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The Z-scan technique has been successfully used to determine the magnitudes and signs of the fifth-order
optical nonlinearity induced by two-photon absorption. Here, it was used to investigate the fifth-order

optical nonlinearity induced by saturable-absorption (SA) of a charge-transfer salt (TBA),Ni(dmit),

(TBA = tetra-n-butylammonium, dmit = 2-thioxo-1,3-dithiole-4,5-dithiolate) with 1064 nm pulses. Under
excitation by these 1064 nm pulses, the titled molecule exhibits a typical SA effect at relatively low levels of
intensity, while showing strong excited-state absorption (including the first and second excited-state) induced by
SA at high intensity levels. Such an excited-state absorption is related to the fifth-order effect. The magnitudes
and signs of the fifth- and third-order nonlinearities were estimated. Additionally, the optical limiting effect of
this molecule in a dimethyl sulfoxide solution was also studied.

1 Introduction

In the past several years, several papers have been published
on Z-scan determination of real and imaginary parts of the
fifth-order optical nonlinearity induced by two-photon absorp-
tion (2PA) in organic molecules' and semiconductors.* The
measured values of 2PA-induced excited-state absorptive and
refractive cross-sections' * are in the order of 107'-107!7 cm?.
Additionally, the second excited-state absorption, which is
related to the fifth-order effect induced by reversed-saturable
absorption (RSA), has also been observed in cadmium texa-
phyrin {[(TXP)Cd]CI}® and 1,3,3,1,3',3"-hexamethylindotri-
carbocyanine® by fitting the nonlinear transmittance change
as a function of incident intensity. The reported values of the
second excited-state absorption cross-section induced by the
RSA effect are also in the order of 10~ '8 cm?

As an interesting type of nonlinear optical materials, charge-
transfer salts, such as symmetrical and unsymmetrical dithio-
lene metal complexes, have been widely investigated”™ because
of their high photo-stability to intense irradiation in the near
IR region'® and high nonlinear optical response to the visible
and near IR pulses of radiation. The reported values of
resonance-enhanced third-order optical nonlinearity, 3, are
as high as 107''-107' esu.”” But a fifth-order effect on the
total nonlinear absorption and refraction changes of charge-
transfer salts is still unknown.

In this article, we report herein Z-scan investigations of
the magnitudes and signs of fifth- and third-order optical
nonlinearities of a charge-transfer salt, (TBA),Ni(dmit),, at
several high incident intensities using a Q-switched/mode-
locked Nd:YAG laser with a duration of 35 ps and a repetition
of 10 Hz at 1064 nm. It is observed that this molecule shows
typical saturable-absorption (SA) at low incident intensity
levels, while exhibiting a strong excited-state absorption
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(including the first and second excited-state) induced by SA.
This excited-state absorption is related to a fifth-order effect, at
high intensity levels.

2 Experimental
2.1 Synthesis

The titled molecule (TBA),Ni(dmit), shown in the top of Fig. 1
was synthesized by following a reported procedure'' and puri-
fied by crystallization from a mixture of n-butanol and acetone
in a ratio of 1 : 1. Its purity and chemical structure were
confirmed and characterized by 'H-NMR spectra and elemental
analysis. Elemental analysis: Calc. for CigH7;,N,S|oNi: C,
48.75; H, 7.75; S, 34.24. Found C, 48.75; H, 7.84; S, 33.73%.
Unless stated otherwise, all of the solvents were used as
received.
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Fig. 1 Linear absorption spectrum of (TBA),Ni(dmit), at a concentra-

tion of 0.015 M in DMSO. The molecular structure is given above the
spectrum.
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2.2 Measurements of optical properties

The linear absorption spectrum was measured on a scanning
UV-vis-near IR spectrophotometer (Shimadzu UV-3100). In
this article, the experimental setup for the Z-scan is similar
to that reported in ref. 1. The incident laser beam, which was
provided by a Nd: YAG laser with a duration of 35 ps and a
repetition rate of 10 Hz at 1064 nm, was focused using an 11 cm
focal length lens to give a waist radius wy = 20 pm (HW1/e*M
in irradiance) spot size. An aperture with linear transmittance
(S = 0.18, here S is the linear transmittance of the aperture
used) was placed in the far field for closed-aperture Z-scan
measurement. It should be mentioned that surface damage to
the liquid cell used was observed as the incident irradiance was
larger than 400 GW cm 2. But damage to (TBA),Ni(dmit),
was not detected because the repeated Z-scan data at low
intensity is similar to the initial measured data after the sample
was scanned at this maximum intensity (400 GW cm 2).
Therefore, all experiments were performed far below this
maximum intensity. Z-scan experiments were performed with
a 0.2 mm pathlength glass liquid cell containing a 0.015 M
solution of (TBA),Ni(dmit), in dimethyl sulfoxide (DMSO).
The linear transmittance of this 0.015 M solution in the 0.2 mm
pathlength glass liquid cell is 86%, and the linear absorption
coefficient (o) was calculated to be 7.3 cm ™!, Accordingly, the
ground state absorption cross-section (gy) was estimated to be
8.1 x 1071 cm? using the equation oy = 103N aoody, where
Ny is the Avogadro number and dj is the concentration of the
sample (in units of mol 17!).

3 Results and discussion

Fig. 1 shows the linear absorption spectrum in the range from
300 to 1800 nm of a 0.015 M solution of (TBA),Ni(dmit), in
DMSO. The contributions to the spectrum of the liquid cell
and solvent (DMSO) were subtracted. Obviously, this solution
shows a strong linear absorption band with peaks at 613, 431,
335, and ~320 nm in the UV-vis region. Interestingly, it also
exhibits a relatively weak absorption band with two peaks
at about 1246 and 1277 nm in the near IR region (900 to
1600 nm). These near IR transitions may be assigned to the
n—7* transition.!?

As reported in refs. 1-4, both nonlinear absorption and
nonlinear refraction of the titled molecule induced by intense
laser radiation can be separately measured with open and
closed Z-scan experiments respectively at several incident
intensities. Fig. 2 shows six open-aperture Z-scans for the
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Fig. 2 A typical series of open-aperture Z-scans at several incident
intensities from 184.6-307.6 GW cm 2. The dashed and solid curves
are the best fitted lines through eqns. (1) and (2), respectively.
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(TBA),Ni(dmit), solution at six peak-on-axis input irradiances
(Ip) from 184.6 to 307.6 GW cm ™2 Here I, = 4(In 2)E o
(n3)'/2w021L, where E, is the incident energy on the sample
after reflection from the front surface of the glass cell and
solvent has been subtracted, and 7 is the pulse duration. It is
seen in Fig. 2 that the open-aperture Z-scan at low intensity
levels shows a typical SA configuration in the region far
from the focus and a SA-induced first excited-state absorption
(e.g. S1—>8;) near the focus. In other words, the normalized
transmittance increases initially as the sample is moved towards
the focus of the laser beam from the far field, and then
decreases after the maximum is reached at point A (see Fig. 2).
The decrease in transmittance near the focus suggests the
first excited-state absorption contributes to the total nonlinear
absorption change. As expected, point A (see Fig.2) moves
further from the focus as the incident intensity increases
from 184.6 to 307.6 GW cm ™ 2. The ordinate (e.g. normalized
transmittance, named as Tin ) of point A is the same for each
open-aperture Z-scan; Tini = 1.06 Tipnp, where Tiy is the initial
linear transmittance at J, = 0. From this equation, T}, is calcu-
lated to be 91.2% based on T}, = 86%. Of particular interest,
the excited-state absorption effect becomes much stronger
when the incident intensity increases up to 307.6 GW cm 2.
This fact implies that there could be another reason for the
drop of normalized transmittance near the focus from a higher
excited-state, such as the second excited-state absorption (e.g.
S,—S,), which is related to a fifth-order effect. Such second
excited-state absorption contributions to nonlinear absorp-
tions were also observed in {[(TXP)Cd]Cl}® and 1,3,3,1',3',3'
hexamethylindotricarbocyanine.

Now we turn to estimate the excited-state absorption cross-
section. If the contributions from the excited-states absorptions
(S;—8, and S,—8S,,) are ignored, the lifetime (7;) of the S; state
can be estimated by eqn. (1),

T=exp [—uoLeff (ﬁ)} (1)

where I, = hv/(agt,) is the saturable intensity, 4v is the photon
energy of the pulse laser used in this work, and L.y = [1 —
exp(—al)]/a is the effective pathlength, with L the pathlength
of the liquid cell (L = 0.2 mm in this work), to be on average
0.43 ns'’ by fitting the six open-aperture Z-scan data in the
SA region.

But, in the region near the focus where an obvious RSA
occurs, on the basis of the following two approximations, the
data can be fitted by eqn. (2),'

In (1 + 1 ioxz)

T /i) @
where ¢y = 00 TFo(r = 0)Leg/2hv, with Fy = 2Eoulmomg’
the peak-on-axis fluence, and x = z/Z,, with z the position of
the sample from the focus, Zy = mwy?//. the Rayleigh range and
4 the wavelength of the laser pulse used (4 = 1064 nm in the
present case). One approximation is that the contribution to
the total nonlinear absorption change from the second excited-
state absorption is assumed to be involved in that from the
first excited-sate absorption to yield an effective excited-state
absorption cross-section (oe""), which can be used in eq (2).
The other is that, the linear absorption coefficient o’ used in
eq (2) is related to T, e.g. the ordinate of point A (Fig. 2)
at which the RSA effect occurs. On the basis that T,/ =
1.06 Tipe and & = 7.3 em™ !, the linear absorption coefficient
o at point A is calculated to be 4.6 cm™'.

Fig. 3 shows a plot of 04" obtained from the six open-
aperture Z-scans by eqn. (2) versus lo. Apparently, the o
shows a slight decrease with I, at low intensity levels, while
exhibiting a large increase with I, at high intensity levels. The
initial decrease in 0. indicates that an aggregated effect
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Fig. 3 Plots of effective excited-state absorption cross-section, ge,",

versus I,. The initial decrease of g, at low intensity levels indicates
that an aggregated effect occurs, while the dramatic increase at high
intensity levels suggests that a fifth-order effect such as an second
excited-state absorption occurs.

occurs, as is observed for some stilbazolium derivatives.'
Linear fits of these data at low intensity levels yields an
intercept, e.g. the first excited-state absorption cross-section,
as o; = 1.38 (£ 0.14) x 107! cm? from which both the
aggregation and higher excited-state absorption effects such as
the second excited-state absorption have been subtracted.!?
The ratio of ¢, and ¢, (where o, is the ground state cross-
section) indicates that the titled molecule exhibits typical
saturable-absorption. The dramatic increase at high intensity
levels suggests that a fifth-order effect, such as the second
excited-state absorption, occurs. Best fitting of the data at high
incident intensity levels in Fig. 3 yields a slope (C = 1.68
(£ 0.17) x 107%° cm* GW™!), from which the second excited-
state absorption cross-section (o3), e.g. the fifth-order non-
linear absorptive cross-section, can be estimated to be 5.5
(£ 0.55) x 107 "¥ cm? from C = (0.1260,71/hv)."> It should be
noted that the value of a5, which is in the order of 107! cm?, is
similar to those reported in refs. (5) and (6). Comparison of oy,
o1 and o, values indicates that 6, > g9 > 0, suggesting that
the titled molecule possesses a strong second excited-state
absorption rather than the ground and first excited-state
absorptions. Thus, it is reasonable for a typical RSA process to
occur near the focus.

The imaginary part of the third-order optical nonlinearity
canllge estimated to be —0.21 (£ 0.02) x 10~ '% esu from eqn.
3),

1P m(esu) = (— cng?/327) (cor) 1ot (MKS) (3)

where ¢ is the speed of light in meters per second and rg is
the linear refractive index of solvent (ny = 1.48 for DMSO).

The closed-aperture and divided Z-scans shown in Fig. 4
exhibit an obvious peak—valley signature. A similar signature
was also observed for five other closed-aperture and divided
Z-scans at five other input irradiances. In principle, such a
nonlinear refraction can be due to the solute, solvent or glass
liquid cell. Measurements of both open- and closed-aperture
Z-scans of only the solvent and glass liquid cell indicates
that only a positive nonlinear refraction signal was observed,
while no obvious nonlinear absorption signal was detected. In
addition, a higher-order effect on the nonlinear refraction of
the solvent and glass liquid cell was also not detected. These
facts indicate that (TBA),Ni(dmit), exhibits a negative total
nonlinear refraction.

The nonlinear transmittance difference of the peak—valley,
AT, ,, was estimated to be 0.10 for all the six divided Z-scans at
six incident irradiances. On the basis of the known value of
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Fig. 4 A typical series of open-aperture (filled-squares), closed-aperture
(filled-circles), and divided (filled-uptriangles) Z-scans at a fixed
incident intensity of 315.1 GW cm®.

AT, ,, the nonlinear refraction change An can be calculated
according to the eqn. (4),>*

An/Iy=AT,_,/[0.406(1 —5)"PkLeyly| =n>+ Bo:ly  (4)

where k = 2n/A, o, is the fifth-order refractive cross-section
and B is a constant. In general, at low input irradiance, An
is attributed mainly to the third-order contribution, but at high
input intensity, it may also be contributed to by a higher-order
effect.

The plot of An/ly versus I, shown in Fig. 5 indicates that
AnlI, increases with increasing intensity. Linear fitting of the
data gives a straight line with a positive slope C' = 5.8 (£ 0.6) x
107° cm* GW ™2 and a negative intercept 1, = —6.0 (+ 0.6) x
107% cm?> GW™!. The value of n, is in agreement with
the reported values for other symmetrical dithiolene metal
complexes (in the order of 107> cm?> GW™1).® This negative
intercept and positive slope show that (TBA),Ni(dmit),
exhibits negative third- and positive fifth-order contributions
to nonlinear refraction, and the third-order effect is larger
than that of fifth-order. Thus, a negative signature in divided
Z-scans was observed. Additionally, nearly the same value of
AT, , was also observed with increasing /. The negative third-
order nonlinear refractive index of n, can be attributed to
the bound electrons, while the positive fifth-order effect on
nonlinear refraction may be due to a change in n, caused by
the production of SA-generated excited-states.® The value of
1, was obtained as —2.1 (£ 0.2) x 10~ '* esu from the negative
intercept from n, (esu) = (cny/40m)n, (MKS; metre, kilometre,
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Fig. 5 Plot of An/l, versus I,. The positive slope and negative intercept
reveal that this molecule shows positive fifth-order and negative third-
order contributions to the nonlinear refraction effect.
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Fig. 6 The characteristic nonlinear transmittance as a function of
incident intensity. The initial increase of normalized transmittance at
low intensity levels indicates a typical saturable absorption, while the
dramatic decrease at high intensity levels shows a typical reversed-
saturable absorption.

second).'® The real part of the third-order optical nonlinearity
¥Pre can be calculated as —7.9 (+ 0.8) x 10~ '? esu from eqn.
(5).14

7Vre(esu) =(cn® /167°)n*(MKS) (5)

This value is larger than that of X(S)Ims indicating that third-
order nonlinear refraction dominates the third-order optical
nonlinearity. It is also worth noting that the value of ¥, also
coincides with those reported in refs. 7-9.The real part of the
fifth-order optical nonlinearity, e.g. the fifth-order refractive
cross-section, o, can be calculated as 3.00 x 107'° cm? from
C = (0.23000,71 k(hv)?)."> Comparison of ¢, and o, indi-
cates that the titled molecule shows strong fifth-order nonlinear
absorption rather than refraction.

The open-aperture Z-scans shown in Fig. 2 indicates that
a solution of the the titled molecule exhibits an obvious change
in the normalized transmittance near the focus, especially for
open-aperture Z-scans at high intensity levels. This fact reveals
that (TBA),Ni(dmit), is an interesting candidate for optical
limiting effects.

Fig. 6 shows the characteristic optical limiting performance
obtained from open-aperture Z-scan data; it is seen that the
normalized transmittance (7) shows an initial increase at low
intensity levels. After reaching a maximum, it then decreases
slowly. This fact confirms a typical saturable-absorption effect
and the contribution of the first excited-state absorption. When
Iy increases up to about 25 GW cm 2, a dramatic decrease
in the normalized transmittance to about 0.5 is observed,
indicating that a strong second excited-sate absorption occurs.
When I, > 100 GW cm ™2, the normalized transmittance then
decreases slowly to a plateau, suggesting that the strong
excited-state absorption is still active.

4 Conclusions

The magnitudes and signs of both the fifth- and third-order
optical nonlinearities of (TBA),Ni(dmit), in solution were
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determined by the Z-scan technique using a picosecond pulse
laser at 1064 nm. Experimental results indicate that (TBA),-
Ni(dmit), exhibits both relatively weak saturable-absorption
and strong third-order refraction, while showing strong
excited-state absorption induced by this saturable-absorption
effect and weak fifth-order nonlinear refraction. The second
excited-state absorption e.g. the fifth-order nonlinear absorp-
tive cross-section was estimated to be in the order of 1078 cm?,
while the fifth-order nonlinear refractive cross-section is about
107" cm?
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