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Abstract. We report direct measurements of the excited singlet state absorption cross section 
and the associated nonlinear refractive cross section using picosecond pulses at 532nm in 
solutions of phthalocyanine and naphthalocyanine dyes. By monitoring the transmittance and 
far field spatial beam distortion for different pulsewidths in the picosecond regime, we determine 
that both the nonlinear absorption and refraction are fluence (energy per unit area) rather than 
irradiance dependent. Thus, excited state absorption (ESA) is the dominant nonlinear absorption 
process, and the observed nonlinear refraction is also due to real population excitation. 

PACS: 33.00, 42.65, 42.80 

In recent years, conjugated organic molecules and poly- 
mers have come under critical study regarding their po- 
tential as nonlinear optical materials [1]. This has led to 
interest in: 1) developing a fundamental understanding of 
the mechanisms which contribute to the nonlinear optical 
response, 2) identifying means of enhancing and maxi- 
mizing the nonlinear susceptibilities, and 3) obtaining 
well defined and accurate measurements of the refrac- 
tive and absorptive contributions to the observed nonlin- 
earities. Here we report on the separation of nonlinear 
absorption and refraction in phthalocyanine and naph- 
thalocyanine solutions on the picosecond timescale using 
a combined nonlinear transmittance and beam distortion 
method which we refer to as the "Z-scan" technique 
[2, 3]. We find that both the nonlinear absorption and 
refraction are dominated by creation of a real popul- 
ration of excited states even though the wavelength of 
observation lies between electronic absorption bands. 

Metallophthalocyanines and related conjugated ring 
molecules have attracted recent interest [4-11] because, as 
confined, reduced-dimensionality (2D) delocalized elec- 
tronic systems, large electronic nonlinearities are ex- 
pected. The rigid structural framework of these molecules 
leads to a small geometry change on excitation and a 
concentration of intensity into the $1 +-- So 0,0 vibronic 
transition, resulting in a strong narrowband absorption 
(Q(0) band) [12]. Thus, the phthalocyanine dyes can ex- 
hibit a low saturation intensity depending on the relevant 
relaxation rates. For example, chloro-aluminium phthalo- 
cyanine (CAP) is well known as a saturable absorber at 

694nm and was used early on as a passive Q-switch 
for ruby lasers [13-15]. It also exhibits excited triplet 
state absorption [16] at shorter wavelengths in the range 
between the Q and B bands [12] where the linear absorp- 
tion is quite weak. The nonlinear optical response in this 
spectral region is of interest because it can function as an 
optical pulse energy limiter [6, 11]. This type of response 
has been referred to as reverse saturable absorption [17]. 

As part of our search for dyes which may be use- 
ful for optical limiting applications, we have surveyed 
the nonlinear transmission of a number of metallo- 
phthalocyanines and metallo-naphthalocyanines [6, 11]. 
Here, we present data using picosecond laser pulses on 
two dyes in solution: CAP in methanol solution and a 
silicon naphthalocyanine (Nc) derivative [18], Si(OSi(n- 
hexyl)3)2Nc, which we will refer to as SINC, in toluene 
solution. The Q-band absorption peaks of these solutions 
are at 670 nm and 774 nm respectively, while we are excit- 
ing at 532 nm. With picosecond input pulses (shorter than 
the time required to populate the triplet state), we find 
that the excited singlet state absorption is quite strong 
for both dyes [6, 11]. The generic level structure for these 
molecules is shown in Fig. 1, and consists of five levels 
showing the possibility of both excited singlet and excited 
triplet state absorption. The linear absorption at 532 nm 
is initially low since we are exciting high in the vibra- 
tional manifold of $1. The fast relaxation to the bottom 
of this electronic state makes the excited state absorption 
(ESA) resonant with the 532nm input light. For longer 
pulses, intersystem crossing also leads to resonant triplet 
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Fig. 1. Generic five-state model for nonlinear behavior of phthalo- 
cyanines. So, $1, and SN are singlet states and T1 and TN are triplet 
states. The a's are absorption cross sections and the k's are rate 
constants, as is represented in the text simply as ~. Wavy lines 
correspond to spontaneous decay processes. The total decay rate 
constant for $1 is ks = k + kisc 

state ESA. This ability to respond on both fast and slow 
timescales makes these materials particularly attractive 
for optical limiting. The singlet lifetimes and triplet state 
formation yields for both CAP and SINC are listed in 
Table 1. 

1 Excited State Absorption 

In the following analysis we examine the nonlinear trans- 
mittance of  a material in which ESA is dominant. In 
Sect. 3 we show this to be the case for these materials. 
We solve a rate equation model including excited singlet- 
singlet state absorption as well as integration over the 
transverse beam profile. In this model we ignore satu- 
ration as discussed in Sect. 4. For pulses short relative 
to the decay time of the intermediate level the following 
equations apply: 

d l  / d z '  = - ~ I  - a N 1  (1) 

and 

d N  / d t  = ~ I  /h~o , (2) 

where dz '  is the differential element of  depth in the sam- 
ple, I the irradiance, e the linear absorption coefficient, o- 
the excited singlet-singlet absorption cross section, N the 
density of  excited states, and hco the photon energy. By 
temporal integration of (1) and (2) we find 

d F / d S  = - ~ F  - ~a / 2h~o  F 2, (3) 

where F is the fluence (i.e. energy per unit area). The solu- 
tion to this equation, after integrating over the Gaussian 
spatial distribution of the pulse of  on axis fluence F0, 
gives the normalized change in transmittance A T of 

A T _ __T 1 -- ln(1 + q) 1 ---- q _ eaFoLeff, (4) 
Tlin q 2 4 h c o  

where T is the transmittance, T~n the linear transmit- 
tance, and Left = (1 - e-~L)/o~ with L the sample length. 
Here the last equality defines q and the approximation 
is valid for small q (i.e. for small A T). All energy and 
fluence levels are quoted as incident in the fluid (i.e. after 
surface reflections are taken into account). 

From (4), the same F for two different pulsewidths is 
expected to give the same nonlinear absorption for ESA. 
A similar analysis for two-photon absorption (2PA) gives 
a result that is I rather than F dependent. Thus, the 
transmittance change A T at a fixed input pulse energy 
will be independent of  pulsewidth for ESA, but will de- 
pend on pulsewidth for 2PA. This serves as a simple test 
to determine the nonlinear mechanism. 

2 Z-Scan Techniques 

Most of  the measurements of  the nonlinear properties 
reported in this paper  employed the "Z-scan"  technique. 
This technique, as shown in Fig. 2, involves measurements 
of  the far field sample transmittance of a focused Gaus- 
sian beam as a function of the position (Z) of  the mate- 
rial relative to the beam waist [2, 3]. Here, we give a brief 
description of the determination of nonlinear absorption 
and refraction using this method. First, consider a sample 
with a negative nonlinear refractive index and an aper- 
ture in place in Fig. 2. I f  we normalize the transmittance 
T to the linear transmittance of the aperture, and we 
begin the scan at large negative values of  Z in Fig. 2, T 
is unity. As the sample is moved toward the focus of  a 

Table 1. Singlet and triplet properties of 
CAP and SINC Molecule zs a q~T b 7:IS C c ,% d ~T e 8S f 

CAPg 7.0 (1) 0.4 h 18 580 (40) 19,000 6,000 
SINC i 3.15 (5) 0.2J 16 740 (40) 40,000 10,200 

a S1 fluorescence lifetime (ns) measured using time-correlated single photon counting 
b Triplet yield 
c Calculated intersystem crossing time constant (ns) 
d Ground state extinction coefficient (M -1 cm -1) at 532 nm 
e Triplet-triplet extinction coefficient (M -1 cm -1) at 532 nm estimated from T - T  spectra in 
[16] for CAP and [20] for SINC 
f Excited singlet-singlet extinction coefficient (M -1 cm -~) calculated from measured cr val- 
ues, this work 
g In ethanol solution 
h In 1-chloronaphthalene solution, [19] 
i In toluene solution 
J [20] 
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Fig. 2. The Z-scan experimental apparatus in which the ratio 
D2/DI is recorded as a function of the sample position Z 

laser beam the increased irradiance leads to a negative 
lensing effect which tends to collimate the beam, thus 
increasing the energy transmitted though the aperture 
(T > 1). With the sample on the + Z  side of  focus, the 
negative lensing effect tends to augment beam divergence 
and the energy transmittance is reduced (T < 1). The 
approximate null at Z = 0 is analogous to the effect of 
placing a thin lens at focus which results in a minimal far 
field pattern change. For still larger + Z  values the irra- 
diance is reduced and the transmittance returns to unity. 
A positive nonlinearity results in the opposite effect, i.e. 
lowered transmittance for the sample at negative Z and 
enhanced transmittance for positive Z. The Z-scans are 
readily analyzed to extract the nonlinear refraction as 
described in detail in [3]. 

The induced peak-on-axis phase distortion A~0 is de- 
termined by integration of the following equation through 
the entire length L of the sample: 

d~o/dz' = 2rcAn(z')/2, (5) 

where An is the irradiance or fluence dependent change in 
refractive index and 2 is the wavelength, z' is the distance 
within the sample, to be distinguished from the sample 
position, Z. For an instantaneous (irradiance dependent) 
nonlinearity An = nzlEI2/2, where [El is the electric field 
amplitude. For an index change due to population of an 
excited state, 

arN )c 
A n =  2n (6) 

where at is defined as the nonlinear refractive cross sec- 
tion. Thus, from (2) An depends on the temporal integral 
of the irradiance, or more simply, the fluenee. 

If  the aperture in the Z-scan experiment of Fig. 2 is 
removed (we term this an "open" aperture Z-scan as op- 
posed to "closed" aperture described above), the Z-scan 
becomes insensitive to nonlinear refraction and results in 
a null signal (i.e. flat response with Z) unless nonlinear 
absorption is present. In this case a symmetrical curve 
showing a reduced transmittance (T < 1) about the fo- 
cal position is obtained described by (4) where F0 is a 
function of Z. If  both nonlinear refraction and nonlinear 
absorption are present simultaneously, an analysis of the 
open and closed aperture Z-scans can be used to sepa- 
rately determine the nonlinear refraction and nonlinear 
absorption. 

The separation and evaluation process is simple: the 
closed aperture normalized Z-scan is divided by the one 
with the aperture open. The result is a new Z-scan show- 
ing the sign and magnitude of the refractive nonlinearity. 
This division process will give a faithful representation of 
the nonlinear refraction as if nonlinear absorption were 
absent for relatively small nonlinear absorption. How- 
ever, in the case of  the large ESA shown by these dyes 
nonlinear absorption dominates, and we fit the data by 
numerical solution of (2-6) following the analysis given 
in [3]. 

3 E x p e r i m e n t  and R e s u l t s  

CAP (Eastman Kodak Co.), was extracted from the com- 
mercial product with methanol and filtered to remove 
insoluble material. The methanol was removed by ro- 
tary evaporation using a room temperature bath. The 
resulting solid CAP was used for experiments. SINC was 
synthesized by the method described in [18]. Solvents 
used for measurements were absolute methanol for CAP 
and high purity toluene for SINC. 

In our experiments, we use single pulses of picosec- 
ond duration at 532 nm with a high quality TEM00 spatial 
mode obtained from a frequency doubled mode-locked 
Nd :YAG laser, with a single pulse switch-out apparatus. 
By selection of various etalons within the laser cavity, 
the pulsewidth can be varied from 30 to 100 ps full width 
at half maximum (FWHM). For all of  our Z-scan mea- 
surements, the beam is focused to a waist of radius 
w0 = 19gin half width at 1/e 2 maximum (HW1/eZM) 
and the sample path length is 1 ram. 

We performed Z-scan experiments on CAP at a con- 
centration of 1.3 x 10 -3 moles per liter. The linear trans- 
mittance of 84% gives a linear absorption coefficient of  
a = 1.8 _+ 0.1 cm -1, which corresponds to an extinction 
coefficient of 580 __ 401iterscm -1 mole -1. Here the ex- 
tinction coefficient is defined as, e = - log10  T / C L  = 
10-3aNa/ln(lO), where C is the concentration in moles 
per liter. We also give the relation for an absorption 
cross section a in cm 2 where NA is Avogadro's number. 
In this paper we use a as the ESA cross section. Similar 
measurements on SINC give a transmittance of  84% 
(~ = 1.8 __ 0.1 cm -1) at a concentration of 1.0 x 10 .3 
mole per liter, corresponding to an extinction coefficient 
of 740 +__ 40 liters cm -1 mole -1. 

Figure 3 shows open aperture Z-scans on a CAP so- 
lution at 532nm for two different pulsewidths of 29ps 
and 61ps (FWHM) using the same input energy of 
1.17gJ and hence, the same on axis fluence at focus 
of Fo(Z = 0) = 205 mJ/cm 2. Clearly the nonlinear trans- 
mittance is independent of pulsewidth and hence we con- 
clude that the mechanism is dominated by ESA. 

The solid lines in Fig. 3 are the results of  numerically 
fitting the data to (4) by integrating over space. Here 
F0 is a function of Z. This numerical fit gives a value 
for a of ~- 2.3 x 10 -17 c m  2 (~ = 6,020liters cm -1 mole-l).  
Measurements show that a is the same for concentrations 
of  5.5 × 10 - 4  moles per liter and 1.3 × 10 - 3  moles per 
liter. A similar measurement on SINC gave o- of ~ 3.9 × 
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Fig. 3. Open aperture Z-scans for 29 ps (squares) and 61 ps (trian- 
gles) pulsewidths at an incident energy of 1.16 gJ in CAP 
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Fig. 4. The results of the division of the closed aperture Z-scan 
data by the open aperture Z-scan data of Fig. 3 for 29 ps (squares) 
and 61 ps (triangles) pulsewidths at an incident energy of 1.16 g.l in 
CAP 

10 -17 cm 2 (e = 10,200liters cm -1 mole-l). We obtain the 
same values for o- in CAP at input fluence from 0.4 gJ 
to 3.6 gJ and for SINC from 0.4 gJ to 1.9 gJ. Absolute 
errors in the a values of +13% were determined from an 
estimated 7% error in the concentration, 5% fitting error 
and a 10% possible error in the fluenee calculation. 

In order to determine the nonlinear refractive coef- 
ficients of  these dyes, we performed closed aperture Z-  
scans on CAP for 29 ps and 61 ps (FWHM) pulsewidths. 
Figure 4 shows the results of dividing these Z-scans 
by the open-aperture scans of  Fig. 3 taken under iden- 
tical conditions. Clearly we see that the index change 
is positive and identical for the same fluence. This non- 
linear refraction is therefore fluence dependent and as- 
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Fig. 5. The results of the division of the closed aperture Z-scan 
data by the open aperture Z-scan data for 29 ps (squares) and 61 ps 
(triangles) pulsewidths at an incident energy of 1.89 gJ in SINC 

sociated with the real excitation of the singlet state. To 
determine the contribution of the solvent, Z-scans were 
performed on the pure methanol and toluene solvents. 
This yielded an n2 for methanol of 2.5 x 10 -13 esu and 
for toluene of 1.9 x 10 -12 esu. As expected, no nonlin- 
ear absorption was seen in the pure solvents. For the 
calculation of  0% contributions of  both solvent (n2) and 
dye (at) were included, thus An = n21E[2/2 + a~N2/2~. 
Substituting this expression into (5) and temporally in- 
tegrating to numerically fit the data of  Fig. 4 then yields 
O-r : 1.8 X 10 -17 cm 2 for CAR Measurements at con- 
centrations of  TM 5.5 x 10-4moles/liter and --- 1.3 x 
10 -3 moles/liter in CAP showed the same O-r. In Fig. 5, we 
show divided Z-scans for SINC, again for pulsewidths of 
29 ps and 61 ps (FWHM) and with an incident energy of  
1.89 gJ. The solid lines show fits, obtained in the same way 
as described above for CAP, giving ar = 4.7 × 10 -18 cm 2 
for SINC. The reason that the two curves in Fig. 5 do 
not coincide, as do the curves for CAP, is that the instan- 
taneous large nonlinear refraction (n2) of the toluene 
solvent plays a significant role. In the case of  CAP, 
the overlap of the Z-scans at different pulsewidths and 
the independence of our measurements on concentration 
indicate that the nonlinear refractive contribution of 
the solvent is negligible. We obtain the same values of (7 r 
over the input fluence ranges quoted for the determina- 
tion of a. 

4 D i s c u s s i o n  

Our results demonstrate the importance of measuring the 
nonlinearities at different pulsewidths. Had we looked 
with only a single pulsewidth, we could equally well 
have fit the data of Figs. 4 and 5 with simple n2 values. 
For example for a pulsewidth of 29 ps for CAP this 
gives an n2 = 4.6 x 10 -12 esu and for SINC this gives 



50 

n2 = 3.0 x 10 -12 esu. However, we would obtain a larger 
n2 using 61 psl From these fits and the n2's of the solvents, 
the contribution to the "effective" n2's for CAP and SINC 
at the given concentrations can be obtained by simple 
subtraction to give n2 = 4.4 x 10 -12 esu for CAP and n2 = 
1.1 x 10 -12 esu for SINC. These correspond to effective 
third order hyperpolarizabilities of 4.5 x 10 -31 esu for 
CAP and 3.3 x 10 -32 esu for SINC. The "effective" n2 
is only globally valid if the index change is dependent 
on the instantaneous irradiance and hence responds on 
an ultrafast timescale. The most common example of 
this is the bound electronic Kerr effect. However, if it is 
due to the population of excited states, it is much more 
useful to quote the excited state refractive coefficient. 
Hence what we are observing is not a true Z (3) effect 
but is a sequential Z (a) : )(1) process, where Z 0) refers to 
the j th order electric susceptibility. Here, the first Z (1/ is 
associated with the ground state absorption, the second 
with the resulting excited state refraction. 

These refractive changes are a direct result of the 
changes in the linear absorption, as described by the 
Kramers-Kronig relations [20]. These relations predict 
a decrease in index above the induced absorption reso- 
nance and an increase below resonance. We can speculate 
that the cause for the observed positive sign of the non- 
linear refraction is the addition of such an absorption 
centered at a slightly shorter wavelength that our 532 nm 
light. Measurements of the transient absorption spectrum 
confirm increasing the absorption centered at a shorter 
wavelength that 532nm for CAP [6]. In SINC it is not 
clear where with respect to 532 nm the increased absorp- 
tion is centered, and we see a considerably smaller posi- 
tive nonlinear refraction. In addition we are on the high 
frequency side of the Q-band absorption which we are 
saturating. The nonlinear refraction from this saturation 
is, therefore, also positive in both CAP and SINC. 

We have ignored the above mentioned saturation of  
the Q-band absorption, i.e. depletion of the ground state 
population, since we experimentally do not see a signifi- 
cant deviation from the fits using (4) and (6) until nearly 
an order of magnitude higher input fluence. This is our 
observation even though a simple calculation shows sig- 
nificant ground state depletion at the fluence levels used 
in these experiments. Allowing for saturation in the rate 
equations, and numerically integrating, gives excited state 
cross sections nearly 30% larger than we quote. How- 
ever, we find a much better fit to the data over the entire 
range of  input fluences used in these experiments with 
the simple (nonsaturating) model given here. A partial 
direct repopulation of the ground state from the excited 
state absorption process may account for the absence 
of saturation. Time resolved absorption spectra would 
answer this question. Nevertheless, the main conclusion 
that excited state absorption and excited state refraction 
dominate in these experiments remains unchanged. 

Garito et al. [9] have recently reported an enhance- 
ment of the third order hyperpolarizability using third 
harmonic generation at 1.54 gm upon optically inducing a 
population in the excited singlet state. In our experiments 
this would appear as a higher order nonlinearity (i.e. a 
2 (1) :Z (3) process, Z 0) for the initial excitation to the ex- 
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cited state, and )~(3) for the subsequent increase in hyper- 
polarizability). Therefore, the excited state nonlinearities 
we observe are not directly related to the nonlinearities 
observed by Garito. 

A summary of the results of our measurements along 
with the singlet and triplet photophysical properties of 
CAP and SINC are given in Table 1. The excited singlet 
lifetimes are two orders of  magnitude longer than the 
30-60 ps pulse durations used in our measurements, so 
that our results are for excited singlet absorption and 
we neglect singlet decay in the analysis. While the ex- 
cited singlet extinction coefficients are roughly an order 
of magnitude larger than those for the ground states at 
this wavelength, they are a factor of 3 to 4 smaller than 
those for the triplet states at 532 nm. The triplet absorp- 
tion would play a significant role only with much longer 
pulses. 

5 Conclusion 

In conclusion we have used a simple sensitive single beam 
technique (Z-scan) to measure both nonlinear absorption 
and nonlinear refraction in solutions of phthalocyanine 
and naphthalocyanine dyes on a picosecond time scale. 
The nonlinear refraction is determined to be positive and 
both the nonlinear absorption and refraction are depen- 
dent on input pulse fluence (i.e. depend on the excited 
singlet state population). We give simple relations that 
allow this excited state absorption cross section and the 
associated nonlinear refractive cross section to be ob- 
tained directly from Z-scan data. For longer nanosecond 
time scales the triplet excited state absorption becomes 
significant and will lead to further enhancement of the 
absorptance. These materials are, therefore, promising 
materials for optical limiting applications. 
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