

For the fundamental laser frequencies used in the present experiment of SINC
in DMF, the third harmonic frequencies are larger than the Q band excitation
energy at 1.59 eV. The 3w resonance of the Q band occurs for a fundamental
frequency that is one-third of the Q band excitation energy or 0.53 eV (2334 nm),
and the 3w resonance of the 3.70 eV B band occurs for a fundamental frequency
of 1.23 eV (1005 nm). Since 1907 nm is above the 3w resonance at 2334 nm, the

""""""""" s, Rtay § T 8,
""""""""" S; - T8
3 ° 5 S
r iy S S

(a) (b)

::;;"“;"'":: ZI‘;‘J‘?‘""E

h 4 L Se vy S

(c) (d)

FIGURE 5 Key examples of third order virtual excitation processes contributing to v;;,( — 3w;0,0,0)
of SINC. The (a) type I and (b) type II virtual excitation processes that involve the S, — S, virtual
transition dominate the (c) type I and (d) type II processes that involve the S; — S, transition.
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experimentally measured value of <vy> is negative for that fundamental wave-
length. The close proximity of 1907 nm to 2334 nm also implies that <vy> is near
resonantly enhanced and, therefore, large in magnitude. The fundamental wave-
length of 1543 nm, however, is well between the 3w resonances of the Q and B
bands, and the experimental value is very small since it lies in the crossover region
between these resonances.

5. CONCLUSION

The isotropically averaged microscopic third harmonic susceptibility <y> has been
measured for SINC in DMF at several nonresonant near infrared fundamental
wavelengths. These measurements are complementary to earlier resonant studies
of saturable absorption and absorptive optical bistability of SINC in random pol-
ymer films. In order to account for solute-solute and solvent-solvent interactions,
an infinite dilution extrapolation method was presented that employs the third
harmonic generation Maker fringe technique in the wedge configuration. At a
fundamental wavelength of 1907 nm, <y> was measured to be —3140 = 250 x
10-% esu, while at 1543 nm, <y> was less than the experimental sensitivity of
+ 50 x 10-36 esu. All the measured wavelengths lie between the 3w resonances
of the SINC Q and B absorption bands, but the large and negative <y> measured
at 1907 nm is understood to result from near resonant enhancement due to the
close proximity of this wavelength to the Q band 3w resonance. In contrast, 1543
nm lies in the crossover region between the Q and B band 3w resonances leading
to a very small <y>. These results illustrate the important effects of dispersion
on Yjj( — w4;0;,0,,03) of 1D and 2D conjugated molecular structures, even for
near infrared wavelengths.
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