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Abstract: Nonlinear optical property of atomically thin materials suspended in liquid has
attracted a lot of attention recently due to the rapid development of liquid exfoliation methods.
Here we report laser-induced dynamic orientational alignment and nonlinear-like optical response
of the suspensions as a result of their intrinsic anisotropic properties and thermal convection of
solvents. Graphene and graphene oxide suspensions are used as examples, and the transition to
ordered states from initial optically isotropic suspensions is revealed by birefringence imaging.
Computational fluid dynamics is performed to simulate the velocity evolution of convection
flow and understand alignment-induced birefringence patterns. The optical transmission of
these suspensions exhibits nonlinear-like saturable or reverse saturable absorptions in Z-scan
measurements with both nanosecond and continuous-wave lasers. Our findings not only
demonstrate a non-contact controlling of macroscopic orientation and collective optical properties
of nanomaterial suspensions by laser but also pave the way for further explorations of optical
properties and novel device applications of low-dimensional nanomaterials.
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1. Introduction

The interaction of light with low-dimensional nanomaterials has attracted enormous research
interest in order to understand their unique electronic and optical properties for the subsequent
development of novel optoelectronic devices. Atomically thin two-dimensional (2D) nanoma-
terials have emerged as novel optoelectronic materials with intrinsic anisotropic and nonlinear
optical properties [1-5]. Due to the development of exfoliation method, most 2D materials can
be conveniently obtained in a large quantity in liquid suspension [6,7]. Compared with dry
solid samples, a liquid suspension of 2D materials in a cuvette is easy to handle and suffers less
optical damages. Thus, most reported studies of nonlinear optical properties of 2D materials are
carried out in their liquid suspensions [5,8—32]. However, the effect of solvent on the optical
measurements still has not been paid enough attention [5,8-32].

Nonlinear optical property of a material allows people to control light with light [5]; however,
high peak intensity is required to induce a huge change to its optical constant [4,5], which limits
its wide applications. An alternative approach is to use light to induce structural or orientation
change of constituent molecules or nanostructures of a material. This approach has been realized
in liquid crystals, and there have been growing interests in using light to control many other
properties of liquid crystals besides optical property [33-35]. 2D flakes possess large geometric
anisotropy and their liquid suspensions can exhibit typical features as liquid crystals [36]. By
changing the orientation of individual 2D platelets, the optical property can be changed, and
this has been demonstrated by electric or magnetic fields [37-39]. However, unlike conventional
liquid crystals, it is still a challenge to use light to change their orientation despite some reports
in the literature.

Previously, we pointed out that the claimed coherent self-modulation of the transmitted laser
beam is actually a thermal lens effect from solvent [16], and the so-called nonlinear optical limiting
is due to strong scattering from laser-induced bubbles [40]. Thus, they have little to do with x(3)
nonlinear susceptibility of 2D materials. In this work, we report a general phenomenon in the
liquid suspension of anisotropic nanomaterials: laser-induced self-alignment and the associated
dynamic optical response. Liquid suspensions of graphene and graphene oxide flakes are used to
illustrate this laser-induced dynamic alignment, which is revealed by a birefringence imaging
technique. Computational fluid dynamics is performed to understand the coupled dynamics of
temperature, flow, and suspended 2D materials. This phenomenon is a result of the complicated
interaction of laser with a composite fluid. By performing polarization-dependent Z-scan
measurements, the influence of laser-induced alignment on nonlinear-like optical transmission
has also been revealed. The understanding of self-alignment and dynamic responses is essential
to further exploring and understanding the intrinsic optical properties of nanomaterials as well as
their applications in optical manipulation and optical switching.

2. Materials and experimental setup

Materials and experimental setup are similar to those in our previous work [16]. Few-layer
graphene flakes with a lateral dimension of a few micrometers are synthesized via intercalation
and exfoliation of natural graphite. Single-layer graphene oxide (GO) flakes with sizes in the
range of 2~10 uwm are prepared by a modified Hummers’ method [6,16]. As-obtained graphene
and graphene flakes are dispersed in N-methyl-2-pyrrolidone (NMP) by sonication and form
stable suspensions with a concentration of 0.005-0.01% in weight percentage (wt%), corresponds
to 0.002-0.004% in volume fraction (vol%).

Figure 1(a) shows the experimental setup for the birefringence imaging, which is a hybrid
combination between a Z-scan measurement and a typical birefringence imaging system. A
532-nm continuous-wave (CW) laser is focused into a 10-mm cuvette filled with suspension by a
100 mm lens (spot size of 80 um). A collimated white light (halogen lamp) shares the same path
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with the CW laser by a 50:50 beamsplitter, which is used to capture the birefringence images
accompanied by a pair of polarizers and a camera. A 532-nm long-pass filter is put behind the
cuvette to eliminate the disturbance of 532-nm CW laser. Optical transmission behaviors of
the suspension have been investigated by a traditional Z-scan setup, employing either a CW
laser at 532 nm or 150 nanoseconds (ns) laser pulses (1 kHz repetition rate) at 527 nm. But a
cube polarizing beamsplitter is put in front of the lens to control the polarization direction of

(a)
Polarizer uiinlid - Camera
c Polarizer
Lens uvette
Laser \ l o o
0 Filter
Beam
Splitter

(b) Graphene, 0s

(d) Grapherre, 0's

(f) Graphené oxide, 0's

(h) Graphene oxide; 0 s

Fig. 1. Birefringence imaging (see Visualization 1). (a) Schematic of birefringence imaging
experimental setup. Snapshots of birefringence images of (b-e) graphene and (f-i) GO
suspensions in NMP. Arrows indicate the directions of polarizer/analyzer. Laser power: 20
mW, horizontally polarized. Green circles indicate the laser spots with ~80 wm in diameter.
The sparkles and dark spots come from thicker flakes.
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the laser (horizontally or vertically polarized); thereby, the effect of laser polarization on the
optical transmission of suspension can be explored. The transmitted laser power is monitored by
a photodiode power meter with computer control and readout.

3. Results and discussion

The anisotropy of 2D nanomaterials is an important distinction compared to the near isotropy of
many other light absorbers such as dye molecules. This property allows us to probe the orientation
and dynamics of flakes. Figures 1(b)—(i) show birefringence images of liquid suspensions of
graphene and GO before and after CW laser illumination. Initial dark images through two
crossed-polarizers indicate that flakes are randomly orientated due to their low concentration
[37,41]. As the laser is turned on, clear convection movements can be observed in the suspensions,
and stable birefringence patterns gradually form after 4 seconds (see Visualization 1). Based on
the birefringence images between two crossed-polarizers, we can figure out the orientations of
graphene shown in Fig. 2(a), where the flake directors are perpendicular to the laser propagation
direction inside the laser spot. Note that even after the birefringence patterns become stable, the
suspensions remain in motion constantly. The stable birefringence patterns have little dependence
on the laser polarization (Supplement 1, Fig. S1). After turning off the laser, the convection
and birefringence of suspensions slowly disappear, and the crossed-polarization images resume
uniformly dark.

Such orientation is also confirmed by measuring the polarization dependent transmission
of the laser beam itself as shown in Fig. 2(b). The polarization dependent absorption is due
to the shape and optical anisotropy of graphene or GO flakes; the absorption is larger when
the laser polarization is parallel to the plane of graphene [37,41]. It is important to point out
that the initial suspension is optically isotropic because of low concentrations of graphene and
GO; the appearance of nematic phase and birefringence is another indication of their strong
optical anisotropy. The birefringence images clearly show that the alignment is not limited to
the flakes located inside the laser beam. The power and polarization-dependent transmission in
Fig. 2(b) also reveals that the alignment is strongly correlated to the laser power; the difference
in transmission between two polarizations diminishes as the laser power is reduced. These
observations suggest that the flake alignment is induced by the convection flow of the carrier
fluid, not the electrical field of the laser, as speculated in some previous reports [42,43].

To better understand the alignment process of the 2D flakes, we compute the temperature
distribution and the flow field using computational fluid dynamics (CFD) [16]. Due to the
dilute concentration of graphene, its effect on the thermophysical properties of the solvent,
such as density, thermal conductivity, specific heat capacity, and viscosity, is negligible. The
heat transfer from graphene to the surrounding liquid after the optical absorption is considered
instantaneous due to the extremely small thermal mass of the graphene flakes. Figure 3 illustrates
the corresponding velocity fields, where there is barely any flow at 0.4 seconds, but increases
considerably at 4 seconds. The driving force here is the viscous shear force from the surrounding
fluid medium. A flake will experience an imbalance in shear forces on its head and tail ends,
resulting in a net torque that causes the flake to rotate. In fact, the orientations of graphene flakes
shown in the schematic of Fig. 2(a) agree well with the streamline in the same region in Fig. 3(b),
further demonstrating a good correlation between the laser-induced convection flow and the
dynamic alignment of flakes.

Because the above liquid convection is driven by a laser’s photothermal energy, a pulsed
laser beam can also induce similar flow and alignment as long as its repetition frequency is
greater than 10 Hz, which is satisfied by nearly all the lasers used in Z-scan and nonlinear
optics [5,11-14,16,22,25,30,31]. Moreover, the flow-induced alignment is not limited to
2D nanomaterials [21], but universal to low-dimensional nanomaterials with large geometric
anisotropy, such as one-dimensional (1D) carbon nanotubes [43] or nanowires [44]. Although
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Fig. 2. Flow-induced alignment and the consequential influence on optical transmission. (a)
Schematic of orientations of graphene flakes in NMP suspension based on the birefringence
images. Green circles indicate the laser spots. (b) Transmitted laser power (Pr) as a function
of laser polarization and incident power (Py) in the same liquid suspension of graphene in
(a). The suspension is placed at the focus point of the 532-nm CW laser.

the flow-induced alignment of graphene and other nanostructures has been achieved by applying
mechanical forces [43—46], laser beams enable non-contact and more precise control to manipulate
individual nanostructures and suspensions. It should be noted that thermophoresis or the Soret
effect was proposed to explain nonlinear absorption in GO suspension [47], but a direct observation
of GO thermophoresis was not provided. Although thermophoresis is driven by temperature
gradient, it is only important at very low flow velocities [48]. As such, thermophoresis can be
neglected in that case as well as in our experiments where large convection flows are generated
by lasers. In fact, our videos have clearly shown that suspended nanostructures are moving
along the flow patterns rather than temperature gradients [49,50]. We also want to point out
that temperature gradient is dependent on many thermophysical properties of a solvent such as
thermal conductivity and viscosity. For example, water has a higher thermal conductivity than
NMP. Our previous work showed that temperature gradient in water was significantly reduced,
but the flow velocity remained high, as can be seen from the distorted diffraction ring pattern
[51]. Thus, laser-induced alignment is a common phenomenon in suspended nanostructures even
confined in a small volume [51].
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Velocity: Magnitude (mm/s)

Fig. 3. Simulation of the flow velocity distribution of graphene in NMP. The illumination
time at (a) 0.4 seconds and (b) 4.0 seconds. Green dots indicate the laser spots. The black
rectangle in (b) corresponds to the region of the birefringence image in Fig. 2(a).
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Another important finding of this work is the modulation in optical transmission arising from
the aligned flakes and their optical anisotropy. As preliminarily shown in Fig. 2(b), the suspensions
transform from optically isotropic to nematic phase due to the laser-induced alignment and exhibit
birefringence and polarization-dependent transmission to the incident laser. To further explore
this self-modulating behavior, we performed open-aperture Z-scan measurements in graphene
and GO suspensions with 532-nm CW laser and 527-nm ns laser pulses. It can be expected when
the suspension is out of the focus, the laser-induced temperature gradient and subsequent fluid
flow are relatively weak; the flow and subsequent alignment will be much stronger when a focused
beam passes through the suspension, as shown in Fig. 1. Because the flakes within the laser path
will be aligned vertically, an enhanced optical transmission for horizontally polarized beam but a
reduced transmission for vertically polarized laser should be witnessed in the Z-scan experiment.
For CW laser excitation, Figs. 4(a) and 4(b) clearly show such Z-scan curves for both graphene
and GO suspensions: saturable absorption-like (SA-like) curve for horizontally polarized beam
but optical limiting-like (OL-like) curve for vertical polarization at the same incident laser power.
Note that the change of transmission in Figs. 4(a) and 4(b) is larger for horizontally polarized
light. This is because of much smaller optical absorption when the field is perpendicular to the
flake planes compared to that parallel to the flakes, similar to the transmission experiments in
mechanically aligned GO flakes [37,41]. Such polarization-dependent transmission behaviors
have been validated by applying an out-of-focus nanosecond pulsed laser with similar photon
energy as well (Figs. 4(c)—4(d)). However, the pulsed laser with a significantly large power
density compared to the CW laser induces intense microbubbles and consequential scattering
effects when the suspension is placed around the focus point, giving rise to sizeable dips in the
transmission curves regardless of laser polarization [36].

The polarization-dependent optical transmission of nanosecond laser was also studied and
shown in Fig. 5(b). In comparison, the normalized transmission of CW laser is plotted in
Fig. 5(a) based on the same data from Fig. 2(b). As discussed above, in the CW regime, for
the horizontally polarized beam, the transmission increases with the incident laser power, while
for vertically polarized light, the transmission is reduced. In the nanosecond regime, a similar
difference is observed between two polarizations; but unlike CW laser, nanosecond pulses with
both polarizations begin to exhibit OL-like rapid drop in transmission at about 10 mW [40]. The
importance of self-alignment and polarization is clear, and we are now in a good position to
discuss many of previous Z-scan and transmission experiments, especially for the ones excited
by nanosecond pulsed lasers and CW lasers. Note that nonlinear-like transmission can also be
observed in close-aperture Z-scan experiment, which is typically used to measure the real part of
nonlinear refractive index ny [52]. As shown in Fig. S2 in Supplement 1, at a low power of 7 mW,
a characteristic transmission curve is observed [53]. However, the Z-scan transmission develops
into a broad dip at higher laser powers. These features can be understood through the thermal
lens effect. At high laser power, a large diffraction ring pattern will appear, leaving behind much
weaker transmitted light in the center of the laser beam.

Since most nonlinear optical studies of 2D materials suspended in solution do not consider
the effect of fluid convection and the induced alignment, it is not accurate to simply ascribe the
observed nonlinear-like transmissions to their intrinsic nonlinear property, no matter whether
the experiments are performed with femtosecond [12—-14], picosecond [9,12,22,31], nanosecond
[5,8-12,15-17,23-26,30,31], or CW lasers [18-20,27-29,32], and no matter whether the nano-
materials are 1D carbon nanotubes (CNTs) [10,17,23,27,28], graphene [5,9-11,15,26], graphene
oxide [8-10,12,18,26,31,32], transition metal dichalcogenides (TMDCs) [16,22,24] or black phos-
phor [13,14,25,30]. For example, as the most common experimental configuration, many observed
nonlinear-like Z-scan curves, SA-like enhanced transmission [13,14,22,25,29,30], OL-like re-
duced transmission [15,17,18,20-24,26-28], or the transition from SA to OL [8,9,12,16,24,30,31],
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Fig. 4. Open-aperture Z-scan measurements. Z-scan curves of (a) graphene and (b) GO
suspensions in NMP under 532-nm CW laser. (c) and (d) are Z-scan curves of GO suspension
in NMP under 527-nm ns laser pulses. The measurements are performed by translating
the cuvette along the laser beam axis (from far to close) through the focus with a linear
motorized stage. The Z-scan curves are obtained by normalizing the transmitted laser power
with the value measured far from the focus point. The power of the CW laser is 30 mW, and
the focal length is 150 mm. The average power of ns laser pulses is 100 mW, and the focal
length is 100 mm.
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Fig. 5. Power-dependent transmission measurements. Polarization-dependent nonlinear-
like optical transmission through graphene suspension under (a) 532-nm CW laser and
(b) 527-nm ns laser pulses. The laser is focused into suspension, and then the energy
of the incident laser is increased gradually. The transmission ratios are calculated as the
ratios between optical transmissions measured at various incident laser power and the one
measured at near-zero power. The CW transmission in (a) is based on data from Fig. 2(b).
The suspension is placed at the focus point of the lasers.
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could be due to a combined effect of laser polarization and flow-induced alignment, as described
above.

Another criteria to determine whether the observed nonlinear-like transmissions come from
the intrinsic third-order susceptibilities %) is the laser pulse width. As discussed before [16],
sub-picosecond laser pulses with a high peak intensity are required to meet the timescale of
electronic transitions [54—56]. The peak intensity of CW lasers and most nanosecond pulses
are too low to induce a significant nonlinear optical effect despite the observations of obvious
nonlinear-like Z-scan transmissions. It should be pointed out that even with sub-picosecond laser
pulses, it is hard to avoid the thermal lens effect and bubble scattering [57,58].

4. Conclusions

In summary, birefringence imaging and CFD reveal that graphene and GO flakes are dynamically
aligned by laser heating induced convection flow. Suspended nanostructures absorb the incident
laser energy and convert it into heat. The heat is then transferred to the surrounding liquid, creating
a local temperature gradient and natural convection, which in turn aligns shape-anisotropic
nanostructures with the flow stream. Laser-induced dynamic alignment and optical anisotropy
of nanomaterials further result in polarization-dependent modulation of laser transmission.
Saturable absorption-like (SA-like) and optical limiting-like (OL-like) transmission has been
observed under both continuous-wave and nanosecond pulsed lasers, which should not be
misinterpreted as third-order nonlinear effects from electronic or dielectric polarization of
nanomaterials. An accurate understanding of 2D atomically thin nanomaterials, solvent fluids,
as well as their interactions with laser beam provides valuable guidelines to design optical
transmission measurements to explore nonlinear optical properties of nanomaterial suspensions.
Moreover, laser-induced dynamic alignment can lead to novel applications of 2D nanomaterials
in photonics and optofluidics.
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