Investigation of Thermo-optical
Nonlinearity in Graphene

PH5101
MS report

Submitted by
Abhijeet Kumar
13MS027

Supervisor
Dr. Bipul Pal

December 7, 2017

)

IISER KOLKATA



Contents

(1__Introduction|

2 Spatial Self-Phase Modulation|
[2.1 Intensity Dependent Refractive Index| . . . . . . .. .. .. ...
[2.1.1  Selt-Focusing and Selt-Defocusingl . . . . . . ... .. ..
[2.2  Spatial Self-Phase Modulation (SSPM)| . . . . ... .. ... ..
[2.3  Nonlinear Properties Using SSPM|. . . . . . ... ... ... ..
[2.4  Analogy With Classical Optics|. . . . . . . . ... .. ... ...
2.4.1 Thermal Convection| . . . .. . ... ... ... .....

B Resul D =0l
[3.1 Sample Preparation| . . . . . . ... ... ... ...
[3.1.1  Graphene] . . . . . . .. ...

[3.1.2  Graphene Oxide|. . . . . . . . .. . ... ... ...,

[3.2  Knife-Edge Experiment|. . . . . . ... ... ...
................................

[3.4 Originof SSPM| . . . . ... ... ...
[3.4.1  Coherence theory| . . . . . . . ... ... ... .. .. ..
B.4.2 Fwvidence of Thermal Convectionl . . . . ... ... ...

[3.5.2  Fine structure rings|. . . . . . . .. ..o

4 Conclusion and Future Plan|



Abstract

Liquid suspension of graphene and graphene oxide nanoparticles pro-
vides excellent example of their strong nonlinear optical properties through Spa-
tial Self-Phase Modulation (SSPM). However, the origin of SSPM in graphene
is still not clear and demands deeper analysis. Since both electronic and ther-
mal heat due to laser contribute to nonlinearity in graphene, it gets challenging
to distinguish them. We observe SSPM in graphene and graphene oxide over
large wavelength regime (ultraviolet, visible and near-infrared), and perform
some control experiments to observe the dominance of one or the other. The
obtained results hint at a dominating thermal convection in graphene during
SSPM. The estimated value of optical properties such as nonlinear refractive
index and nonlinear susceptibility in graphene and graphene oxide match quite
well with those reported in literature. Further investigations are going on to
reach a conclusion about the main contributor to SSPM in graphene.



Chapter 1

Introduction

Nonlinear optics deals with the study of phenomena occurring as a consequence
of the modification of the optical properties of a material due to the presence
of intense light. By high intensity we mean that the incident electric field is
as strong as to disturb the inter-atomic electric field in material. These phe-
nomena are nonlinear because the material responds to the applied field in a
nonlinear manner. At high intensity, the interaction between light and matter
is quite strong and it modifies the properties of light [1]. Intensity dependent
optical properties of material fall under the category of nonlinear phenomena.
Generally, lasers create high intensity electric field and therefore are used to
study optical nonlinearities in a system.

Spatial Self-Phase Modulation (SSPM) is one such property of a mate-
rial, where its refractive index depends on the intensity of incident light. In
Chapter2, we study in detail, the physics of SSPM and nonlinearity arose due
to SSPM.

In this work, we have studies optical nonlinearities in graphene and graphene
oxide sispersion using SSPM. Graphene is a 2-D allotrope of carbon with zero
band-gap [2]. This allows us to perform optical studies on graphene over a large
wavelength regime. Graphene was prepared using electrochemical exfoliation
of graphite sheets, while graphene oxide was prepared by modified Hummer’s
method. We estimate nonlinear optical properties of graphene such as nonlin-
ear refractive index and nonlinear susceptibility of graphene and graphene oxide
dispersion. These values are well within acceptance rate with those reported
elsewhere (Chapter2).



As laser propagates through a nonlinear liquid medium, it generates signifi-
cant amount of heat and causes thermal effect, which in turn modifies nonlinear-
ity of the medium. Main aim of our work is to distinguish thermal nonlinearity
in graphene from its electronic origin and to show that the thermal effect domi-
nates over the electronic effect while causing nonlinearity in graphene dispersion.
We do observe experimentally, a significant impact of thermal effect on nolinear
properties of graphene. However, current results are not conclusive enough to
declare SSPM in graphene as a thermal effect. Therefore we aim to investigate
deep in this direction.



Chapter 2

Spatial Self-Phase Modulation

2.1 Intensity Dependent Refractive Index

The refractive index of many optical materials depend on the intensity of the
incident electric field. This is known as optical Kerr effect (was first proposed
for liquids where molecules undergo reorientation and alignment under applied
electric field) and can be described by the relation

Ne = Noe + n2eI (21)

where ng, is the linear refractive index, no. is the nonlinear refractive index of
material and [ is the incident intensity [1].

In nonlinear optics, total polarization of a material is given by

P(t) = ¢[xVE(t) + xXPE*(t) + xPE3(t) + ...] (2.2)

For a centrosymmetric material, such as graphene (P(t) = P(—t)), we write
P(t) = eoxWE(t) + eox® E3(t)

Using the relation n? = 1 + y we can obtain the relation between nonlinear
refractive index and nonlinear susceptibility as

m? 3 4, m? 39 .
nze(W) 4n36600X (02) n?)ex (esu) (2.3)



2.1.1 Self-Focusing and Self-Defocusing

Self focusing and self defocusing (also called self action) is a charecteristic of
Gaussian beam that occur as a result of intensity dependent refractive index. A
Gaussian beam has nonuniform transverse intensity distribution to its direction
of propagation in a way that the intensity is maximum at the center of the
laser spot and decreases radially outward. From the intensity dependence of
refractive index (2.1), it is evident that the speed of Gaussian beam will vary
in radial direction from its center point along the axis of propagation. If the
nonlinear refractive index of medium is negative, then the speed of beam will
be higher in its central region than the surrounding radial region. Hence the
medium will behave as concave lens and the beam will get defocused along the
axis. If ng. of the medium is positive, speed of the central region will be lower
than the surrounding, consequently, the medium will act as convex lens and self
focusing occurs.

2.2 Spatial Self-Phase Modulation (SSPM)

As seen from (2.1), the refractive index is a function of intensity of light. Since
the Gaussian beam has a nonuniform intensity profile, this creates a refractive
index variation of the material inside the pulse itself. The center of the pulse
sees a large refractive index and it decreases as one goes either side of the center.
With the moving Gaussian beam, this refractive index profile too moves inside
the sample. This leads to the change in velocity and hence a change in phase.
Because this spatial phase difference inside the beam is caused due to beam
itself is called spatial self-phase modulation (SSPM). The phase difference at
different spatial points results in a pattern of concentric diffraction rings in far
field as the beam transmits through the medium. Whether the interference
between two beams propagating from two different points will be constructive
or destructive is determined by whether the phase difference is even or odd
multiple of 7 (figure 2.1).

2.3 Nonlinear Properties Using SSPM

Let us consider a Gaussian laser beam of beam waist (wg) propagating through
a nonlinear medium of thickness L along z-axis. The complex electric field
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Figure 2.1: a) Schematic diagram of experimental set up for SSPM. b) Experi-
mentally observed diffraction ring pattern.

amplitude of the Gaussian beam is given by
2 2

W r ) z kngr

E(r,z) = E(0, z)w exp(—W) exp(—ilkz — arctan% + m]) (2.4)

where E(0, z) is the peak electric field amplitude, wq is beam waist, k = 27 /X is

wavenumber, zg is Rayleigh length and R(z) is the redius of curvature of wave-

fronts. For a Gaussian beam, beam radius w(z) varies along the propagation

direction as
w(z) = wg [1+ (1)2
ZR

Rayleigh length is the length over which the beam propagates like a plane wave

Tw,
(without divergence) and is given by zp = —2. The radius of curvature of

A

Z
wavefronts follows the relation R(z) = z[1 + (Z2)2).

z
Taking beam waist position to be the origin of the coordinate system, we can
rewrite (1.5) at the entrance plane of nonlinear medium (r, zg) as

r? knor?

E(r, z0) = E(0, z0) exp(—m) exp(—zm) (2.5)
The intensity of Gaussian beam is written as
—2r?
I(r) = I(0)e o (2.6)

where I(r) is the intensity at radius r from the center of the beam. I(0) is the

2P
Tw(z)?

intensity at the center of the beam and is equal to (P being the power).



We rewrite (2.1) as a function of beam radius
Ne(1) = noe(r) + noe(r) (1) (2.7)

In general, ng.(r) is taken as a constant. Excluding thermal convection, ng.(r)
can also be taken as a constant (thermal convection is one of the governing
factors of ng.(r) though, as we shall study later). (2.1) gets modified to

Ne(r) = Noe + Nae L (1) (2.8)

The phase shift ¢(r) comprises of two terms ¢, (r) (linear) and ¢y (r) (nonlin-

ear). ¢r(r) which is equal to , is associated with the wavefront curvature.

We calculate now, the nonlinear phase shift ¢y, (r). It can simply be related to
the change in nonlinear refractive index as

2 zo+L
oni(r) = =5 / An(r, 2)dz (2.9)
An(z,r) is related to ng. as
An(r,z) = ne (1, 2) (2.10)

Assuming that the sample medium is thin, the change in nonlinear refractive
index (2.10) becomes independent of the propagation coordinate. Substituting
(2.10) in (2.9), we get,

—2r?
IoLe W0 (2.11)

2N N2

Ap(r) = ¢np(r) = N\

We see that the nonlinear phase shift ¢y (r) has a Gaussian profile. Two
wavefronts at points r; and ro, respectively, propagating along z-direction will
differ in phase. Since these two radial wavefront possess the same transverse
wavenumber

dAg(r)
k, = 2.12
=22 (212
, they will interfere to form either maxima or minima, depending on,
Ag(ry) — Ap(ry) = mm (2.13)



where m is an integer. m will be even for a maxima and odd for a minima. We
can calculate the maximum phase shift in far field as

Ap(0) — Ap(oc0) = 2N7 (2.14)
Using (2.11), we get,
AN
Nge = (%OL)T (2.15)

The outermost ring in the diffraction pattern formed in far field has the greatest
phase variation gradient (k,),

kL = [dAdfd(r)]max (2'16)

So, the maximum half diffraction angle (half cone angle) 6y is given by

1 . dA¢(r
tanfg = E[%]mm (2.17)
For small angle 6,
1 .dAg¢(r) B
O E[ o |maz = Na2eC (2.18)
—2r?

8ril =2
where c is equal to [—-€ Y0 |4,
w

0
Thus, from (2.18), we see that the half cone angle is independent of ng,.
3,4,].

2.4 Analogy With Classical Optics

We can describe the SSPM phenomenon caused by a Gaussian beam as diffrac-
tion of light through a circular aperture. First, let us consider diffraction of light
as it passes through an arbitrary aperture as shown in figure. The aperture lies
in (nZ coordinate plane and the screen is z distance away from the aperture
along the Z-axis in XY Z coordinate plane. Acording to Hygen’s principle, each
point at the aperture behaves as point source for the incident light and emits
spherical wave E((,n) upon incidence. The phase difference in between these



spherical waves emitting from different point sources will lead to interference
and the resultant electric field at a point P(x,y) can be written as

00 [e'e) 1k

E(z,y) = C) / U,

n=0J¢=0 r

)dcdn (2.19)

k
Under far field approximation (z >> §(C2 +n?)), this can be written as

A2

7 —1
W @) [ [ —— (Ctyn)
E(r,y) = Se2:" " / /C EGme = " acay (220
n=0 =0

In case of circular aperture, (2.20) is modified to

ek ——(a2+y?) > r?  kngr?
E(P) = —e¢22 2 E [0 Jo(kr0) exp(—w(z)2 — 2(2R(22> + ®nz))rdr
(2.21)

A2

where Jy(krf) is zero™ order Bessel function.
In case of SSPM, the intensity distribution at point P is given by

r? kngr?

I =1y /000 Jo(krw) exp(—w<z)2)exp(—zQR(Z))exp(—z'CI)NL)rdr|2 (2.22)

E(0,z)e L

where Iy = 47?| , 2. el attributes to the absorption of light by

i
medium and d is the distance between medium and screen [9].

2.4.1 Thermal Convection

In nonlinear optical phenomena, the incident electric field of high intensity inter-
acts strongly with the medium. These high intensities generate thermal heating.
In fact, thermal heating plays important role in SSPM experiment. When the
light passes through the liquid medium, a part of its intensity is absorbed. Due
to absorption, significant amount of heat is generated. This leads to convec-
tion current generation in sample, due to which liquid layer from the center of
beam start rising upwards. The heat escapes from the central region, creating a
temperature gradient and hence leading to density redistribution of the sample.
This phenomenon causes a refractive index gradient of the system with respect

d
to temperature (%) [1]. Graphene possesses high thermal conductivity and
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optical absorption coefficient, which hints at strong thermal convection during
SSPM in graphene dispersion.

The refractive index gradient depends on the internal structure of the mate-

rial and depending on sign of %, the medium behaves either like a converging

or a diverging lens. Evolution of the thermal lens effect is also a medium char-
acteristic.
Variation of refractive index with temperature can be modeled as

dn
= —)AT 2.23
n=mng+( dT) (2.23)
where AT is temperature induced due the laser beam.

We can model the temperature profile of AT using heat transport equation,

SAT (z,y,1)

e —

where pC' is the heat capacity per unit volume and Q(z,y) = al(z,y) is the
absorbed heat from laser. We solve this equation in steady state condition later

in Chapter3 to find out the thermal effect in SSPM.

Modeling dynamic heat transport equation during SSPM remains a part of
immediate future plan.
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Chapter 3

Results and Discussion

In chapter 2, we became familiar with several nonlinear optical properties of
materials and the physics of spatial self-phase modulation (SSPM). Now we
proceed with the experimental analysis part. In this chapter, we discuss the
sample preparation method, different optical set-up construction and measure-
ment techniques. Then we analyze and discuss the obtained results.

3.1 Sample Preparation

3.1.1 Graphene

Graphene (few layer) was prepared by electrochemical exfoliation of graphite
sheet (thickness 0.5mm). We used an electrolyte solution of 0.1M (N Hy)250,
in water and graphite as both cathode and anode for electrolysis (figure 3.1).

When DC voltage of 410V was applied to a graphite electrode, the graphite
flakes began to dissociate and got dispersed into the solution. The process con-
tinued for 2 hours and at the end a dark black solution was obtained. The
solution was sonicated for 2 hours in order to break them further and was left
overnight for heavier particles to settle down. Next day, top 3/4 volume of solu-
tion was washed repeatedly with water followed by centrifugation at 7000rpm.
Afterward, the product was dried in vacuum for a couple of days. We made
0.1mg ml~! solution of obtained graphene in a common organic solvent DMF
(Di Methyl Formaldimide). The color of this solution is light black, and the
solution stays stable for weeks (very small amount of particles get settled) and
the color of solution still remains slight black. This indicates the presence of
graphene in our solution.

12



Figure 3.1: a) Electrolysis of graphite at a constant DC voltage. b) Solution
after exfoliation with clear view of lighter graphene particles near the top surface
and unexfoliated graphite at bottom. c¢) Dispersed graphene (left) and graphene
oxide(right) in DMF.

Mechanism

When bias voltage is applied, it results in reduction of water at the cathode,
creating hydroxyl ions (OH ~) that act as a strong nucleophile in the electrolyte.
The (OH™) ions attack the nucleophillic graphite site at anode. Oxidation at
these sites leads to depolarization and expansion of the graphite layers. This
process produce gaseous species such as (SO3), Oz etc, which exert large forces
on the graphite layers to separate weakly bonded layers from one another [5].

Several research wors have shown that about 85% of the graphene particles
are less than 4 layers. The charecterization results for the prepared sample for
our experiment is still awaited, yet, we expect similar results on basis of its
stable dispersion for weeks.

3.1.2 Graphene Oxide

Graphene Oxide (GO) was prepared by modified Hummer’s method. We thank
Dr. Venkataramanan’s Research Group, IISER Kolkata for providing us the
prepared GO powder. GO was dispersed in DMF with a concentration of
0.1mgml~!. This solution is also found to be stable for weeks, indicating good
quality of the product.

13



3.2 Knife-Edge Experiment

Knife-edge experiment is a general and method to find out the spot size of a
laser beam. The schematic set up for this experiment is shown in figure. We
use a lens to focus the laser beam propagating along z-direction at the edge of
knife (in our case, edge of a thin blade). The knife-edge is mounted on a trans-
lational stage such that it can move both along the beam direction (z-direction)
and orthogonal (x-axis) to it.

We keep the position of knife-edge fixed along the propagation direction of
laser beam, while gradually moving it in the direction orthogonal to propa-
gation. Initially, the knife-edge is outside the beam spot (not intersecting its
path). As it is moved inwards (towards the beam), it overlaps (blocks) a finite
portion the beam spot. It eventually crosses through the laser spot and blocks it
completely. A photo-detector placed behind the knife-edge measures incoming
intensity (voltage). Initially, the detector can detect completely undisturbed
intensity of the beam. As the knife-edge moves into the laser beam, only a
fraction of intensity is detectable. This fraction keeps decreasing and goes to
minimum when the knife-edge completely blocks the laser beam (figure 3.2).

The measured intensity by the photo-detector as a function of position of
knife-edge is shown in figure. This is evident that the region of the plot whose
slope is nonzero, is in fact the diameter of the beam. Derivative of the measured
intensity with respect to position should give a Gaussian profile, and is with

T — x.)?

standard Gaussian function F(z) = Fj exp[—2< 5

the beam radius r. We obtain the beam radius at different z-positions on either
side of the focus. Figure shows the beam radius profile along z-axis (focal point
is taken as zero). This is fitted using the relation

r(z) = r[\/l + ((z — 5))2 (3.1)

to get the beam spot size. Here ry is the beam waist (spot size at the focus),
2o = mr?/\ is the Rayleigh length and ¢ is the correction in focal position.
Performing Knife-edge experiment with a cw laser of wavelength 489nm, gives
us the value of beam waist rq = 28um.

] From the fit, we get

14
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Figure 3.2: a) Experimental set up for knife edge experiment. b) signal detected
by the photo-detector. c¢) Gaussian fit of the intensity profile obtained by dif-

ferentiating data from (b). d) beam radius plot at different position relative to
focus point. Minimum radius is at focus.

3.3 SSPM

In our experiment, we studied the nonlinearity in graphene and graphene oxide
(GO) using ultraviolet, visible and near-infrared continuous wave laser beams.
The laser was focused using a lens of focal length 10cm. The solution (graphene
and GO, both having concentration 0.1mgml~') was taken in a 10mm quartz
cuvette and placed before focus (R < 0). The front face of cuvette was placed
68mm from the lens. Continuous wave Lasers with 4 different wavelength (A =
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403nm, 489nm, 661nm and 791nm respectively,) were used in our experiment.
Beam waist for all these lasers were calculated using Knife-edge experiment and
found to be 28um. The laser spot size at the front face of cuvette was estimated
to be 114pum,161um, 173um and 277um for A = 403nm, 489nm, 661nm and
791nm, respectively. Far field intensity pattern of the transmitted laser beam
was observed at a distance of 126cm from the cuvette. We used high resolution
Logitech web camera with 30 frames per second to record the diffraction pattern.
Afterwards, we also used Sony digital camera with remarkable 1000 frames per
second to study diffraction dynamics in details. Experimental set up is shown
in figure 3.3

Figure 3.3: a) Experimental set up used for performing SSPM experiment.
Obtained diffraction pattern is on the right side.

3.3.1 Results and Discussion

The laser beam is made to propagate through the sample using a manual shutter
at time t=0 and resulting diffraction pattern in far field is recorded using cam-
era. In order to justify that the non-linearity occurs solely due to graphene, we
repeated the experiment by replacing graphene dispersion with DMF solution.
No such diffraction pattern was observed which shows that the solvent doesn’t
play any role in non-linearity. Figure shows the observed diffraction pattern in

16



graphene at power at 489nm.

We recall the far field intensity distribution expression (2.22) from the pre-
vious chapter. A simulation of the intensity distribution (corresponding to
experimental conditions as in figure 3.4a) is shown in figure, adjacent to experi-
mentally observed intensity distribution (figure 3.4b). This shows a good match
between experimentally and theoretically obtained pattern.
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(a) simulation for obtaining intensity (b) Experimentally observed intensity
profile using (2.22). profile.
Figure 3.4

Intensity dependent diffraction pattern is observed in different wavelength
regime. Figure 3.5 shows the pattern in graphene dispersion at different incident
laser power at 489nm. Number of rings and diameter of the outer ring both
increase with power.

Similar ring patterns are observed in four different wavelength regimes with
increase in number of rings as one goes into lower wavelength regime (figure 3.6

).

We now proceed to calculate the nonlinear refractive index of graphene dis-
persion. Recall

AN
= — 2
e <2n0L) I (32)

We calculate ny from the slope of number of rings (N) vs intensity (I) plot.
N vs I plots for graphene and graphene oxide in different wavelength regime are

17



Figure 3.5: Ring patterns in graphene at different power. (a) No rings were
observed at 3.75mWW, number of rings increase at 22.1mW (b), 35mW (c) and
46mW (d).

Figure 3.6: Number of rings decrease as wavelength increases. (403nm (a),
489nm (b), 661nm (c) and 791nm (d). Power is fixed at 35mW.

shown in figure 3.7. For our experiment, cuvette path length L is 10mm and
linear refractive index of solvent DMF ng is 1.43. We calculated the value of
ny at 489nm wavelength to be 3.8210710*! m2W~1. This magnitude matches
quite well with the reported value by Y. L. Wu et. al. [6].

Bulk nonlinear susceptibility of graphene and graphene oxide can be calculated

18
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Figure 3.7: Number of rings vs Intensity plot for Graphene oxide (above) and
graphene (below).

using the relation

m?_ 395
nae(337) = —7 X’ (esu) (3.3)
0
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Xiue 18 approximately related to monolayer x* by

Xgulk = MzX?nonolayer (34)

VN
where M = —— 2 is the number of monolayer graphene in dispersion [8]. ¢

(5/a?)

and V' are the concentration and volume of the solution, respectively. S is the
cross sectional area of cuvette and a is the lattice constant of graphene. In our
experiment, 0.8ml(0.1mgml~!) solution was used in a 10mmax10mm cuvette.
Substituting these value, we find M ~ 300 for our experiment and the nonlin-
ear susceptibility of monolyer graphene was found out to be 1.92107° P™lesu.

3.4 Origin of SSPM

There are two competing theories for origin of SSPM in graphene. Thermal lens
effect is an earlier proposed theory, which attributes the change in refractive
index of a medium to its increasing temperature as it absorbs the incident light.
However, a recently proposed theory predicts electronic origin of the SSPM
phenomenon in graphene. In previous chapter, we have discussed the thermal
convection process and it contribution to nonlinearity in a medium.

Here we discuss the other theory in brief, and based on the experimental
results, we conclude that the thermal effect dominates over electronic effect to
cause nonlinearity in graphene.

3.4.1 Coherence theory

Coherence theory, which predicts electronic origin of nonlinearity in graphene,
was first proposed by R. Wu. et. al. in 2011. They ascribe the nonlinearity
in graphene to the reorientation and alignment of suspended graphene sheets
in dispersion under electromagnetic field due to light. The monolayer or few
layer graphene sheets are freely suspended in the solution and can be treated as
independent domain. When the laser light passes through a sheet, electrons in
valence band absorb energy to excite into conduction band and undergo subse-
quent relaxation. The relaxation process is of the order of picoseconds. Move-
ment of electrons and holes move in opposite directions makes the graphene
sheets polarized. Initially, there might be some random angle between two

20



polarized graphene sheets depending on their interaction energy. In order to
minimize this energy, the graphene sheets will re orientate themselves, which
causes nonlinearity. Because these sheets are independently suspended, charge
carriers situated on different different sheets are in phase and contribute con-
structively to the SSPM pattern [4]. Along with this, the band structure of
graphene and high mobility of charge careers allow us to see ring pattern at
very low threshold intensity (3 Wem™2 in our experiment).

3.4.2 Evidence of Thermal Convection

When the laser beam passes through a solution, it induces local heating of the
molecules, which leads to convection currents. These currents will displace the
liquid layers due to which heat will escape from the beam region and an asym-
metrical temperature distribution will be created. Consequently, redistribution
of local density occurs leading to change in refractive index of the medium.
Experimental observation of thermal convection can be seen through time evo-
lution of ring pattern (figure 3.8). We see that in initial phase of ring formation,
the size of ring (vertical and horizontal diameter of the outermost ring) evolves
uniformly to reach its maximum, which is followed by a vertically downward
shrink in its upper half structure till it attains a steady state. Corresponding
time evolution of outer ring diameter is shown in figure 3.9.

When the nonlinear medium gets heated by laser light, the time it takes
to convert the laser energy into thermal energy is attributed to the time the
diffracted beam takes to acquire a maximally uniform ring pattern. Afterwards,
convection currents give rise to asymmetrical temperature gradient and hence
local density distribution. The heated layers of dispersion lift upwards and are
replaced by relatively denser layers that move towards the center of the beam.
This is the reason for vertical shrink in the upper half portion of rings. After
some time, when the temperature distribution reaches steady state, there is no
further shrinkage in the structure [8].

3.5 Dominance of Thermal Effect

We analyze experimentally, the significance of thermal convection in SSPM.
Figure 3.10 pictorially represents shrink in diffraction ring pattern. 6y is half

21



Figure 3.8: (a) At 35mW power and 489nm, ring pattern is maximally uniform
at t = 0.25s. (b) First observation of deformation at 0.3s. Pattern at 0.4s (c)
and at 1s (d).

the angle made by outermost diameter with the exit point of cuvette along the
direction of propagation of beam. 6#p is the angle by which the ring structure
deforms. From (2.18), we see that

9[{ = CNe (35)
so that o A
D Noe
— = 3.6
GH Noe ( )

Figures 3.11 and 3.12 show the variation of 6y and 6y for graphene and
graphene oxide, respectively, at 489nm. From the plot (figure 3.13) of fractional
change in refractive index, we estimate that maximum change in nonlinear re-
fractive index of graphene is 0.67. This concludes that the thermal effect in
SSPM is quite significant [3].

3.5.1 Other observations

We can write heat transport equation for temperature profile as

AT
pc% — kV2(AT) = al (3.7)
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Figure 3.9: Time evolution of out ring diameter in graphene oxide at laser power
489nm and power 80mW .

sample

Figure 3.10: Schematic diagram representing the maximum half cone angle 0y
and destortion angle 6p, respectively.

where AT is the temperature rise in the medium, x is thermal conductivity, «
is the absorption coefficient and pC' is the heat capacity per unit volume [1].

We can find the maximum temperature difference in steady state by approxi-
mating V(AT ) = —

max

RZ

as

ImaxR2
T, = maet (3.8)
K
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Figure 3.11: Variation of half cone angle and distortion angle in graphene with
respect to intensity at 489nm.

Using thermal nonlinear refractive index expression,

dn
Anyy, = (ﬁ)T (39)
we obtain the relation J R
thermal n.«x
e Sl 1
2 (dT> K (3.10)

A theoretical plot of this equation using standard values of constants (figure
3.14) shows that the thermal nonlinear refractive index is maximum at focus.
This can be understood from simple fact that at focus, the cross sectional area of
Gaussian beam is minimum that means maximum intensity and hence maximum
thermal effect. In our experiment, when we used pulse laser at 780nm to observe
SSPM in graphene by placing sample at different position from focus, we observe
that the thermal effect at focus is so large that it dominates SSPM. There is

24



0.015

0.010 4

Angle (degree)

0.005 4

0.000 ————+—————1——1——1——7——

Intensity (Wem™)

Figure 3.12: Variation of half cone angle and distortion angle in graphene oxide
with respect to intensity at 489nm.

huge divergence of light and eventually we do not see any SSPM pattern.
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Figure 3.13: Plot shows the fractional change in nonlinear refractive index of
graphene and graphene oxide.

3.5.2 Fine structure rings

We have seen earlier in chapter 1 that the phase factor for a Gaussian beam
consists of both linear and nonlinear term. Linear phase term arise due to
wavefront curvature, while the nonlinear term corresponds to the medium. Far
above the threshold limit of nonlinearity the, nonlinear phase term dominates
the linear phase term, while just above the threshold limit, both the phase terms
are comparable, so, they interfere to give fine tiny ring structure (in addition to
usual diffraction pattern). In our experiment, in order to avoid large thermal
effect, we placed sample at a distance 32 mm before the focus of a 10cm lens.
At such large distance, the wavefront curvature of beam is high and the linear
phase is comparable to the nonlinear phase, so, they interfere to give small rings
(figure 3.15).
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Figure 3.14: a) Theoretical plot shwing that the thermal nonlinear refractive
index in any liquid medium is highest at focus. A well observed diffraction
pattern in graphene at 15 mm before (a) and 15mm after focus (b). Huge
divergence is observed at focus (b) due to thermal effect.

Figure 3.15: Few tiny rings can be seen in the diffraction pattern when graphene
dispersion is placed far from focus (A = 403nm).
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Chapter 4

Conclusion and Future Plan

The presented work was the first part of our work plan where the main
aim was to study nonlinear optical nonlinearities in graphene by SSPM and
to estimate the impact thermal effect in SSPM in graphene. Based on our
experimental results, we estimated the value of nonlinear refractive index and
nonlinear susceptibility of graphene, which match quite well with earlier re-
ported values.

We also observed that the thermal effect due to laser intensity dominates the
SSPM phenomenon in graphene and graphene oxide. However, dynamic study
of thermal convection is yet to be performed. Thermal effect can be studied in
details if we compare the SSPM in graphene with cw laser and with pulse laser.
We shall look forward to this in immediate future. Time resolved SSPM might
help in distinguishing thermal effect from electronic effect in SSPM. We have
also planned to study Z-scan and time resolved Z-scan studies to understand
third order nonlinearities from another point of view. I hope that I would be
able to understand the physics behind optical nonlinearities in graphene in great
details through this thesis.

I thank Dr. Bipul Pal, Dr. Bhavtosh Bansal, Samrat Roy, Shruti J. S. and
other lab members for their important contribution while carrying this project
and IISER Kolkata for providing me a platform to carry my MS project. I also
thank Dr. V Mahalingam’ research lab for their help in preparing sample, and
Dr. Ayan Banerjee’s research lab for providing us high frame rate camera.
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