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The nonlocal nonlinearity under violet excitation of ionic liquids was investigated using the Z-scan technique. The bis(trifluo-
romethylsulfonyl)imide (Tf

2
N−) was employed as anionic part, while the cationic part consisted of four different imidazolium

(C
𝑛
MI, with 𝑛 = 4, 6, 8, and 10) derivatives. The thermooptical coefficients, nonlinear refractive indexes of thermal origin, and

degree of nonlocality were obtained for laser excitation tuned at 410 nm. Our results indicate that ionic liquids can be exploited as
very efficient nonlinear media with large nonlocal character under violet excitation.

1. Introduction

Ionic liquids (ILs) have attracted a large amount of research
interest in recent years due to their peculiar chemical and
physical properties [1–7]. In particular, it has been demon-
strated that ILs present large thermooptical responses in the
infrared and blue region of the electromagnetic spectra [8–
10]. Owing to this fact, ILs can be exploited in the investiga-
tion of nonlocal optical phenomena [8, 9] and for thermal-
lens measurements as a solvent [10]. Moreover, some of the
ILs’ physical and chemical properties are strongly dependent
of the ions features that compose them [9, 11–13]. This
suggests that materials with improved physical properties,
such as nonlocal nonlinearities, might be engineered by a
suitable choice of ILs’ anionic and cationic parts.

A nonlinear optical effect can be classified as nonlocal if
the light induced response at a certain point of the material
depends also on the values of the electromagnetic field at
surrounding regions [14]. Materials of different natures can
exhibit nonlocal nonlinearities due to specific physical mech-
anisms [15–21]. For instance, organic compounds, which
present large thermooptical responses, have been currently
used in the investigation of optical nonlocal effects [22–
26]. In fact, these media possess a large refractive nonlocal

response owing to the change on the refractive index as a
consequence of the heat conduction process.

New effects, such as suppression of the modulational
instability [27, 28], nonlinear shock waves [29–31], stabiliza-
tion of complex soliton structures [32–35], and prevention
of the multidimensional beams’ collapse [36, 37] have been
observed exploiting the peculiar features of this kind of
nonlinearity. However, there is a huge number of new non-
linear effects with nonlocal character that have been poorly
investigated or remain unexploited up to this moment. This
limitation can be partially attributed to the lack of known
nonlocalmedia with well-characterized properties suitable to
this end. Owing to this fact, there is still a great interest in
the development of new materials with improved nonlocal
nonlinear responses.

In this work, we investigate the influence of the cationic
part on the nonlocal optical nonlinearities of ILs under violet
excitation. Four different compositions of ILs were inves-
tigated, using bis(trifluoromethylsulfonyl)imide (Tf

2
N−) as

anionic part, while the cationic part was composed of differ-
ent derivatives of imidazolium (C

𝑛
MI, with 𝑛 = 4, 6, 8, and

10). Their thermo-optical properties and nonlocal nonlinear
responses were measured using the Z-scan technique [38,
39]. We observed that under violet excitation large refractive
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nonlinear responses and nonlocal degree of nonlocality are
achieved. Our results indicate that those organic materials
can be engineered aiming at the development of more effi-
cient nonlinear media with nonlocal character in this wave-
length region.

2. Nonlinear Optics and Nonlocality

Although the propagation of an optical beam through a
nonlinearmediumhas been intensively investigated along the
last decades, the number of phenomena that can be associated
with the beam-medium interaction never stops increasing
as well as the development of applications exploiting them.
In this sense, nonlocal effects correspond just to a family of
nonlinear optical phenomenon and can be described, there-
fore, by the same physical and mathematical main principles.

Hence, let us assume the propagation, along the 𝑧 axis, of a
monochromatic and linearly polarized optical beam through
an isotropic andhomogeneousmedium.The scalar amplitude
of this beam’s electrical field is given by

𝐸 (𝑥, 𝑦, 𝑧, 𝑡) = (

2

𝑐𝜀
0
𝑛

)

1/2

𝐴 (𝑥, 𝑦) exp (𝑖𝑘𝑧 − 𝑖𝜔𝑡) , (1)

where 𝐴(𝑥, 𝑦) is the slowly varying envelope amplitude and
𝑘 = 𝑛𝑘

0
= 𝑛(𝜔/𝑐) is the modulus of the wavevector. This

beam propagation is ruled by the paraxial wave equation for
the envelope
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where 𝛼
0
is the medium linear absorption and Δ𝑛 is the

material’s refractive index change induced optically, in other
words, the term of the nonlinear interaction. For a local
Kerr nonlinearity, this nonlinear term is just the product of
the material nonlinear refractive index by the field intensity
and (2) can describe this beam-medium interaction. On the
other hand, if the nonlinearity has a nonlocal character, Δ𝑛

is no longer this former simple product, but a coupling term
between (2) and an equation that rules the nonlocal modifi-
cations of the material’s optical properties. In particular, for
thermal nonlinearities

Δ𝑛 = (

𝑑𝑛

𝑑𝑇

) Δ𝑇, (3)

where 𝑑𝑛/𝑑𝑇 is the thermooptical coefficient and Δ𝑇 is the
local temperature change owing to thematerial’s light absorp-
tion.

If we neglect the longitudinal changes on the temperature
field, Δ𝑇 can be represented by a two-dimensional function
and the second equation that rules the nonlocal interaction is
the 2D heat equation

(

𝜕
2

𝜕𝑥
2

+

𝜕
2

𝜕𝑦
2
) Δ𝑇 − 𝐶Δ𝑇 = −

𝛼
0

𝜌
0
𝑐
𝑝
𝐷

|𝐴|
2
, (4)

where 𝑐
𝑝
, 𝜌
0
, and 𝐷 are the medium heat capacity, density,

and heat diffusivity, respectively. It was shown by Ghofraniha
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Figure 1: Schematic representation of ILs structures.

et al. [30] that the parameter 𝐶 = 1/𝑤
2

0
𝜎
2 is a constant that

depends on the beam minimum waist, 𝑤
0
, and the degree of

nonlocality of the medium, 𝜎
2. The larger the value of 𝜎, the

more nonlocal is the medium. On the other hand, if 𝜎 = 0,
the medium can only present a local nonlinearity. Moreover,
they also demonstrated that this quantity is indeed related to
the material’s thermal and optical properties by

𝜎 = √

𝜅




𝑛
2






𝛼
0 |
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0

, (5)

where 𝜅 is the heat conductivity and 𝑛
2
is the nonlinear

refractive of the material.
It is worthmentioning that (4) represents a special case of

optical nonlocality, the thermal-lens effect. Different physical
mechanisms can also generate nonlocal effects [15–21], which
means that themediumnonlocal response can be given in dif-
ferent ways. However, this formalism, proposed in [30], has a
huge practical impact, as it allowed us to connect the degree
of nonlocality with the nonlinear properties of the medium.

3. Experiment

In Figure 1, the schematic molecular structures of the
investigated materials are presented. In this work, we
employed Tf

2
N− as the anion, while the cation was modified,

by changing the number of carbons present in the radical 𝑅
2,

namely, 4 (1-butyl-3-methylimidazolium—BMI+), 6 (1-hexyl-
3-methylimidazolium—HMI+), 8 (1-octyl-3-methylimidazo-
lium—OMI+), and 10 (1-decyl-3-methylimidazolium—
DMI+). These ionic liquids were prepared as reported pre-
viously [40, 41].

The Z-scan measurements were performed using the
second harmonic of a mode-locked Ti:Sapphire laser (200 fs,
76MHz) tuned at 820 nm.This linearly polarized violet beam,
tuned at 410 nm, was then focused onto the sample by
convergent lens of 7.5 cm focal length.The ILs were contained
in a 1mm width quartz cell and placed on a translation stage.
The cell position was then modified around the lens focal
plane (z = 0) by a computer controlled stepping motor. The
light transmitted through the cell was spatially filtered by a
small aperture and its intensity measured by a photodetector
as a function of the sample position. The detected signal
was amplified by a lock-in amplifier and then processed by
a computer. Nonlinear absorption measurements were per-
formed with the same experimental setup but using a config-
uration without aperture.

Assuming a material that does not exhibit nonlinear
absorption, for high repetition rate pulsed excitations, the
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thermal contribution for the transmittance in Z-scan experi-
ments can be obtained by [39]

Tr (𝑥) = 1 + 𝜃 Tan−1 [ 2𝑥

(9 + 𝑥
2
) (1 + 𝑥

2
) /2𝜏 + (3 + 𝑥

2
)

] ,

(6)

where 𝜃 is the thermal induced phase-shift, 𝑥 = 𝑧/𝑧
0
and 𝜏 =

𝑡/𝑡
𝑐0
are the normalized distance and time, respectively, and

𝑡
𝑐0

= 𝑤
2

0
/4𝐷 corresponds to the characteristic thermal lens

time constant. For measurements performed at a fixed time 𝑡,
one can use (6) to fit the experimental results and evaluate the
values of 𝜃. In the absence of fluorescence, the thermooptical
coefficient is given by [39]

𝑑𝑛

𝑑𝑇

=

𝜆𝜅

𝑃𝛼
0
𝐿eff

𝜃, (7)

where 𝑃 is the average laser power, and 𝐿eff = (1 − 𝑒
−𝛼0𝐿

)/𝛼
0

is the sample effective length.
The thermal contribution for the nonlinear refractive

index is obtained from the difference between the maximum
and minimum transmittance measured in the Z-scan mea-
surements [38]

𝑛
2

=

√2ΔTr
𝑝V

0,406(1 − 𝑆)
0,25

𝑘𝐿eff𝐼
0

, (8)

where 𝑆 is the aperture transmittance, 𝑘 is the modulus of the
beam wave vector, and 𝐼

0
is the maximum laser intensity. We

can express this change on the refractive index in terms of
an effective nonlinear refractive index coefficient 𝑛

2
by the

relation [42]

Δ𝑛 = 𝑛
2
𝐼
0
, (9)

where 𝐼
0
is the maximum laser intensity.

Although for thermal contributions to the optical non-
linearity the definition of a nonlinear refractive index is not
accurate, the definition of this quantity permits a convenient
comparison between the thermally induced nonlinear refrac-
tion with others of nonthermal origin. Moreover, as it was
stated in Section 2, employing this definition, it is possible to
obtain the degree of nonlocality.

4. Results and Discussion

The transmittance spectra of the investigated ILs are pre-
sented in Figure 2.As can be observed, all compounds present
a large value of transmittance (larger than 75%) in the visible,
but present an absorption increase in the violet andultraviolet
spectral regions. As this change on the absorption spectrum
is usually associated with an increase on the nonlinear
refraction response of the medium, the values of 𝑑𝑛/𝑑𝑇, 𝑛

2
,

and 𝜎 could also be modified, exhibiting a dispersion-like
behavior. Owing to this fact, the suitable choice of the light
wavelength may lead to an improved nonlocal response of a
medium. This is the main reason for the choice of the violet
excitation employed in this work.
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Figure 2: Transmittance spectra of the investigated ILs: BMI⋅NTf
2

(black), HMI⋅NTf
2
(red), OMI⋅NTf

2
(green), and DMI⋅NTf

2
(blue).

In Figure 3, the results for closed aperture Z-scan mea-
surement of all the samples are shown. As can be observed,
these ILs present larges negative nonlinear responses of
thermal origin. Fitting these results with (1), and using the
reported values for the heat capacity [43] as well as (2),
(3), and (4), the thermooptical coefficient (𝑑𝑛/𝑑𝑇) and the
thermal nonlinear refractive index (𝑛

2
) of these ILs were

obtained. From these results, the degree of nonlocality of
all investigated compounds was also obtained from (5). It
is worth mentioning that the open aperture experiment did
not reveal a measurable nonlinear absorption. A summary of
these results is presented in Table 1.

Z-scan measurements employing the same femtosecond
violet beam but with a reduced repetition rate were also
performed. In this case, using a pulse-picker, the repetition
rate was reduced into the range of 100Hz to 1 kHz and the
laser peak power varied between 0.5 and 1 kW, which was
even larger than the peak power employed at the high rep-
etition rate experiments. However, the characteristic Z-scan
curves signature were absent for all experimental conditions
exploited in this work.This result indicates that the electronic
(ultrafast) contribution to the nonlinear refractive index of
these liquids is much smaller than the thermal part and did
not affect significantly the results displayed in Table 1.

As can be observed, all samples presented large values
of 𝑛
2
, 𝑑𝑛/𝑑𝑇, and 𝜎. It should be noticed that although

the OMI⋅NTf
2
compound possesses the largest values of

nonlinear refractive index and thermooptical coefficient, its
degree of nonlocality is approximately equal to the other
ILs when the experimental error is taken into account. This
corroborates with results obtained for the same ILs but
excited in the near infrared region [9].Therefore, for infrared
or violet excitation, the change on the cationic part does not
modify significantly the ILs nonlocal response.

Additionally, it was also verified that although 𝑛
2
values

are approximately two orders of magnitude larger, in mod-
ulus, for light in the violet than in the infrared region [9],
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Figure 3: Z-scan curves for ILs composed by Tf
2
N− and (a) BMI+ measured with 𝑃LASER = 9.24mW, (b) HMI+ with 𝑃LASER = 9.01mW,

(c) OMI+ with 𝑃LASER = 8.77mW, and (d) DMI+ with 𝑃LASER = 8.65mW. The minimum beam waist was 𝑤
0

= 18 𝜇m and the aperture
transmittance 𝑆 = 0.002 for all measurements. White dots correspond to the experimental data and the red curves are the fittings using (6).

Table 1: Experimental linear absorption coefficient (𝛼
0
), heat conductivity (𝜅), thermal nonlinear refractive index (𝑛

2
), thermo-optical

coefficient (𝑑𝑛/𝑑𝑇), and degree of nonlocality (𝜎) of the investigated ionic liquids.

Sample 𝛼
0
(cm−1) 𝜅 (W/mK) [43] 𝑛

2
(cm2/W) 𝑑𝑛/𝑑𝑇 (K−1) 𝜎

BMI-Tf2N 0.161 0.128 (−3.9 ± 1.2) 10−8 (−9.6 ± 2.9) 10−5 (0.96 ± 0.38)
HMI-Tf2N 0.071 0.127 (−1.9 ± 0.6) 10−8 (−9.3 ± 2.8) 10−5 (1.06 ± 0.43)
OMI-Tf2N 0.240 0.128 (−5.1 ± 1.5) 10−8 (−12.2 ± 3.7) 10−5 (0.83 ± 0.33)
DMI-Tf2N 0.319 0.132 (−1.8 ± 0.5) 10−8 (−2.5 ± 0.8) 10−5 (0.97 ± 0.39)

the values of 𝑑𝑛/𝑑𝑇 and 𝜎 are only slightly modified if you
take into account the experimental uncertainties. This result
suggests that even among materials of the same kind, ILs, for
instance, a structural modification that enhances the thermal
nonlinear refractive index of a material does not imply on a
correspondent change of the medium nonlocality.

Of course, there is a clear indication that for smaller
excitation wavelengths, the degree of nonlocality appears
to be larger when compared with the infrared response.
Unfortunately, the experimental errors involved did not allow

us to achievemore accurate results.There is still a strong need
of novel methods aiming at the measurement of the degree of
nonlocality parameter with smaller uncertainties.

5. Conclusions

In summary, we investigated the nonlinear optical response
with nonlocal character of four different ILs compounds
under violet excitation. Using the Z-scan technique, large val-
ues for the ILs thermooptical coefficient, thermal nonlinear
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refractive index and the degree of nonlocality were obtained.
It was observed that the structural change due to the mod-
ification of the cationic part does not modify significantly
the ILs nonlocal response. Moreover, comparing the results
obtained using violet and infrared [9] excitation, it was veri-
fied that although the 𝑛

2
values are approximately two orders

of magnitude larger for the smaller light wavelength, the
degree of nonlocality and the thermooptical coefficient are
slightlymodified by this change,which indicates that the non-
local nonlinear refractive index is not the only parameter that
rules the behavior of a nonlinear material’s degree of nonlo-
cality. Our results confirm that ILs are very promising media
for nonlinear optical applications with nonlocal character.
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