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ABSTRACT

Here, we present our development of several experimental methods, which, when applied together, can provide a thorough
characterization of the nonlinear refraction and absorption properties of materials. We focus mainly on time-resolved
methods for studying both transient absorption and refraction that reveal molecular dynamics including excited-state
absorption, singlet-triplet transfer, instantaneous electronic nonlinear refraction, and molecular reorientation. In particular,
we will describe our recent studies of new materials including organometallic compounds and organic solvents such as
Tetrachloroethylene (C2Cly).

Keywords: Ultrafast nonlinear optics, Nonlinear optical materials, Organic compounds, Organic solvents

1. INTRODUCTION

Nonlinear optical (NLO) properties of organic compounds and solvents are of great interest in many fields, including
nonlinear fluorescence imaging [1, 2], organic optoelectronics [3, 4], optical data storage [5, 6], and nonlinear optics in
liquid-core optical fibers [7-9]. Mechanisms such as nonlinear absorption (NLA) and nonlinear refraction (NLR) are two
well-studied properties of organic materials, mainly due to their ability to tailor the optical response through variations in
the molecular structure [10-12]. Typically, the main contributions to NLA are two-photon absorption (2PA) and excited
state absorption (ESA). For NLR, the instantaneous bound-electronic refraction, dominates for short timescales, while
excited state refraction and molecular reorientation are observed on longer time scales. Here, we review our development
of several nonlinear spectroscopic techniques. These methods pave the way towards understanding the origin of NLO
response of materials and provides insight into relating nonlinearities to their molecular structures. Ultimately, this
knowledge allows engineering the transient nonlinear absorptive and refractive properties of solutions of organic dyes and
pure solvents.

In nonlinear organic materials, ESA is typically observed in molecules that have excited state absorption cross-
sections that are higher than in the ground state. Typically these decay on a picosecond to nanosecond timescales. Adding
a heavy metal to the organic molecules can increase spin-orbit coupling that can result in higher triplet quantum yields
[13-15]. Since triplet states are long-lived, this can result in nonlinear absorption with lifetimes as long as microseconds.
In these organometallic complexes, ESA and singlet-triplet transfer also play an important role in applications such as
organic light-emitting diode [16, 17], bioimaging [2, 14], and others [13, 18-21]. The challenge in nonlinear spectroscopic
characterization of these molecules is the decoupling of the triplet-triplet cross section (o) from the singlet-triplet
quantum yield (¢gr). Various methods have been developed for this purpose [22-24]. Some of these techniques rely on
comparison with a reference compound. In some cases, there are insufficient reference materials which can result in an
accumulation of error. In our group, we use the double pump-probe (DPP) technique to directly measure the triplet
population processes of organometallic complexes [25-28].

Similarly, NLR and its associated temporal dynamics are also of great importance in organic NLO applications,
particularly in the visible and near-IR spectral regime. In this spectral window, solvents are mainly transparent and lack
NLA processes such as 2PA. However, nuclear nonlinearities including molecular reorientation contribute to the NLO
response at longer pulse widths, which has led to disagreement in NLR coefficients reported in the literature. Such
disagreement is sometimes because single-beam methods such as Z-scan [29] do not distinguish between slower molecular
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reorientation and instantaneous bound electronic nonlinearities. Our Beam-Deflection (BD) method [30], being time-
resolved and allowing for different relative polarization combinations of pump and probe beam, does not suffer from this
constraint. This technique allows us to calculate the NLR response function over the temporal range from 10 fs to 1 ns.
The knowledge of NLO response function of solvents is essential to obtain refractive parameters of organic compounds
dissolved in solvents.

2. EXPERIMENTAL TECHNIQUES
2.1 Z-scan

The Z-scan technique, invented in 1989 [29, 31], is a simple method that has become popular in nonlinear spectroscopy
for studying nonlinear refraction and absorption. This method only requires a single beam and measures the temporally-
averaged sign and magnitude of both NLA and NLR through the thickness of a sample with interferometric sensitivity. In
this method, the sample is translated axially through the focus of a beam, and the energy of the transmitted beam in the
far-field is measured. The open aperture (OA) Z-scan, in which the total transmitted energy is collected, directly measures
the NLA including instantaneous multiphoton absorption, e.g. 2PA and three-photon absorption (3PA), and slow higher
order processes such as ESA. However, in the closed aperture (CA) Z-scan, a partially closed aperture is used to measure
the induced nonlinear phase shift. In this case, both NLA and NLR contribute to the detected signal, and by dividing the
OA signal we can extract the contribution of the NLR to the measurements. This technique has been expanded to several
forms such as two-color Z-scan [32], eclipsing Z-scan [33], Z-scan for thick samples [34], and more recently dual-arm Z-
scan [35, 36]. In particular, the dual-arm Z-scan has several advantages such as better signal-to-noise ratio and enhanced
sensitivity for measuring small NLR of organic molecules (in solution form) [36] and thin-films [35]. However, the Z-
scan technique does not measure the time dynamics of the NLO parameters, so it provides only a limited picture of the
physics of the NLO response.

2.2 Pump-probe methods

Although the Z-scan technique is proven to be versatile in measuring material nonlinearities, it does not give information
on their temporal response. However, pump-probe methods that utilize two pulses with variable relative delay, can be used
to time-resolve the NLO response. For the study of NLA, a strong, monochromatic pump pulse passes through the sample,
inducing absorption that is experienced by a weak probe pulse that passes through the same volume of the sample with a
certain delay after the pump pulse. If the NLA response is instantaneous, e.g. 2PA or 3PA, the resulting probe transmission
versus delay reveals the cross correlation between the pump and probe. However, if the pump generates long-lived
excitations in the material, the absorption spectrum of the material is changed. This changes the probe transmittance and
as we vary the probe delay, we can observe the relaxation of these excitations with a time resolution limited by the cross-
correlation of the pump and probe. The probe can be a narrowband pulse to measure the NLA at that wavelength, but as
we shall show there are some variations of the method that allow broadband spectral characterization of NLA, as well as
temporal dynamics of NLR.

2.2.1 Transient absorption spectroscopy

The spectral dependence of the NLA can be reconstructed by several different narrowband pulses at different wavelengths
or straightforwardly measured by a broadband probe pulse. A white-light continuum (WLC) pulse can be used as the probe
and the induced change in the transmission of probe is measured by a spectrometer with a CCD or photodiode array [37,
38] as shown in Figure 1. This WLC pulse is generated by focusing a strong pump beam into a thick transparent medium
such as a sapphire plate or a thick cuvette of pure water [37].
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Figure 1. Transient absorption spectroscopy experimental setup.
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222 Double-pump and probe

For molecules with accessible triplet states, alongside the amount of population change from singlet to triplet state that is
characterized by the triplet quantum yield, ¢4, the change in the triplet transient absorption is also dependent on the triplet
cross section, oy. As a result, the nonlinear transient absorption seen in a conventional pump-probe experiment is a
combined effect of both of these parameters as it can only quantify ¢¢r X o7. For decoupling ¢g; and o values from
each other Swatton et al. [39] suggested adding another pump to the conventional pump-probe technique. In the case of
double pump-probe method, the first pump populates the triplet state through the intersystem crossing of population
absorbed by the singlet excited state [25]. The resultant change in absorption will depend on both the singlet and triplet
lifetimes. By adding a second pump, the probe experiences a system with a different population distribution where the
triplet states have also been populated. By measuring the induced change in absorption by both pumps and modeling the
system with an appropriate electronic model, we can decouple ¢ and o values. Figure 2 shows the schematics of the
double-pump probe experiment.
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Figure 2. Double pump-probe experimental setup
223 Beam-deflection

Various experimental techniques are devoted to measuring the NLR of NLO materials. For example, Z-scan [29] measures
the magnitude and sign of the NLR and NLA, however, it lacks information on the transient NLO response. Additionally,
optical Kerr experiments (OKE) [40] give the temporal response of the induced birefringence, but it does not directly
measure the nonlinear refraction nor the NLA. The BD technique [30, 41-43] allows simultaneous characterization of the
sign, magnitude, and ultrafast dynamics of both NLA and NLR in solids [44-46], liquids [41-43, 47], and gases [48, 49].
Particularly, the ability to control the wavelength and polarization of each beam enables the possibility to characterize the
nondegenerate NLR and NLA and the relative polarization anisotropy of the NLO response. These advantages help to
obtain detailed information on the physical origin of the mechanism behind the optical nonlinearities and to construct the
spectral dependence of the NLO response. The knowledge of the noninstantaneous NLR of solvents and their NLO
response function has gained attention in several fields such as generation of hybrid soliton dynamics and dispersive waves
in liquid-core optical fibers [9, 50, 51], and also in engineering the transients of NLR of solutions making them possible
candidate materials for organic all-optical modulation applications [43] and efficient continuum generation [4, 7, 8, 50-
53].

The principle of the BD method, shown in Figure 3(a), is similar to transient absorption spectroscopy with some
modifications for measuring transient NLR. This method directly measures the nonlinear phase shift imposed on the probe
beam induced by a strong pump pulse. In BD, a temporally delayed probe with spatial dimensions ~ 3-5 x smaller than
that of the pump is focused in the wings of the pump beam where the index gradient is maximized. The induced index
gradient deflects the probe beam as measured using a position sensitive quad-segmented detector in the far-field as shown
in Figure 3(b, c). The normalized deflection signal, AE /E, is the ratio between the difference of energy on the two sides
of the detector, AE, to the total transmitted signal, E. In the limit of small NLA, this ratio is directly proportional to the
induced nonlinear phase shift on the probe beam, hence NLR. Similarly, the normalized change in the total transmission
signal, AT /T can be used to directly characterize the NLA. In pure solvents, there is no NLA in the visible or near-IR.
However, for organic compounds dissolved in solvents, AE /E and AT /T, which obtained from BD can simultaneously
characterize both NLR and NLA.
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Figure 3. (a) Experimental schematics of BD setup; (b) spatial irradiance distribution of the pump beam overlapping with the probe
beam with a smaller size (left) from top and (right) at the sample plane; (c) probe beam on the segmented detector with and without
deflection.

3. CHARACTERIZATION OF ORGANIC COMPOUNDS AND SOLVENTS

3.1 Transient absorption spectroscopy of gold-dithiolenes

We performed transient absorption spectroscopy measurements on a series of metal dithiolene compounds. These
compounds have shown a broad ESA spectrum and photostability that can be used as near-IR laser dyes [54]. As a
candidate material, we present our measurements on TBA[AU"'(SCCPhOMe)4] (Au-OMe), shown in Figure 4(a), which
is dissolved in acetonitrile and filled in a 1 mm thick quartz flow cell. Flowing of the solution is to reduce the effect of
photochemical decomposition in our measurements. In this experiment, a 1 kHz Ti:Sapphire regenerative amplifier
(Legend Duo+, Coherent, Inc.) with output wavelength, A = 800 nm is used. The second-harmonic of the output at 400
nm is used as the pump pulse. Part of the 800 nm beam is focused into a 1 cm thick quartz cell filled with water to produce
a WLC probe pulse (~430 nm to 730 nm).

We performed pump-probe measurements on Au-OMe compound, shown in Figure 4(a), to characterize the ESA
cross-section. We spectrally filtered the WLC probe pulse to generate narrowband (~ 10 nm) pulses at 480 nm, 550 nm,
and 650 nm. Experimental data are shown in Figure 4 (b-d), respectively. The energy of the transmitted probe is collected
by a silicon photodiode with a lock-in amplifier to improve the signal-to-noise ratio. As shown in Figure 4 (b-d), we
observe ESA at longer delays with different lifetimes for each wavelength.
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Figure 4. (a) Molecule structure and pump-probe of Au-OMe with probe wavelength at (b) 480 nm, (c) 550 nm, and (d) 650 nm. The
ESA lifetime for each wavelength is presented in the corresponding figure.
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3.2 Study of triplet quantum yield in Iridium complexes

We also studied several organonmetallic iridium complexes, provided by ARL [26]. In Figure 5 some of these compounds
are shown. We performed different linear spectroscopic measurements including photoluminescence emission and decay
measurements prior to performing any nonlinear measurements [55]. The photoluminescence decay measurements,
indicating the presence of both fluorescence and phosphorescence, prove that these compounds have both singlet and
triplet excited states. Therefore, we use our DPP technique to efficiently decouple the ¢¢; and o values.
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Figure 5. Chemical structure of three organometallic complexes and the solvent used for each measurement.

We used the second harmonic of a Nd:YAG laser system at 532nm (PL-2143, EKSPLA Co.) with a pulse duration of ~29
picoseconds and 10 Hz repetition rate to perform degenerate DPP measurements. We also used a femtosecond laser system
to perform similar measurements to resolve the fast dynamics of these compounds. For the femtosecond measurements,
we used a thick BBO crystal to double the 800 nm output of a Ti:sapphire laser system (Legend Duo+, Coherent, Inc.)
with 40 fs pulse duration and 1 kHz repetition rate. A portion of the 800 nm output beam was focused on a 1 cm thick
cuvette filled with water to generate WLC and filtered by a 550 nm bandpass filter as a probe beam.

For the majority of the organometallic samples, a conventional five-level electronic model, Figure 6(a), with singlet
ligand centered (LC) and triplet metal-to-ligand charge transfer (MLCT) excited state was used to fit the data for various
energies [26]. For some of the compounds, such as sample (2), we could fit the data for one set of excitation energies but
we could not fit the data with the same fitting parameters for another set of energies using the five level model. This shows
the need for a modified electronic model to describe the NLO behavior of these molecules. This led to the development of
a 6-level model, shown in Figure 6(b). This model includes a short-lived intermediate MLCT singlet state, which allows
us to fit the data for different sets of excitation energies.
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Figure 6. (a) 5-level and (b) 6-level electronic model used for the fitting

The following sets of rate equations were used for fitting the data for six level electronic system. We assume that all
lifetimes of the higher excited electronic states (S, and Tn) are short enough that their populations are negligible, and the
excitation intensities are not depleted due to additional ESA processes at the excitation wavelength. The details of this
model are also presented in [26].

Proc. of SPIE Vol. 11277 112770N-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 11 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



ON. o (AU +1 N, N.
SO _ _n so—s(e)(el 82)+N5'KNR+&+£,

ot ” haw, Ts1 Tm
aé\f;f = Ng, 0'50—5()“2)5)[:1 *le) — N (Kss + Kyg + Ksr),
agvil = Ny K5 — %,
= Mok L @
612115(2) = ~Nso0so-s (Ae)ler2) = Ns10s1-n(Ae)ler@) = Nr10r1-n(Ae)ler 2,
% - _NSOUSO—S(AP)IP - NSlGSl—N(AP)Ip - NT10T1—N(’1P)I )
. Ksr

 Kss + Kyg + Kor'

Below, we show the data and fit for the picosecond DPP measurements on sample 2. In [26-28] we also reported the results
for several other organometallic compounds. In these measurements, our results indicate that the triplet quantum yield is
below unity for all the compounds.
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Figure 7. (a-c) Picosecond transient absorption DPP curves (circles) and corresponding fits (solid lines) for a 0.37 mM solution

of sample #2 in Toluene with pump and probe wavelengths at 532 nm for energies of the first and second pump of (a) E.; = 9.3 1/,

E,, =11yJ, (b) E,q = 14w/, E.» = 15 pf, and (€) E.; = 20 u/, E,, = 21 . (d-f) Calculated kinetic changes in the populations of
SO (black), S1 (blue), and T1 (red) electronic states from the fittings in (a-c), respectively.

3.3 Characterization of NLR in organic solvents

Here, we briefly present the experimental conditions and summarize the work that has been done in our group on
characterizing the NLO response function of solvents. We also present our recent measurements on C,Cls
(Tetrachloroethylene or TCE) and our predictions on its effective NLR over a range of pulsewidths. Our BD measurements
were all performed using femtosecond lasers with 1 kHz repetition rates, and pulsewidth of 40 fs (Coherent Legend Elite
Due HE +) or 150 fs (Clark-MXR). The pump beam is centered at 800 nm (for 40 fs laser source) and 775 nm (for 150 fs
laser source). The probe beam is from a white-light continuum generated by pumping a transparent medium such as a
cuvette of pure water, or a thick sapphire plate and filtered with a narrowband (~ 10 nm) filter at 700 nm.

Several mechanisms contribute to the NLO response function of solvents. The third-order bound-electronic response
of isotropic liquids, n, ¢;, is the only mechanism that happens instantaneously, and it is directly proportional to the second
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hyperpolarizability, y. Additionally, several nuclear NLO effects with slower response times contribute to the NLO
response function. These effects are due to the optically induced dipole moment that results in a torque imposed on the
molecules aligning them towards the field direction as well as a collisional response [40, 48, 49]. Thus, the change in the
refractive index depends upon the polarizability anisotropy of the molecule as discussed in [43]. The overall induced
change in NLR can be explained via

[oe]

An =ny,I(t) + f R(t — tHI(t")dt', 2

—00

where I(t) is the irradiance, n, ,; is the bound electronic NLR coefficient, and R(t) is the nuclear NLO response function.
For the pulsewidths used in our studies, R(t) is a superposition of three linearly independent contributions namely diffusive
reorientation, which produces a torque on the molecule, molecular libration, where the torque results in a rocking motion,
and collision-induced changes in the molecular polarizability. For very short pulses, vibrational modes can also be excited
through the stimulated Raman effect that can also be considered in the response function [43]. Here, we ignore this effect
as a narrowband femtosecond pulse is used, thus the pulsewidth is much longer than the typical vibrational period. The
symmetry of bound-electronic and collision-induced NLR follows the isotropic symmetry of the liquid; however, the laser
pulse induces a relative polarization anisotropy in the liquid resulting in a different symmetry for molecular reorientation
and libration than that of bound electronic nonlinearities. By resolving the relative polarization-dependence of the BD
signal and measuring the transients of the NLR, we can accurately characterize the sign, magnitude, and time-dynamics
of each process and predict the NLO response function of the solvent. The details of the temporal- and polarization-
dependence of each mechanism and its formalism are presented in [41, 42], where we fully characterized the NLO response
function of liquid CS,. For CS,, we also performed Z-scan measurements for various pulsewidths and compared the values
of ny.rr, defined by An =mn,((I, for linear polarization with the predicted response function extracted from BD
measurements. The comparison of the results is shown in Figure 8.
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Figure 8. Comparison of Z-scan measurements (data) and calculation of n, o (red curve), of CS2 versus pulsewidth. The shaded
region is the errors in the response function [41, 42].

There have been orders-of-magnitude discrepancies in reported values of NLR of solvents in the literature, mainly due to
the dependence of the nonlinearly induced changes in refractive index on the pulsewidth [43]. Our BD method has
successfully addressed this problem by predicting the pulsewidth dependence of the NLO response function. To accurately
compare the values measured by BD with other techniques, we define the effective NLR, n, ¢, as

[1(t) [R(t —t)HI(t)dt' dt
nZ,eff = N2l + f]z(t)dt 4 (3)

In the limit of short pulses the n,, is predominant; however, n, . monotonically increases with pulsewidth due to the
contribution of noninstantaneous effects. In the long pulse limit, n, ¢ is given by sum of each component’s magnitude.
We recently characterized the NLO response function of 24 common solvents [43], including families of benzene
derivatives, haloalkanes, ketones, nitriles, formamides, esters, ethers, alkanes, alcohols, heavy water, pure water, and CS;.
We find that nonconjugated molecules exhibit negligible reorientational response because of their small polarizability
anisotropy, thus the effective NLR is almost independent of the pulsewidth. Below we show the prediction of magnitude
of the effective NLR with pulsewidth for different solvents. The detail of the measurements including the NLO response
function of each solvent is presented in [41-43].
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Figure 9. Predictions of pulsewidth dependent n, . ¢, of various solvents from [43].

We recently performed BD measurements on C2Cls, which is presented in Figure 10(a). TCE has potential applications in
noninstantaneous hybrid solitons [9, 50, 56], supercontinuum generation [7, 8], and harmonic generation [51] in meters
long liquid core fibers. In particular, carbon chlorides such as CCl, (carbon tetrachloride or CTC) and TCE are extensively
used due to their small loss, their superior transmission from visible to mid-IR [53], and higher refractive index contrast
with cladding compared to other solvents. Note that CTC is a highly symmetric molecule with zero polarizability
anisotropy, hence the NLR lacks any noninstantaneous component due to the absence of molecular reorientation [43].
However, TCE exhibits a very slow decay (> 6 ps) due to the highly anisotropic nature of its polarizability. There are no
quantitatively accurate models for the NLO response of TCE in the literature. Our BD technique allows us to extract the
sign, magnitude, and dynamics of each mechanism that contributes to NLO response function, as shown in Figure 10(b).
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Figure 10. (a) BD measurements (circles) on TCE with fits (lines) for parallel (black), perpendicular (red), and magic angle (blue)
relative polarizations of pump and probe, (b) libration (red), diffusive reorientation (blue), and total noninstantaneous components of
the NLO response function (c) predicted values of n, .55 for pulsewdiths ranging from 10 fs to 100 ps.

We fit the experiment with our theory developed in [30, 41]. The measurements are conducted at three polarization angles
of the probe, with respect to the pump. The blue data and fit (magic angle) isolates NLR with isotropic symmetry, An;,,
and directly characterizes the sign, magnitude, and time dynamics of the bound-electronic and collision-induced changes
in the refractive index, where An,qg;c = 5/94An;,,. When the two beams are co-polarized (parallel), the signal is sum of
both isotropic and reorientational effects, An,.., described via Anyq,qe; = Angg, + An,... However, in the cross-polarized
(perpendicular) signal, each mechanism contributes with a scaling, which can be formulated as An, 4, que; = 1/348n;5, —

1/2An,,. The combination of these three cases fully characterizes the magnitude and time-dependence of all the
mechanisms. We summarized these parameters for TCE in Table 1.

Table 1. Fit parameters of NLO response of TCE (Tetrachloroethylene)

. . Rise time Fall time
Mechanism Ny m® T (f5) T () Symmetry
Electronic 0.38 Instantaneous iso
Collision Negligible - - iso
Libration 1 (b) 650 re
Diffusive 1.8 150 6500 re

(@ ny,, are given in units of 107 m2/w.
(b) wo=4pstando =6.5ps~?!
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Note that the magic angle data is fit by the cross-correlation of pump and probe pulses, indicating that the instantaneous
NLR, i.e. bound electronic nonlinearities, is the only mechanism in this solvent. This means that either the collision-
induced changes in the refractive index are negligible or cannot be resolved by our pulsewidth. Finally, the diffusive and
librational components are fit using parallel and perpendicular signals. The effective NLR, n, ¢, for TCE is also predicted
in Figure 10(c).

4. CONCLUSIONS

We presented our experimental capabilities in characterizing the NLO parameters of organic compounds and solvents. We
performed a comprehensive investigation of the nonlinear optical properties of organometallic complexes utilizing our
transient absorption spectroscopy and double-pump and probe. The transient absorption spectroscopy allows us to
investigate the broad ESA spectrum of some of the organometallic complexes such as gold-dithiolenes. Additionally, in
organometallic iridium complexes, we used DPP spectroscopic technique using both femtosecond and picosecond lasers
to decouple the triplet cross-section from the singlet-triplet quantum yield. A modified electronic model is proposed to
describe the NLO behavior of these molecules. Similarly, we presented capabilities of our BD method, fully characterizing
the temporal- and polarization-dependence of the third-order NLR of solvents. With this method we are able to measure
the NLO response function and predict the n, s versus pulsewidth of several solvents from various families; establishing
a quantitative reference for those using solvents in NLO applications.
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