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We perform nonlinear spectroscopic measurements on organics materi-
als with the aim of building a database of nonlinear optical parameters
to aid in investigating and developing new experimental techniques and
theories. Through years of collaboration, our groups have developed sev-
eral experimental techniques and apparatus’ which have been precursors
to developing a true nonlinear optical spectrophotometer needed to under-
stand complex photophysical and photochemical processes. With these
techniques, including: open- and closed-aperture Z-scan; white-light-
continuum (WLC) Z-scan; one- and two-photon fluorescence; emission
and excitation anisotropy; direct luminescence lifetime measurements;
and femtosecond-pump WLC-probe spectroscopy, we have investigated
many unique classes of organic dyes with nonlinear responses due to two-
and three-photon absorption, excited-state absorption induced by one-
and multi-photon absorption, and combinations of these processes. By
performing both experiment and modeling, including quantum chemical
calculations, determining both frequency degenerate and non-degenerate
spectra along with their associated temporal dynamics, the responsible
physical mechanisms can be determined. Additionally, we are studying
the nonlinear refraction of these materials and the observed nonlinear
responses, both absorptive and refractive, which mirror those observed
in bulk semiconductors with relatively minor differences). This allows us

to apply our experience and previously developed theories of modeling
semiconductors to organics. Working in collaboration with optical scien-
tists, physicists, materials scientists, and chemists has greatly increased
our progress towards predictive structure-property relations in organics.

Keywords: Nonlinear optics, absorption, refraction, organics, Z-scan, white-light
continuum, structure-property relations.
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INTRODUCTION

Inthis paper, we briefly summarize the techniques that we have developed over
the past several years to elucidate various nonlinear optical (NLO) responses,
specifically those involving nonlinear absorption and refraction occurring in
organic materials. We then show how we use these techniques to measure
the ultrafast and cumulative nonlinear responses of a variety of representative
materials, many of which exhibit large NLO responses. We compare these
responses to analogous responses in bulk semiconductors and examine figures
of merit for all-optical switching. We conclude by noting that larger nonlinear
optical responses are necessary for many practical NLO device applications.
The development of a large and reliable database is needed to more fully
understand the relationships between NLO properties and molecular structure.

NONLINEAR SPECTROSCOPIC TECHNIQUES

Z-scan
The original Z-scan technique, introduced in 1989 [1], involves axially trans-
lating a sample through the focus of a Gaussian spatial and temporal beam
profile (although Gaussian profiles are not necessary, modeling the results
is greatly simplified) while monitoring the transmitted light. Often, a beam
splitter is placed after the sample to split the transmitted beam onto two detec-
tors. The first detector measures the total transmitted light, and is commonly
referred to as an open-aperture Z-scan. The second beam is then apertured in
the far-field, typically using an iris diaphragm closed-t40% linear transmit-
tance (this averages beam spatial inhomogeneities without sacrificing much
sensitivity), and then is collected onto a second detector. This is commonly
referred to as a closed-aperture Z-scan. Figure 1 shows these two experiments
separately along with representative signals. The open-aperture Z-scan is only
sensitive to nonlinear absorption as long as the sample is thin compared to the
Rayleigh range and thin enough that phase changes do not propagate to beam
distortion within the sample. The closed-aperture Z-scan is sensitive to both
nonlinear refraction and absorption; however, if the closed-aperture signal is
divided by the open-aperture signal, the resulting signal is nearly identical
to the signal that would have been obtained without the nonlinear absorp-
tion loss. This simplifies the data analysis when the nonlinear absorption is
smaller or comparable to the change in transmittance from nonlinear refrac-
tion, otherwise a more sophisticated method must be employed to model the
signals numerically [2]. This simplicity of separating absorptive and refractive
nonlinearities is one of the attributes that has made Z-scan so popular [3].
Another aspect of the Z-scan technique is its remarkable sensitivity to
induced phase distortion. We have performed Z-scans with sensitivity to
A/10° (the “EZ-scan”, which uses a stop in place of the aperture, has shown
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FIGURE 1
(Left) “Closed-aperture” Z-Scan and the resulting signal for a third-order self-focusing nonlinear
response. (Right) “Open-aperture” Z-Scan and the resulting signal for a third-order nonlinear
response.

)
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FIGURE 2
Open (open circles), closed (closed circles) and divided (closed squares) Z-scan data of the organic
molecule (shown above). The solid lines are fits to the data. From Ref. [5].

sensitivity tor/10%) [4]. This interferometric-like sensitivity may at first seem
odd for a technique using a single beam; however, the sample serves as a
phase mask, and the amplitude distortion appears upon propagation to the far
field, i.e. via diffraction. In reality, diffraction is an interference phenomenon
between different spatial portions of the beam. It is useful to think of the high
intensity center interfering with the low intensity wings of the beam. Thus, the
Z-scan technique is a single beam interference method without the alignment
complexities of other interferometers.

Shown in Fig. 2 are examples of nonlinear signals obtained by the Z-scan
technique for a simple organic structure. The nonlinear response is initiated
by two-photon absorption (2PA) and then the excited states produced by 2PA
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linearly absorb. This process is commonly referred to as 2PA-induced excited-
state absorption (ESA). Associated with the 2PAis abound electronic nonlinear
refraction, n, and associated with the creation of excited-state absorbers is
a change in index proportional to the density of these excited states. All of
these mechanisms are needed to fit these data. The nonlinear transmittance,
as measured by the open-aperture Z-scan can be modeled according to,

dl
% — —aal(t) — 0N (I (1), )

wherew; is the 2-photon absorption coefficieaty is the excited-state absorp-
tion coefficient anaV is the density of excited states produced by two-photon
absorption, given by,

dN  a2l?(t) )
dt 2o
For molecules, the 2PA is often expressed in terms of a 2PA cross section,

given by, § = %cxz_ By analogy, we define the nonlinear refractive cross

section in terms of aby: §, = f}\,—wkong. Both have units of GM.
Similarly, the nonlinear phase shifi(z, r) is determined by

d¢c(izz’ D _ n2l(z,t) + ogrN(z, 1), =

wheren; is the coefficient of instantaneous nonlinear refraction due to the
dye plus solvent andy, is the refractive index per excited state per unit vol-
ume. SinceV is proportional to the square of the irradiance, the excited-state
absorption and refraction are higher order nonlinearities than the 2P#pand

and hence we can separate these effects by performing Z-scans at several
irradiances.

Determining a complete spectrum by changing input wavelengths can be a
time consuming process. Typically, the source alignment needs to be adjusted,
and optics and detectors may need to be changed forcing the re-alignment of
the setup. Complete nonlinear spectroscopy becomes very tedious, but still
possible, as seen in Fig. 3 [6].

Determining the physical mechanism or mechanisms responsible for the
signal is seldom (if ever) revealed by a single Z-scan experiment [7]. Figure 4
shows data obtained on a sample of chloro-aluminum phthalocyanine (CAP)
using a fixed energy but pulse widths differing by a factor of two [8]. Thus
the irradiance changes by a factor of two while the signals for both nonlinear
absorption and nonlinear refraction are nearly identical. Clearly this cannot
be from 2PA.

What we can determine from these data along with pump-probe data dis-
cussed below, is that this molecule shows ESA along with the associated
nonlinear refraction due to redistributing the populations of the molecular
states. The equations describing the absorption and phase change induced on
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FIGURE 3

Linear absorption (right axis) along with 2PA cross section (left axis) versus energy for the
molecule shown. The energy corresponds to the energy of final excitation for both linear and
two-photon absorption, e.g. the 2PA peak is near an input photon energy of 2.35/2 eV.
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FIGURE 4

Open aperture Z-scan data at 532 nm using 30 ps pulses (FWHM), andd) 62 ps pulses
(FWHM) on CAP - left, and closed aperture Z-scan data (divided by open aperture data) for the
same pulsewidths — right. The molecule is shown at the right. From Ref. [8].

the incident beam by these phenomena using a 3-level system as shown in
Fig. 5, are:

— = —0yNg] —0exNexl; —— =-S5 ——=; —Z =0pNex, (4

dz ~ Osel T ol dt fiw n dz ~ IR “)
whereo, andoe, are the absorption cross sections of the ground and excited
state (cmd), N, are the corresponding molecular densities (&m; is the
excited state lifetime (s), angl is the excited-state refractive cross section
(cm?), and the total molecular density is assumed to be the sum of the ground
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FIGURE 5
3-level model describing both ESA (Whémy, ~ hiwg1), and 2PA when the intermediate state
is far from linear absorption resonance as shown in the figure.

and excited-state molecular densities. Any higher excited state is assumed to
decay very rapidly; usually a good approximation.

If the lifetime #1is long (heres> 60 ps) compared to the pulsewidth, the
secondterminthe second equation can be ignored. This allows us to temporally
integrate the first two equations to obtain the following equation describing
the loss of fluencef (J/cnf), with distance:

drF (¢) Og0ex 1.2

= —0,NF(t) — N=——F“(¢). 5

& 0gNF (1) — N = F2(1) 5)

This equationis nearly identical to the equation describing the loss of irradiance
for 2PA if there is some residual linear lagsi.e.

di ()
dz

whereq is the linear absorption coefficient, except that the fluence is replaced
by irradiance and:, is given by a product of linear absorption cross sections
and the molecular density. This shows us how resonant two-photon absorp-
tion, i.e. ESA, is closely related to nonresonant 2PA. Perturbation theory (see
Ref. [9]), gives a molecular 2PA cross section that is proportional to the prod-
ucts of the squares of transition dipole moments between ground and first
excited and first excited and second excited statesgj.ex |,t/,g1|2|u12|2.
These squares of transition dipole moments are each proportional to their
respective linear absorption cross sections,

The determination of the nonlinear mechanisms involved with a specific
material is not solely determined by the Z-scan since it is sensitive to all NLO
absorptive and refractive effects. Other data is needed. One of the primary
methods to help determine the physics of the nonlinear response is its tempo-
ral dependence. This can be determined by pump-probe methods which we
discuss next [10].

= —al(t) — a2l?(t) (6)

Pump-probe method
Figure 6 shows the standard pump-probe experimental setup where a pump
excites the system at time = 0 and the probe examines the change in
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FIGURE 6
Pump-probe experimental setup.
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FIGURE 7

Normalized transmittance of a sample shown as a function of the probe time delay after excitation

by a~150 fs pump pulse at the three wavelengths shown. The probe pulse is set at 671 nm. From
Ref. [11].

transmission properties of the sample at later times 0 [10]. Here the
pump and probe can be at different frequencies.

ESA can easily be differentiated from 2PA by this technique since for times
after short pulse excitation (pulsewidth shorter than the decay time of the
system, e.gt; in EqQ. 1) the excited-state absorption will be present after the
excitation pulse is over, i.e. far greater than the pulsewidth. In Fig. 7 we
show a more complicated situation where excited states are created by 2PA
as opposed to linear absorption (this was also the case for the molecule and
data shown in Fig. 2). These are also seen by the presence of the excited-state
absorption lasting for times long compared to the pulsewidth.

A Z-scan of the nonlinear absorption at wavelengths in this range would
show a combination of 2PA and the higher-order nonlinear absorption from
the 2PA generated excited states. This is shown in Fig. 8 where the 2PA
cross section spectrum of the same organic molecule is shown using multiple
techniques, two-photon fluorescence [12] and Z-scan.

At around 690 nm the Z-scan gives an “effective” cross section3¥,000
GM; however, much of this is actually due to ESA so that the corrected 2PA
cross section is+13,000 GM as noted on the figure [12]. This was not the
case with the sample of Fig. 3 where it was checked that this was entirely
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due to 2PA. Performing nonlinear spectroscopy with the Z-scan using tunable
sources such as optical parametric devices is quite time consuming since after
each tuning the pulses must usually be spatially filtered and completely char-
acterized in terms of spatial profile and temporal profile. We will discuss an
interesting variation on the usual Z-scan utilizing a high brightness white-light
continuum in the section on “WLC Z-scan”; however, first we will show a
rapid method for doing frequency nondegenerate pump-probe spectroscopy
which allows us to obtain data as in Fig. 7 very rapidly [13, 14].

White-Light Continuum (WL C) Pump-Probe Spectroscopy

Pump-probe methods have been used as NLO diagnostic tools for decades;
however, spectroscopy has been minimal due to the difficulty of tuning the
input sources. We developed a method for doing nonlinear absorption spec-
troscopy using a femtosecond pump along with a white-light continuum
(WLC) femtosecond probe. This method was actually motivated by our work
on nonlinear Kramers-Kronig (KK) relations for bound electronic nonlin-
earities [15-18]. What we found was that KK relations could be applied to
frequency nondegenerate nonlinear absorption measurements to calculate the
dispersion of the nondegenerate nonlinear refraction. The WLC pump-probe
method is schematically shown in Fig. 9. Here a femtosecond pump beam pre-
pares the sample to be interrogated by a broad spectrum pulse (WLC) that can
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Linear absorption (right axis) and 2PA (left axis) vs wavelength for the molecule shown at the
bottom. From Ref. [12].
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FIGURE 9
Femtosecond pump, white-light continuum probe spectroscopy setup showing the example of
measuring 2PA.

be temporally delayed to give the spectral dynamics of the nonlinear absorp-
tion response. A WLC reference pulse gives the linear transmittance which
can be subtracted from the transmittance of the probe WLC to give the change
in transmittance at all wavelengths as a function of temporal delay [13]. These
signals are detected either separately on a detector array or together on a dual
detector array. This is a very powerful technique; however, it takes consider-
able skill to use and analyze data given that there are other ultrafast signals
produced besides the nonlinear absorption signal that are described in detail in
Ref. [14]. In the end, after the extraneous signals are removed, the data anal-
ysis can be fit with a single equation that depends on the chirp of the WLC,
the sample’s group-velocity dispersion (GVD), the pump irradiance, and of
course the sample’s nondegenerate nonlinear absorption. The GVD can be
measured with the same apparatus by adding appropriate polarizers as in an
optical Kerr effect measurement [19]. This pump-probe spectroscopic method
has proven particularly useful for both 2PA and ESA and, given the temporal
resolution, can easily distinguish between these nonlinearities [14]. Figure 10
shows data analogous to that shown in Fig. 8 but on a different molecule at dif-
ferent wavelengths [20]. The physical mechanism is the same as described for
Fig. 7, i.e. solely nondegenerate 2PA with the pump at 1400 nm but followed
by ESA for the pump at shorter wavelengths where it can induce 2PA by itself.

White-Light-Continuum Z-scan (WL C Z-scan)
The final technique we discuss is something we have been developing the
last few years which we call white-light-continuum, WLC Z-scan [21-23].
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FIGURE 10

Data taken with the apparatus of Fig. 9 on the sample shown to the right. From Ref. [20].

FIGURE 11
WLC Z-scan setup.

The basic idea is to produce a WLC strong enough to replace the source in the
usual ‘single’ wavelength Z-scan [24, 25]. The apparatus is shown in Fig. 11.
The first thought would be to simply focus the entire WLC into the sample
and scan it. Unfortunately this will lead to large nondegenerate nonlinearities
as many different frequencies are simultaneously present within the sample,
i.e. anyw1 + w2 = Epp/h will be absorbed in a 2PA process. We worked for
some time to either temporally separate the different frequencies or to spatially
separate them [21, 22], and while this can work, it is easiest to simply sepa-
rate the different frequencies prior to the sample by narrow band filters [23].
However, the filters need to be broad enough to supporttt@0 fs pulses.
Here~10 nm seems to work well, thus the color filter wheel is installed a
shown in Fig. 11. The question can then be asked is, how is this any differ-
ent from tuning an optical parametric device and using it as the input? The
difference is significant in terms of the time it takes to measure the spectral
dependence. For the WLC, its properties remain the same once fully charac-
terized and do not change with turning the laser system on and off. We have
found that we can obtain Gaussian spatial profile beams over an octave spectral
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FIGURE 12

Characterization of the WLC. Spatial profiles — upper left, temporal pulsewidth -upper right,
available energy after narrow band filters — lower left, example of an autocorrelation after a
620 nm narrow band filter{10 nm bandwidth — lower right) [23].

range — from 400 nm to 800 nm and the temporal duratierili@0 fs over this
entire range. Some of this characterization is shown in Fig. 12. A parametric
device requires spatial filtering and constant tweaking necessitating continual,
time-consuming characterization.

This WLC method has the potential of serving as the nonlinear equivalent
of a spectrophotometer. With automation, we can imagine that a researcher
could place a sample in the apparatus, push a button and then return some-
time (perhaps< 1 hour) later to retrieve the degenerate nonlinear absorption
spectrum; however, with this nonlinear spectrophotometer there is a bonus.
The dispersion of the nonlinear refraction can be simultaneously measured by
using a beam splitter and measuring the closed-aperture Z-scan as shown in
Fig. 11. Using this configuration the data of Fig. 13 was taken.

MATERIALS

We have already given some examples of material nonlinearities in the pre-
ceding sections. A macromolecule that we have characterized quite fully is
the porphyrin-squaraine-porphyrin molecule shown in Fig. 14. The linear and
nonlinear spectra of the molecule and its components are shown in Fig. 15.
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FIGURE 13

2PA cross section, right axis, and nonlinear refractive cross section, left axis for the molecule
shown to the right [23]. Data taken using the WLC Z-scan, except for wavelengths longer then
800 nm where 2-photon fluorescence is used (open circles). From Ref. [23]

Porphyrin-Squaraine-Porphyrin (Por-Sq-Por)

Porphyrin-TMS
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FIGURE 14
The porphyrin-squaraine-porphyrin with its component molecules shown below it.

Itis interesting to note the very large enhancement of the macromolecule’s
2PA compared with either of its constituents. The 2PA cross section 8
GM over most of the octave range from an input wavelengtk 800 nm to
800 nm. These data were all taken with femtosecond pulses where instanta-
neous 2PA is dominant and values were checked to assure that ESA did not
influence the values af,. Using picosecond pulses gives additional informa-
tion. Figure 16 shows Z-scans taken at varying input energies for 29 ps pulses
(FWHM) [26].

Using the energy level diagram and their corresponding propagation and
rate equations of Fig. 17 allows us to fit the Z-scan data of Fig. 16. In fitting
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Linear absorption (left axis) and 2PA cross section (right axis) of the Por-Sg-Por molecule and its

components. From Ref. [26].
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FIGURE 16
Z-scans of Por-Sg-Por for 1064 nm, 29 ps (FWHM) picosecond input. From Ref. [26].

this data, the values far, (which gives the 2PA cross sectiop;) from the
femtosecond data are used.

Figure 18 shows data and fits over a large input energy range for this
molecule using 29 ps (FWHM), 1064 nm pulses which relies on values of
molecular constants and 2PA obtained with femtosecond and picosecond
Z-scan and pump-probe experiments. At the very highest input energies used,
an additional set of higher lying levels, thus the 5-level system are inclyged S
see Ref. [26] for more details and justification.
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5-level energy diagram and corresponding propagation and rate equations used to fit the Z-scans
of Fig. 16 [26].
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FIGURE 18
Effective 2PA cross section vs input irradiance of 1064 nm picosecond pulses. From Ref. [26].

We present data on this molecule over a very large irradiance range to
show how complex the response can be; however, for ultrashort pulses at
low input energies the results are relatively simple, we.andn, (data not
shown) can describe the nonlinear interactions in the near IR. In addition, for
relatively low input irradiances for picosecond pulses, only a single excited
state needs to be included, e.g. betedGW/cn? in Fig. 18. This is acommon
nonlinear response of organic materials in their transparency range (i.e. where
2PA is allowed but there is negligible linear absorption). It is in this regime
where organic molecules respond in a manner similar to that observed for
semiconductors. We make a comparison in the following section.
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2PA coefficient (herg refers toxy) of ZnS vs wavelength — left, and bound electronic nonlinear
refractive index vs wavelength — right. See Ref. [23].
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FIGURE 20
2PA cross section, open vertical triangles (left axis) agpdopen triangles pointing down (right
axis) for C$ using both single wavelength (SW) Z-scans and WLC Z-scans

Comparison of organic and semiconductor nonlinearities

A typical response for a semiconductor in the region where 2PA is observed
is shown in Fig. 19. Looking back at the data for the organic dye of Fig. 13,
we see a striking similarity to the data for ZnS in Fig. 19, i.e. there is a peak
near the peak of the 2PA and then it turns negative for shorter wavelengths.
Interestingly the same trend can be seen in the simpjen@ffecule as shown

in Fig. 20. The primary difference appears to be in the width of the 2PA
transition, much broader for semiconductor absorption bands, as well as the
‘width’of the nonlinear refraction features. This is expected due the connection
between index and absorption through Kramers-Kronig relations except we
are looking here at the degenerate nonlinearities for which the relations do not
apply directly [18].
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Linear absorption (solid black line), nonlinear absorption (black squares) and nonlinear refraction
(red squares) for molecule at right.

Itis also interesting to look at the relative values of the nonlinear refraction
and nonlinear absorption. One way to do this is to look at the ratio

konzmax B }Re)( (3)|max B 81r?ax (7)
ag}ax - 2|mX(3)|max - o gmax’

where these are the maximum values of the cross sections which occur at
different wavelengths. This ratio is the usual all-optical switching ratio if the
cross sections are evaluated at the same wavelength [27]. Here the maximum
of 2PA and i are shifted in frequency by 150 nm for semiconductors and
~50 nm for the molecule of Fig. 13 andb0 nm for CS. For the semiconduc-
tor ZnS this ratio is~1/2 and for ZnSe it is~3/4. For the molecule of Fig. 13
the ratio is~1/4 and for CSitis ~1/2, i.e., the order of unity for all of these
materials.

However, Fig. 21 shows a squaraine molecule where the nonlinear refrac-
tion is qualitatively different. There the positive peakrip at wavelengths
on the red side of the 2PA peak is missing. We suspect that this is due to
the dominance of the quadratic Stark effect (so-called negative term) for this
molecule. Looking at the nonlinear refraction for a simple 3-level system far
from resonance we have [9]:

Nf(3) d) 1, _ — -
nz = 83— —— 1 | P azl? — e i (8)
n socﬁ Wyq | Wg2

where f® is a local field correction term and other quantities are defined
similarly to those for Fig. 5 [9]. The second term is the so-called negative

term which is often called ‘virtual saturation’ since this term smoothly goes
to real saturable absorption above resonance. These two terms are depicted
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FIGURE 22
Sketch showing the two terms in Eq. 6 due to 2PA, left; and quadratic-Stark effect, QSE, right.

in Fig. 22. In semiconductors both 1PA and 2PA are allowed between the
valence and conduction band so that the energy difference between the one-
photon allowed state and the two-photon allowed state is fixed at zero. In
organic materials the one and two-photon allowed states can be separately
tuned via molecular engineering. This allows some flexibility in changing the
relative values of the terms in Eq. 6 as well as adding an additional term for
molecules with permanent dipole moments. There is considerable discussion
of this flexibility in terms of bond-length alternation, BLA, in the organics
literature [28, 29].

In addition to the comparisons of 2PA spectra andlispersion between
organic dyes and semiconductors, there are also analogous higher-order
nonlinearities associated with both materials [5]. In semiconductors, 2PA
generated free carriers gives a fifth-order nonlinear absorption that is directly
analogous to 2PA-generated excited-state absorption in organics [30]. Addi-
tionally 2PA-generated free-carrier refraction (again a fifth—order response)
is analogous to the excited-state refraction from 2PA-generated excited states
in organics; however, while free-carrier refraction is always negative, either
sign is possible for excited-state refraction since they are not ‘free’, i.e. not
zero-frequency oscillators.

CONCLUSION

We have examined a variety of methods for determining the nonlinear optical
response of organic materials. Any single experiment is unlikely to be able to
unravel all of the different nonlinear mechanisms active in a material on vari-
ous time scales. Ultrafast nonlinearities often require femtosecond resolution
to unambiguously determine their sign and magnitude. For longer pulses other
effects such as excited-state absorption and refraction can become significant
and can even dominate the nonlinear response. These nonlinearities are remi-
niscent of similar nonlinearities in semiconductors where free-carrier effects
take the place of excited-state effects. However, unlike in semiconductors
where the band structure determines the response, in organics the individual
molecular levels can be moved via molecular engineering giving some poten-
tial ability to tune the nonlinear response. On the other hand, nonlinearities



112 E. W. VAN STRYLAND €t al.

are still not as large as is desirable for many of the potential applications for
all-optical switching and optical limiting.
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