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Using chemical route a 2,3-butanedione dihydrazone (BDDH) compound was prepared. The third-order non-
linear optical properties of BDDH were investigated by using single beam z-scan technique with @Q-switched,
frequency doubled Nd:YAG laser (A = 532 nm) at 5 ns pulse. Effect of excitation intensity on nonlinear optical
properties has been studied and found that experimental and computed values are well in agreement. Also, we
found the measured nonlinear optical coefficients are nearly ten times larger than the reported. The excited state
absorption cross-section of BDDH was found to be larger than that of the ground state absorption cross-section,

indicating the reverse saturable absorption.
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1. Introduction

Nonlinear optical materials exhibiting a large third-
-order optical nonlinearity are in great demand because
of their functional applications in optical power limit-
ing [1-3], optical switching [4-6], optical data storage
[7, 8], microfabrication [9] and optical phase conjugation
[10-12]. Among various third-order nonlinear optical ma-
terials, organic materials are promising candidate mate-
rials due to their synthetic flexibility, high damage resis-
tance and a large optical nonlinearity [13]. In organic ma-
terials, conjugate systems have received much attention
as they show high density polarizable m-electrons along
the backbone and electron donating/accepting character
[14-17]. 2,3-butanedione dihydrazone (BDDH) is one of
the important molecules of m-electron conjugate system
and it consists of an alternate pair of nitrogen and car-
bon atoms and electron donating amino group at both
end of the chain. The presence of pair of nitrogen atoms
in BDDH provides increased stability towards oxidation
and hydrolysis, due to which it is an environmentally sta-
ble material [18, 19]. Beside, nitrogen atoms also serve to
modulate the electron density along the chain and leading
to charge transfer within the BDDH [20]. These typical
features of BDDH, stimulated our interest to synthesize
and investigate its third-order nonlinear optical proper-
ties for possible functional applications.

Cubic optical nonlinearity has been characterised by
various techniques [13, 21]. These techniques have their
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own merits and demerits and therefore they occupy a spe-
cial place in nonlinear optics. Among them, z-scan tech-
nique [22] has a great advantage because of its simplicity
and high sensitivity by which one can characterize simul-
taneously nonlinear absorption and refraction of optical
materials via open and closed aperture measurements,
respectively. In addition, signature of optical nonlinear-
ity can also be identified by this technique. Very re-
cently, third-order nonlinear optical properties of conju-
gated polymer [23] and thiophene based conjugated poly-
mer [24] have been investigated by two-photon-induced
fluorescence method and z-scan technique, respectively.
Wang et al. [23] showed that the two-photon absorp-
tion cross-section of conjugate polymers varies inversely
proportional to the concentration of the solvents but in-
dependently of polarity of the solvents, while Poornesh
et al. [24] pointed out that the origin of a large third-
-order optical nonlinearity lies in strong delocalization of
m-electrons along the polymer chain. Li et al. [25] in-
vestigated third-order nonlinear optical properties with
different substituted azobenzene side chain using z-scan
technique and found that push-pull electronic effect plays
important role in enhancing the magnitude of x®) in sol-
uble polymers. Here, we report the third-order nonlinear
optical properties of as-prepared BDDH sample by using
z-scan technique for different excitation intensities with
Q-switched frequency doubled Nd:YAG laser (532 nm)
at 5 ns pulse. Effect of different excitation intensities on
third-order nonlinear optical properties has been studied
and found that experiment and theory are well in agree-
ment.
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2. Theory

z-scan technique is based on the measurement of the
nonlinear transmission of the optical materials in open
and close aperture configuration. The transmittance is
measured in the linear diffraction regime.

2.1. Open aperture

In open aperture measurements, the normalized trans-
mittance is given by [22]:

= [—qo(2)]™
T(z,§=1)= Y 01 <1, (@
s=1)= 30 RO ora )
where qq(z) = %, B is nonlinear absorption
0

coefficient, « is the linear absorption coefficient, I is the
on-axis excitation intensity at the focus, L is the length
of sample, z is the sample position, 2o = 7wd /A is the
Rayleigh range with wp being the beam waist radius at
the focal point (z = 0), and A is the laser wavelength.
By knowledge of nonlinear absorption coefficient (3), one
may also compute corresponding imaginary part of third-
-order susceptibility (Imy(®)) by the following relations:
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where ¢ is the permittivity of free space, ng is linear
refractive index and c is speed of light in vacuum. In
addition to (3, the excited-state absorption cross-section
(0exc) of the sample can also be obtained from the nor-
malized open aperture data by the following standard
approach [15]. The change in the intensity of the laser
beam, as it propagates through the sample is given by

dr Oexcod [* N o1
. u/ 1) dt" (3)

— 00
Here, N(t) is the density of charges in the excited state,
{2 is the angular frequency of laser. By solving Eq. (3)
for the different incident energy of the laser over the spa-
tial extent of the beam, the normalized transmittance for
open aperture can be given as

)
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is the free parameter, Fy (: 7%%) is the on-axis fluence
0

at the focus. & is incident energy. Expression (4b) is
used for obtaining the values of o.y. by fitting the open
aperture data. However, the ground state absorption
cross-section (o) of the sample can be straightforwardly
obtained from the relation

a=0,N,C, (5)
where N, is Avogadro’s number and C' is the concentra-
tion in mol/cm3.

2.2. Close aperture

The nonlinear refractive index (ng) can be obtained by
the normalized transmittance of close aperture described
by the following relation:

4A¢0$ 6
(22 4+ 1) (22 4+ 9)’ (6)
where © = z/zp and Ag¢y is the phase change given by
A¢o = kngloLeg, where k (= 2F) is wave number and
Leg is the effective length in the sample. The dependence
of normalized transmittance on aperture and phase shift
is given by [22]:

ATp_y = 0.406(1 — S)%2° |A¢y| (7)
where ATp_y (denoting Tp — Ty) is the difference be-
tween normalised peak and valley transmittance and
S (=1 — e(=273/m0)) represent the aperture linear trans-
mittance, where r, denotes the aperture radius and r}
denotes the beam radius at the aperture.

Also, by knowledge of index of nonlinear refraction one
may obtain corresponding real part of third-order optical
susceptibility using the following relations:

T=1+
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Finally using Eqs. (2) and (8), magnitude of x(*) can be
obtained as: x®) = |(Re(x®))? 4 (Im(x®)))?|/2.

3. Experimental

3.1. Sample preparation

The scheme of synthesis and molecular formula of
BDDH is expressed in Fig. 1. 2,3-butanedione dihydra-
zone sample was synthesised through chemical route [26].
A solution of 30 ml (0.617 mol) of hydrazine hydrate
(Sigma-Aldrich, reagent grade) was dissolved in 300 ml of
ethanol with 5 drops of glacial acetic acid (Sigma-Aldrich,
99.9%) as a catalyst. Then a solution of 12 ml (0.137)

NH,—N
o o CH,
|| || an—(
CH;—C C CH; + NH, NH; . H, O —3» N
2.3 butanedione Hydrazine hydrate /
(Reactant) (Reactant) NH,
2,3 butanedione dihydrazone (C4H;oNy)
(Product)
Fig. 1. Synthesis scheme of 2,3-butanedione dihydra-
zone.

of 2,3-butanedione (Aldrich, 97%) dissolved in 25 ml of
ethanol was added to the above prepared solution drop-
wise with stirring for one hour. The resultant solution
was stirred at room temperature for another two hours,
capped and refrigerated overnight and finally white prod-
uct was obtained after filtering. The final product was
washed with cold ethanol and dried under vacuum for
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10 h. The linear absorption spectrum of BDDH was
recorded by using a UV-VIS spectrophotometer (Cary-
-5000).

8.2. z-scan experiments

A schematic sketch of the single beam z-scan exper-
imental setup [22, 27] is shown in Fig. 2. The sam-
ple was irradiated by a Q-switched frequency doubled
(A = 532 nm) Nd-YAG laser (Quanta system, HYL-
101) having a 5 ns pulse duration with pulse repetition
rate of 10 Hz. The fundamental Gaussian laser beam
(verified by knife-edge experiment) was tightly focused
to wg = 15 pm spot, where wy is the spot size of the
beam. Firstly, z-scan experimental setup was calibrated
with CSs and subsequently measurements of third-order
nonlinear absorption and refraction coefficients of BDDH
were performed.

Lens Sample Aperture i
Nd:YAG laser I g
at 532 nm 2
(5 ns) L g

z

Fig. 2. z-scan experimental arrangement.

In order to investigate nonlinear optical properties of
BDDH, as-prepared sample was dissolved in dimethyl
sulphoxide (= 10 mM concentration) and kept in a quartz
cell (sample holder) of 1.0 mm path length (I). Thin
sample approximation i.e. [ < 29 (29 = 7w3/A is the
Rayleigh range) was ensured. The sample holder was
mounted on a zyz translation stage (THORLABS-PT-
-3-1”) and the transmitted pulse energy was collected
by a detector (Thorlab DET 110). The output energy
recorded by 200 MHz digital storage oscilloscope (Tek-
tronics TDS 2024). Open and closed aperture configura-
tions were used for measuring nonlinear absorption and
refraction of the sample, respectively. For closed aperture
measurement, an aperture with linear aperture transmit-
tance value S = 0.015 was placed in front of transmis-
sion detector and the transmittance was recorded as a
function of sample position along the z-axis. In order to
study the effect of excitation intensity on nonlinear opti-
cal response of BDDH open and close aperture measure-
ments were performed at different excitation intensities
0.4, 1.01, 2.14, and 3.31 GW/cm?. We noticed that scat-
tering and thermal effects were very weak around these
excitation levels and hence these effects were neglected
without losing the generality of the problem [28]. More-
over, low repetition rate of the laser allows one to neglect
the contribution of pulse-to-pulse build up effect in non-
linear optical response of BDDH [29].

4. Results and discussion

The optical absorption spectrum of BDDH shows a
well developed broad peak at 290 nm and transmission

cut-off around 350 nm. In Fig. 3, linear absorption rang-
ing from 250 nm to 350 nm, indicates the transition be-
tween n—m* and m—n* orbital and is responsible for oc-
currence of a large value of third-order nonlinearity in
organic materials [20, 30].
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Fig. 3. Optical absorption spectrum of 2,3-

-butanedione dihydrazone.

An open aperture transmission of the sample was mea-
sured in the far-field region. A decrease in value of trans-
mittance around the focal point, is indicative of non-
linear absorption in BDDH (see Fig. 4). In this figure,
symbols represent experimental transmission data, while
solid lines are obtained by fitting the experimental data
to the nonlinear transmittance given by Eq. (1). For the-
oretical fitting, we assumed ¢p(0) < 1 and § as a fitting
parameter.
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Fig. 4. Open aperture measurements (at 532 nm) of
2,3-butanedione dihydrazone at different excitation in-
tensities. Symbols represent experimental data and
solid lines represent theoretical fit.

Open aperture experimental data of BDDH for differ-
ent excitation intensities are found to fit well for typical
values of 8 (see Table). Imaginary part of third-order
susceptibilities (Imx(®), corresponding to 3, are evalu-
ated using Eq. (2) and given in Table. The nonlinear ab-
sorption of BDDH may include instantaneous two-photon
type absorption and excited-state absorption (ESA)/re-
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verse saturable absorption (RSA). In general, in each of
the wavelength region, the nonlinear absorption of the
optical materials depends mainly on the laser—matter in-

J

teraction time and cross-section area of excited levels.
The nonlinear absorption of BDDH molecules can be ex-
plained by using a five-level model [31-33].

TABLE

Computed values of the excited-state absorption coefficient (oexc), nonlinear absorption coefficient (3),
nonlinear refractive index (n2) and third-order susceptibility |x®| at different excitation intensities (Io).

Excitation
intensity (/o) —({egxc 2 -9 o II_111)2((3) —14n2 2 }3632((3) |—X1(23)|
[GW /cm?| [107" em®] | [107° em/W] | [107°° esu] | [107% em*/W] | [107 " esu] | [10™ " esu]
0.4 16 5.65 1.31 4.72 2.59 2.90
1.01 7.8 4.01 0.93 3.19 1.75 1.98
2.14 4.35 3.36 0.78 2.60 1.42 1.62
3.31 2.92 3.16 0.73 2.42 1.32 1.52

A typical energy level diagram of five-level model is
shown in Fig. 5, in which Sy, S; and S are: ground
states, first singlet state and the next higher excited
singlet state, respectively, whereas 77 and 75 are lower
triplet state and next higher triplet state. Each of these
states have a number of vibrational levels. When two
photons of the same energy or different energies are ab-
sorbed simultaneously from the ground state Sy to the
first excited state S, then it is known as two-photon ab-
sorption (TPA), where in case of ESA, molecules are ex-
cited from an excited state S; to a higher excited state Ss.
For this to happen, the population of the excited state
(S1 and/or Ty) needs to be high enough, so that proba-
bility of photon absorption from that state is high. Here
it is worth pointing out that a singlet transition does not
deplete the population of first singlet state S; apprecia-
bly, since atoms excited to Sy decay to S7 itself within
picoseconds. However, in nanosecond time scale, state
S1 electrons are transferred to state T via intersystem
crossing (ISC), from where transition to state Ty (triplet—
triplet absorption) occurs [33].

ESA =N —T

[ E— ESA

| | S

Five-level energy diagram.

T

Fig. 5.

Furthermore, Fig. 4 depicts that minima in normalised
transmittance occur around the focal plane, indicating
RSA character, which implies ESA finally results in RSA

(

in BDDH [33]. This feature can be confirmed by compar-
ing magnitude of cross-section of the ground state (o)
and the cross-section of excited state (gexc) of the sam-
ple. The values of 0.y for different excitation intensities
were estimated by using Eq. (4b) and values are given in
Table. Further, using Eq. (5) the value of ground state
absorption cross-section (og) is calculated and found to
be 0.6 x 107!? ¢cm?. A comparison between the ground
state and the excited state absorption cross-section area
manifests that gexc > 0 which confirms RSA in BDDH.

The dependence of excitation intensity on nonlinear
absorption coefficients is shown in Fig. 6. It is noticed
that 8 decreases gradually with increasing excitation in-
tensity which is a consequence of sequential two-photon
absorption via RSA [34, 35] and hence these results sug-
gest that BDDH can be utilised as good reverse saturable
absorber in visible region [15].
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Fig. 6. Variation of excitation intensity (Ip) vs. ab-
sorption coefficient (8).

By closed aperture measurements, nonlinear refractive
properties e.g. self-focusing /defocusing of the sample can
be studied. The closed aperture scans of BDDH are
shown in Fig. 7 for different excitation intensities 0.4,
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1.01, 2.14 and 3.31 GW /cm?. In this figure, symbols rep-
resent experimental transmission data, while solid lines
are obtained by fitting the experimental data to the non-
linear transmittance given by Eq. (6). Here, nonlinear
refractive index (nz) is taken to be a fitting parameter.
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Fig. 7. Closed aperture measurements (at 532 nm) of
2,3-butanedione dihydrazone at excitation intensities.
Symbols represent experimental data and solid lines rep-
resent theoretical fit.

Close aperture experimental data of BDDH for differ-
ent excitation intensities are found to fit well for typ-
ical values of no (see Table). Real part of third-order
susceptibilities (ReX(S)), corresponding to no, is com-
puted using Eq. (8) and given in Table. It is clearly
evident from Fig. 7 that the sample exhibits prefocal val-
ley and postfocal peak characteristics, which is direct
indication of positive ns (positive lens) and it suggests
BDDH can also be used as self-focusing materials around
532 nm. In addition, the reliability of measurements of
nonlinear refraction in BDDH is confirmed by conditions:
(i) peak-valley character of BDDH satisfies the condition
of AZp_y ~ 1.7zp (where AZp_y is the separation be-
tween the maxima and minima of the closed aperture
curves) [22].
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Fig. 8. Variation of excitation intensity (lo)
VS. ATpfv.

Moreover, (ii) ATp_y increases linearly with increas-
ing excitation intensities (Fig. 8) of the laser. Inter-

estingly, our reported values of nonlinear optical coeffi-
cients (3, ny and x® (summarised in Table) are larger
than the values measured in BDDH using third har-
monic generation technique [36] and quoted for other
conjugated organic materials [37, 38] under similar ex-
perimental conditions. Here it is worth mentioning that,
in all cases, empty quartz cell, pure dimethyl sulphox-
ide (DMSO) and tetrahydrofuran (THF') were separately
measured under the same experimental conditions and
their magnitude of x® were found to be ~ 107'® esu,
which is nearly 10% smaller than the values reported in
Table. Here reported values of nonlinear optical coeffi-
cients are of BDDH only.

5. Conclusions

2,3-butanedione dihydrazone compound was synthe-
sised by chemical route. Its third-order nonlinear optical
properties were investigated by z-scan technique with fre-
quency doubled, @Q-switched 5 ns Nd:YAG laser at wave-
length 532 nm with repetition rate of 10 Hz. The values
of 8, ny and x® of BDDH are obtained and noticed that
these values are nearly ten times larger than the values
reported elsewhere. The effect of excitation intensity on
nonlinear optical properties of BDDH has been studied
and found that with increasing excitation intensity non-
linear optical coefficients decrease. It is also noticed that
BDDH exhibits reverse saturable absorption at 532 nm
and this behaviour may be utilized for optical power lim-
iting. Results also suggest that 2,3-butanedione dihydra-
zone can be one of the promising candidate materials for
third-order nonlinearity based optical devices.
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