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This thesis discusses four experiments on the ordering of gold nanorods. In the first experiment, 
a linearly polarized focused pump beam transmits through a solution of gold nanorods in water to 
create a soliton waveguide. A probe beam, linearly polarized at some angle with respect to the 
polarization of the pump beam, is then guided into the soliton channel. We then measure the 
output transmission as a function of the probe polarization to show the ordering of the nanorods 
in the soliton channel. Unfortunately, the results were not very reproducible. We discuss the 
possible reasons for experimental inconsistency and reproducibility. 

In the second experiment we use a set of parallel plates powered by a variable high voltage 
supply to create a controlled uniform electric field. These parallel plates are between a solution 
ofnanorods (aqueous or organic). We then shine white light and measure transmission and 
obtain the absorption spectrum of our ordered sample. We found the spectrum does not change 
with the voltage applied for our aqueous solution. But strong dependence of the spectrum on the 
voltage applied is observed for our organic (toluene) solution. 

In the third experiment, we use a similar setup as the first, but with a toluene solution of gold 
nanorods. Based on results from our second experiment we found noticeable ordering of 
nanorods in an organic solution compared to an aqueous nanorod solution. This motived us to 
explore the same experiment, but with organic solvent. 

In the fourth experiment, we use a pump beam to create soliton in our toluene solution of gold 
nanorods. We then add voltage to our parallel plates to see how an external electric field affects 
the non-linear action in our soliton. We also explored what happens when the pump beam power 
is too high and thermal effects break up the soliton. An external electric field is then added to 
investigate its effect on soliton formation. 

These experimental studies provide a step forward for optical manipulation of nanorods and for 
synthesizing plasmonic nanosuspensions with tunable optical nonlinearity. 
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Chapter 1: 
Introduction 

1.1 Background of Solitons 

In general, a soliton is a self-reinforcing solitary wave packet that maintains its shape 
while it propagates at a constant velocity. The first soliton was described by John Scott 
Russell in 1834. Russell describes his observations in a canal as a wave of translation [1, 
25]: 

I was observing the motion of a boat which was rapidly drawn along a 
narrow channel by a pair of horses. when the boat suddenly stopped
not so the mass of the water in the channel which it had put in motion; 
it accumulated round the prow of the vessel in a state of violent 
agitation, then suddenly leaving it behind. roffedforward with great 
velocity, assuming the form of a large solitaJy elevation, a rounded, 
smooth and weff-dejined heap of water, which continued its course 
along the channel apparently without change of form or diminution of 
speed. l followed it on horseback, and overtook it still rolling at a rate 
of some eight or nine miles an hour [14 kmlh], preserving its original 
figure some thirty feet [9 m]long and afoot to afoot and a half [300-
450 mm] in height. Its height graduaffy diminished. and after a chase 
of one or two miles [2-3 km} 1 lost it in the windings of the channel. 
Such, in the month of August 1834. was my first chance interview with 
that singular and beautifit! phenomenon which I have called the Wave 
of Translation. 

There is no single agreed upon definition of a soliton (see Appendix A). But Drazin & 
Johnson ( 1989) [ 1 OJ describe solitons by its three properties: 

1. They are of permanent form; 

2. They are localized within a region; 



2 

3. They can interact with other solitons, and emerge from the collision unchanged, 
except for a phase shift. 

J-::-----
(1 t=::::--------------

~ ... ·-· ';' 
'• 

'd~---- _ ____.._1~1 
~·+-1 ,.......,_,I -======2::J. 
r·+-f _.__I ------rt:1 

- .. 
r---~·~---~-~---~====~~--~----------------~ 

1----------~---------r· .. 

~0·+[~·------~ 
~~T~------------------~ 

Fig 1.1.1. Following his discovery of a 'wave of translation', Scott Russell built a 30 
ft wave tank in his back garden and made further important observations on the 
properties of the solitary wave. Above are sketches of his wave tank. [25] 

In optics, a soliton is any optic field that does not change its shape as it propagates. 
Usually, this is due to a balance between nonlinear and linear effects in the medium. 
There are two types of solitons: spatial solitons and temporal solitons. 

Spatial solitons, often likened to a graded-index fiber, have electromagnetic fields that 
change with the refractive index of the medium while propagating. It remains confined 
and does not change its shape while propagating, by balancing the nonlinear effects with 
diffraction. Meanwhile temporal solitons, whose electromagnetic field are spatially 
confined, maintain their shape by balancing nonlinear effects with dispersion. 
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My experiments will be utilizing spatial solitons. Therefore, any further mention of 
solitons will specifically be spatial solitons. 

1.1.1 Nonlinear Schrodinger-like equation for solitons 

For solitons, the nonlinear Schrodinger-like equation with thermal defocusing response 
[~] included is 

i aa <p + - 1 - 'Vi<P + k0 (np- nb)pV<p + i ap <p- k0 lilnri<P = 0, 
z 2konb 2 

where k0 is the vacuum wavenumber and k0 = ~:, <p is the electric field envelope, np,b 

are the refractive indices of the individual particle and background medium respectively, 
p is the intensity dependent particle concentration, V is the volume of an individual 
particle, a is the extinction cross section, and Llnr is the thermally mediated refractive 
index change of the suspension. Note that Llnr can be approximated as Llnr = 

(aa7) (T- Tb)(1- fv), where T represents the spatial temperature distribution and Tb is 

the initial temperature of the suspension. 

In this nonlinear Schrodinger-like equation, the first term is the beam propagation 
evolution, the second term is responsible for diffraction effects, third term is due to 
optical force-induced nonlinearity (could be Kerr-type or exponential [.2., 1.]), the fourth 
term is due to scattering and absorption losses, and the fifth term is due to the thermal 
defocusing response. In most cases, the thermal defocusing response is considered small 
and often time ignored (see Appendix B). 

1.2 Optical Forces 

Contributions to the optical forces that form a soliton are the gradient force, the scattering 
force, and the absorption force. 

1.2.1 Gradient Force 



To first order, the underlying gradient force is given by D .. .U, H., ll, 32] 

Fgrad = (1/4)aR VI, 

4 

where intensity I is given by I = E · E*, E is the electric field amplitude, and aR denotes 
the real part of the particle's polarizability. 

Polarizability of Spherical Particles 

In a dipole approximation, polarizability of spherical particles is given by [.4] 

where volume ofthe particle Vp is approximated by Vp = ~rra3 , such that a is the average 
3 

diameter of the nanosphere, Eo is the free space permittivity, nb is the refractive index of 
the background medium, and m is a dimensionless parameter m = np that represents the 

nb 

ratio of the particle's index of refraction, np, to the index of refraction of the background 
medium, nb. 

Note that the dimensionless parameter, m = np, will determine whether the polarizability 
nb 

is positive or negative. And the polarizability will determine whether the gradient force 
is either positive or negative. When np > nb, our particle polarizability will be positive 
and the gradient force will act as an attractive force to the particles. Likewise, when 
np < nb, our particle polarizability will be negative and the gradient force will act as a 
repulsive force to the particles. 



(a) (b) 

(d) (e) 

Fig 1.2.1.1. Visual of the gradient force in action. (a) and (d) When np > nb, the particle is 
positively polarized (PP) and is attracted to the intensity of the beam. (b) and (e) When 
np < nb, the particle is negatively polarized (NP) and is repelled from the intensity of the 
beam. [.ll] 

Polarizability of Prolate Spheroidal Particles 

5 

Since nanorods do not possess the spherical symmetry, the polarizability of the rod is 
dependent on orientation. When approximated to be a prolate spheroid, with long semi
axis a and two identical short semi-axes b (a> b), the polarizability of a nanorod is [~, 

20, ll] 

where II and .l denote the rod's longitudinal orientation with respect to the electric field, 
and Ep and Eb are the frequency-dependent complex dielectric constants of the particle 
and the background medium. The geometrical structure factor along the longitudinal 
mode direction is [~] 
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1- e 2 ( 1 1 +e) 
Lll = e2 -1+2eln1-e 

where the eccentricity e is defined as e 2 = 1 - b2 / a2. And the geometrical structure 
along the short axis is [ 18] 

1.2.2 Optical Torque 

1- Lll 
Ll.. =--2___:.:. 

Previous work has shown that in the presence of an electric field, nanorods in plasmonic 

media have been known to orient themselves [2, .Q, 1] along E following the optical 

torque i = P X E, where P is the polarization and E is the electric field. 

For nanospheres, due to rotational symmetry, optical torque does not matter. But for my 
experiments, where nanorods are involved, optical torque is important. Polarizability for 
my particles will be dependent on orientation. That is to say, when the nanorod is 
perpendicular to the electric field, the polarizability, Re(aJ..), will be different from the 
polarizability when the nanorod is parallel to the electric field, Re( a 11 ). 
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Fig 1.2.2.1. Experimental example of optical torque at work. Gold nanorods 
encounter optical torque from a linearly polarized pump beam. (a) Nanorods 
have random orientation when no electric field is present. (b) Nanorods 
optically align from optical torque when encountering electric field from a 
linearly polarized pump beam. (c) Plot of polarizability of I OOnm nanorods 
vs wavelength (nm). (d) Schematic of gold nanorod. (e) Schematic of 
refractive indices in the orthogonal directions due to induced optical 
anisotropy. [_lli] 

1.2.3 Scattering Force 

7 

The scattering force in optics is analogous to force of radiation pressure CFrad = ::. S), 
c 

such that LlL 32] 

.... O'scat .... 
F scat = nb -- (S) 

c 
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where, CTscat is the scattering cross section, nb is the refractive index of the background 

medium, c is the speed of light, and S is the Poynting vector. 

Scattering Force of Spherical Particles 

k 4 lal 2 
For spherical particles, CTscat = -- [31]. Recall, in the dipole approximation, the 

4rr -

polarizability of a spherical particle is a = 3Vp.s0n~ (:::~). Then the Rayleigh 

approximated scattering cross section for spherical particles [~] becomes 

_ Brr 2rrnb 6 m - 1 4 ( 2 )2 
CTscat - 3 (---;:;;-) a m 2 + 2 

Note in optics, the time-averaged value of the Poynting vector is the intensity. Also, 
recall that wavenumber, k, is k = (2rr/A.) = (2rrnb/A.0 ). Thus, our scattering force for 
spherical particles is (always positive and along z direction): 

.... _ Brrnb 4 6 m - 1 .... A ( 2 )2 
Fscat-~k a m2 + 2 /(r) z 

1.2.3 Absorption Force 

The absorption force can be written as [ll, 32] 

.... CTabs .... 
Fabs = nb --(S) 

c 

where CTabs is the absorption cross section, nb is the refractive index of the background 
medium, c is the speed of light, and S is the Poynting vector. 

Absorption Force of Spherical Particles 

For spherical particles, CTabs = k Im(a) [.ll]. Thus, the absorption force for spherical 
particles is 

.... k nb .... 
Fabs =- Im(a) I(r)i 

c 
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1.4 Background of Birefringence 

1.4.1 P and S Polarization 

A linearly polarized beam of light that is perpendicular to the plane of incidence is known 
to be s-polarized. The s stands for senkrecht, which is German for perpendicular. An s
polarized beam is also known as a transverse electric (TE) mode, since the electric field is 
perpendicular to the plane of incidence. 

A linearly polarized beam of light that is parallel to the plane of incidence is known to be 
p-polarized. The p stands for parallel, which is German for parallel. A p-polarized beam 
is also known as a transverse magnetic (TM) mode, since the magnetic field is 
perpendicular to the plane of incidence. 

Fig 1.4.1.1. Schematic drawing of a polarized beam splitter (PBS) 
from Thorlabs, which separates an unpolarized beam into its p
polarized and s-polarized components [ 40). 

1.4.2 Birefringence 
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Birefringence (also known as double refraction [11.]) is the optical property of a material 
having a refractive index that depends on the polarization and propagation direction of 
light. 

Many anisotropic materials are said to be birefringent or birefractive. Often times, 
birefringence is quantified by it maximum refractive indices. That is to say, an 
extraordinary refractive index, ne, and an ordinary refractive index, n0 • 

Some examples of birefringent material are crystals that have non-cubic crystal 
structures. One common example of a birefringent material is ice. Ice (H 2 0) has a 
hexagonal symmetry and birefringence ofne = 1.313 and n 0 = 1.309 [.2]. 

Fig 1.4.2.1. (right) non-cubic structure of ice. This non-cubic structure is the reason for ice's 
birefringent property. [26] 

1.4.3 Birefringent Absorption 

Ice (H2 0) is a birefringent dielectric material with ordinary and extraordinary refractive 
indices that are strictly real [.2, 19]. On the other hand, a conductive birefringent colloidal 
nanosuspension, observed with a soliton beam that is linearly polarized, can exhibit 
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birefringent absorption [IB_]. A metamaterial with birefringent absorption (difference in 
the imaginary part of the refractive index) properties would then have a complex set of 
extraordinary and ordinary refractive indices: Re(ne), Re(n0 ), Im(ne), and Im(n0 ). 

Birefringent absorption is also referred to as dichroism, where dichroism is described by 

b.lm(n) = Im(nx)- Im( ny ). 

1.5 Previous Soliton Experiments 

I will give a brief description of some relevant soliton experiments. This will not be 
anywhere near a complete or even brief history. Instead, this will be a short discussion of 
experiments and papers pertinent to my personal soliton experiments. Most of these 
experiments were conducted by other past researchers in San Francisco State University. 
None the less, I feel that I must acknowledge work, for their work led me to mine. 

1.5 .1 Soliton in Colloidal Suspensions with Mixed Species of Positively 
Polarizable (PP) and Negative Polarizable (NP) Dielectric Particles 

In the field of nonlinear optics, the use of colloidal suspensions and particles with 
positive polarizability have since long been used [ll, 11]. 

In 2013, Man, et al., used 2{lm polystyrene dielectric beads in a deionized water solution. 
These polystyrene 2flm beads (np = 1.59) in aqueous colloidal suspension (nb = 1.33) 
have a positive particle polarizability (PP). Then, Man, et al., demonstrate a new class of 
synthetic colloidal suspensions with negative particle polarizabilities (NP) [11]. By using 
hollow 7{lm silica spheres (np = 1.2) in a water solution (nb = 1.33), Man, et al., were 
able to have a colloidal suspension with NP particles. 

With the use of a focused continuous wave (CW) laser beam at 532nm wavelength, and 
the two aforementioned colloidal suspensions in a 10-mm-long cuvette, Man et al., 
demonstrated a catastrophic self-focusing collapse with the polystyrene aqueous PP 
suspension and an enhanced transmission against scattering in the hollow silica aqueous 
NP suspension. Neither colloidal suspensions yield the desired soliton. 
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But, by mixing both species (the PP polystyrene beads and the NP hollow silica spheres 
in water), Man, et al., achieved a mixed response (attraction ofPP beads and repulsion of 
NP spheres due to the gradient force) in their colloidal suspension and were able to 
realize the creation of a soliton. 

By introducing NP particles into a PP environment, Man, et al., were able to alter their 
colloidal suspension's nonlinear properties and ergo create a stable self-trapping of light 
LllJ. 

1.5.2 Solitons in Colloidal Nanosuspensions ofNP and PP particles 

In 2014, Fardad, et al., through the use of plasmonic nanostructures such as core-shell 
particles, nanorods, and nanospheres were able to display robust propagation of self
trapped light [2.]. Fardad, et al., used two kinds of NP particles (gold nanorods, silica
gold core-shells) and two types of PP particles (gold nanospheres, silver nanospheres). 
And, in all four separate cases, Farad, et al., was able to create solitons [2.]. 

1.5.3 Solitons as Waveguides and Experiments using Nanospheres and 
Nanorods 

In recent years, guiding and steering light has also been observed in colloidal suspensions 
of dielectric (polystyrene), as well as metallic (silver) nanoparticles [.12, .l.Q]. 

In 2016, Kelly, et al., showed that they can create a plasmonic resonant soliton with 
colloidal nanosuspensions. This, in turn can be used as a self-induced waveguide [11]. 
With the use of a focused continuous wave (CW) laser beam at 532nm wavelength, and 
the colloidal suspensions (gold nanosphere, gold nanorod) in a 4-cm-long cuvette, Kelly 
et al., created a soliton inside their nanosuspension. Then using this soliton as a 
waveguide, Kelly, et al., were able to guide a comparably low powered IR beam [11] . 

1.5.4 Soliton Experiment regarding Birefringence 
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Now that plasmonic resonant solitons can be used as a wave guide, Ren, et al., used a 
probe beam (1064nm) to show that a linearly polarized soliton pump beam (532nm) was 
exhibited orientation ordering in their gold nanorod colloidal plasmonic suspension [~]. 



Chapter 2: 
Birefringence/Dichroism Measurements for 
Aqueous 145nm Gold Rods 
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With the precedence that plasmonic resonant solitons in aqueous suspensions of gold 
nanorods can exhibit orientational ordering [~], we attempt to display plasmonic 
resonant tuning of nanorod orientation, by implementing different pump beam 
wavelengths for the same aqueous nanorod suspension. 

Previously, in the birefringence experiment by Ren, et al., [~] the colloidal suspension 
used were gold nanorods from NanoPartz [22, 23], whose average length and diameter 
were lOOnm and 50nm, respectively, and whose longitudinal surface plasmon resonance 
(LSPR) was around 600nm. 

It has been shown that the polarizability aR of gold nanorods in an aqueous solution can 
be tuned as a function of the rod length when its diameter is fixed at 50nm [~]. By 
choosing the right set of gold nanorod suspension and pump wavelength we believe we 
can show that nanorod orientation can be tuned by adjusting wavelength of the linearly 
polarized pump beam. 

2.1. Theory 

2.1.1 Polarizability of 145nm Rods, Orientation, and the Gradient Force 

We judiciously looked at the available samples from NanoPartz and found an aqueous 
colloidal suspension whose nonlinear properties could be utilized by our current 
MSquared continuous wave (CW) tunable laser (It, 700 to lOOOnm). 

We chose an aqueous gold nanorod suspension from NanoPartz [22, 24], with an average 
rod length and diameter of 145nm and 50nm respectively, and an LSPR around 800nm. 
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We planned on pumping the plasmonic resonant soliton with three different wavelengths: 
740, 780, and 840nm. As seen on Fig 2.1.1.1. , at these wavelengths, the particle 
polarizability for perpendicular orientation, Re(aJ.), is positive and relatively constant 
throughout the selected wavelength range. On the other hand, the particle polarizability 
for parallel orientation, Re( a 11 ), is vastly different for the three wavelengths. For 740nm 

and 840nm, the magnitude of Re(a 11 ) is comparable, but Re(a 11 ) is negative for 740nm 

wavelength and positive for 840nm wavelength. While, for 780nm wavelength, Re( a 11 ) 
has a small positive magnitude by comparison to the magnitudes for 740nm and 840nm 
wavelengths. 

Polarizablity of GNR (d = 50 nm, I = 145 nm) 
2E·31 

2E·31 

- parallel, real 

-SE-32 

· lE-31 
wavelencth (nm) 

Fig 2.1.1.1. Polarizability (Cm2 /V) vs Wavelength (nm) graph for gold 145nm long rods in 
aqueous solution. Real and imaginary component are shown for both perpendicular and parallel 
orientations with respect to the polarization of the pump beam. Red horizontal lines are added to 
show relative locations for 740, 780, and 840nm wavelengths. 

Since Re(al.) is relatively constant and positive for our three wavelengths, the effect of 

the gradient force, Fgrad = ~aR\i'l£1 2 , should be relatively the same. That is to say, for 

all three linearly polarized pump wavelengths (740, 780, 840nm), when the rods are 
oriented perpendicular to our electric field, the rods should all be transversely attracted to 
our pump beam. But, when our rods are oriented parallel to our linearly polarized pump 
beam, we expect different results for the three situations. 
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For 740nm, since Re( a 11 ) is large in magnitude and negative, the parallel oriented rods 
should be repelled from the center of the pump beam. This will leave the soliton channel 
to be largely populated with rods oriented perpendicular to our electric field (Fig 
2.1.2(a)) . 

For 840nm, since Re( a 11 ) is also large in magnitude, but positive, the parallel oriented 
rods should be attracted towards the center of the pump beam. This will result in a 
soliton channel that is populated by both parallel and perpendicular oriented rods. But, 
since IRe(a,,)l 840 is much larger than 1Re(a.dl 840 , we expect to have majority of the 

rods in the soliton channel to be oriented parallel to our electric field (Fig 2.1.2(c)). 

Finally, for 780nm, since Re( a 11 ) is small in magnitude and positive, a small amount of 
parallel oriented rods may be attracted towards the center of the pump beam. 
Furthermore, 1Re(a11 )l 780 is much smaller than IRe(aJ.)i?80 , so we expect to have most 

rods oriented in the perpendicular orientation (Fig 2.1.2(b )). 

Fig 2.1.1.2. Schematic illustration of soliton-mediated orientational ordering of 145nm gold 
nanorods at three wavelengths: (a) 740 nm, (b) 780 nm, and (c) 840 nm. 

2.1.2 Method for Determining Birefringence and Dichroism 
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By measuring our pumped soliton beam's birefringent and dichroic properties, we can 
show that our nanosuspension exhibits ordering when the soliton is present. From 
experiments [11], we have found that soliton channel can be used as a waveguide for 
beam that is on the far right ofthe particle's LSPR. In our case, we will use an IR beam 
at 1064 nm to probe our soliton channel. 

We can further measure the anisotropic properties of this metamaterial by measuring the 
polarization transmission spectrum of our probe beam linearly polarized at an angle 81 

with respect to the polarization of the soliton beam (which will be p-polarized, along x
axis). 

After the linearly polarized probe beam exits the soliton channel, the output beam 
generally turns into an elliptically polarized beam. 

This can be characterized by measuring the power transmitted through an analyzer placed 
after the sample as a function of the analyzer's angle 82 with respect to the x-axis, given 
by [47, 48]: 

where 

10 = ~ 1Einl 2 exp (- (Im(nx)- Im(ny)) k0 L) 

8 = ( Re(nx) - Re( ny)) k0 L 

a= exp ( (Im(nx)- Im( ny)) k0 L) 
Ein is the input electric field amplitude, nx and ny are the indices of refraction along the 

two principal axes, k 0 L = 2~L is the optical phase that light accumulates when passing 

through suspension of length L. 8 and a describe the induced birefringent and dichroic 
properties of the metamaterial. (Recall that magnitude of the difference quantified by 
birefringence is LlRe(n) = Re(nx) - Re(ny)· Similarly, the difference quantified by 

dichroism is Lllm(n) = lm(nx)- Im( ny ). 

If the orientation of the rods is dependent on the wavelength of the pump beam, we 
expect both the sign and value of lm(nx)- lm(ny) should change and the major axis of 
the output probe beam should rotate differently. 
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2.2 Experimental Setup 

The setup used for this experiment is illustrated in Fig 2.2.1 , where an MSquared 
continuous wave (CW) tunable laser (II., 700 to 1 OOOnm) is used as the pump, while 
another CW laser operating at an IR wavelength (/1. = 1064nm) is used as the probe. 
Both beams propagate collinearly through a cuvette (2 em, 4 em, and 10 em) containing 
an aqueous gold nanorod (length= 145nm, diameter= 50nm) suspension. 

The pump beam(/!., 700 to lOOOnm) passes through an achromatic halfwave plate (690-
1200nm) and polarizing beam splitter (620-1000nm) so that the pump beam is linearly p
polarized (TM) and its power can be adjusted. The pump beam is then 
expanded/collimated before being focused near the input facet ( ~0.8cm from the front 
end of the cuvette) ofthe colloidal suspension in a sample cuvette. 

Polarizer 1: Set 81 

Probe beom A/2 
1064nm 

780nm. 840nm 

Transmission: T{82 ) as 

I L Power Meter 

Fig 2.2.1. Schematic of Experimental Setup for Birefringence/Dichroism Measurements. 

The probe beam (IR, II. = 1 064nm) is also expanded/collimated and passes through a 
multi-order dual wavelength waveplate (1/2-wave at 1064nm & 1/4-wave at 532nm) and 
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polarizing beam splitter (900 -1300nm) so that it is also linearly p-polarized (TM) and its 
power can also be adjusted. The probe beam then goes through multi-order dual 
wavelength plate (1/2-wave at 532nm & 114-wave at 1064nm) at 45 degrees with respect 
to the p-polarization to create a relatively circularly polarized beam. After the quarter
wave plate, the probe beam then goes through an ultra broadband wired grid polarizer 
(250- 4000nm) and emerges as a linearly polarized beam. 

The pump beam and probe beam get combined through a long pass dichroic mirror 
(950nm cutoff wavelength) before being focused together by an achromatic lens with a 
focal length of 80mm. The diameters of the collimated pump and probe beams are 5.0 
and 6.5 em, respectively, and the corresponding beam sizes at the focal plane are 
measured to be 21.4 and 16.6 !lm respectively. 

The input and output beam profiles are monitored by a CCD camera (Thorlabs, UBS 2.0) 
and series/combination of neutral density (ND) filter camera caps and ND wheels. The 
input/output power is measured using a power meter (Thorlabs, PMlOOD) along with 
either a photodiode sensor (Thorlabs, S 130C) or a thermal power sensor (S302C). The 
power of the output probe beam after the sample is then measured with or without the 
analyzer placed after the sample. 

2.3 Results/Discussion 

Expectations 

With the analyzer, we measure the output at 82 from 0 to 2rr. When the soliton pump 
was not on, we expected to see theIR probe output follow Malus's law Ll~], such that the 
output intensity behaves as I = 10 cos 2 (82 - 81 ), where 82 is the angle of the analyzer 
with respect to the polarization of the pump beam, and 81 is the angle of the linearly 
polarized input probe with respect to the polarization of the pump beam. 

We will measure the transmitted power as a function of 82 . Ifthere is no difference in the 
real and imaginary refractive indices, our transmission should follow Malus's law and the 
minimum transmitted power should be at about Om W. 

For the 740nm wavelength, we expect the rods to be oriented perpendicular to the 
soliton's electric field. This will cause a difference in the imaginary refractive indices, 
indicating dichroism [ 4 7, 48]. As a result, the peak position should shift to the left. 
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For the 840nm wavelength, we expect many rods oriented parallel to the soliton's electric 
field [ 4 7, 48]. This will cause a difference in the imaginary refractive indices. And as a 
result, the peak position will shift to the right. 

Results 

Data for the experiment (Fig 2.3.1 ) was taken in the span of about nine hours. The input 
probe beam with a power of about 5mW was linearly polarized at -10° and verified to 
have an extinction ratio of 362: 1. The transmission of the probe beam when the soliton 
was off was about 11 %. 

At the local max, the 840nm pumped soliton was measured to have an increase in probe 
power by 1.2 times. While 780nm and 740nm pumped solitons had an increase of 1.28 
and 1.36 times respectively. The increase in the modulation amplitude from the off-to-on 
transition by the soliton occurred as expected [1.8.]. 
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Fig 2.3.1. Birefringence results. The x-axis is the angle of 82 (degrees) and they-axis is the measured 
power output (W). The input probe (1064) was set to 5mW at 81 = -10°. The output was then measured 
at 82 ranging from -10° to 390° with zo increments for soliton pumps 740nm, 780nm, and 840nm. All 
soliton pump beams were linearly polarized at 0°. The soliton pump powers were about 630mW, 61 2mW, 
and 610mW, respectively. 

When the pump was off ('1064+cuvette'), the output has peaks (Fig 2.3.2) at -10°, 
170°, and 350°, as expected, and minimums at (Fig 2.3.3) about 80° and 260°, as 
expected. Futhermore, the minima follow Malus's Law and are at about OmW. 

But the direction of the phase shifts (Fig 2.3.2) was not as expected. Furthermore, the 
phase shifts were inconsistent within the three peaks. Note the inconsistencies between 
the first and third peaks in Fig 2.3.2. Also note that for '1064+740' and '1064+780' , 
there does not seem to be a second peak. These results suggest that there is some 
systematic fluctuation in our systems. 
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Fig 2.3.2. Close-up views of the three peaks from the Birefringence data results from 2017 0807. 
Orange, yellow, and gray vertical lines were added to show the estimated peaks of the outputs with 
respect to the peak of the input (blue). We see the phase shifts were very small and inconsistent 
within the three peaks. 
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Fig 2.3.3. Close-up views of the two minima from the Birefringence data results from 20 17 
0807. TheIR probe output ('1064+cuvette') follows Malus's Law and has a minimum of 
about OmW, as expected. Furthermore, the pumped outputs ('1064+740' , ' 1064+780', and 
'I 064+840') have minima slightly about Om W (about 0.1 m W to 0.3m W). This slight increase 
is due to the Birefringent/Dichroic effect of the nanorods being ordered. 
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Discussion 

It should be reiterated that the data was taken over the span of nine hours. And although 
negligible, the non-linear Schrodinger-like equation for solitons [~] still has thermal 
effects. It can be seen in the soliton's sinking feature that we often dismiss (see 
Appendix B). If that is truly the case, then nine hours of being exposed to high powered 
electric fields from the laser beam could cause some small amounts of evaporation to our 
sample. Therefore, one explanation for inconsistency could be the change in the sample 
particle concentration over time. 

It should also be noted that from previous work with 100-nm-long nanorods [~], the 
phase shift was found to be at about 1°, indicating a very small Birefringence difference 
between ordinary and extraordinary refractive indices. 

This experiment was repeated several times. The results were inconsistent. System error 
was vastly considered. To reduce the time of measurement, we purchased a servo 
operated step motor to rotate the analyzer and reduce the data acquisition time. 
Unfortunately, our results were still not as "expected" due to limited propagation distance 
and the subtle difference which cannot be effectively resolved within experimental errors 
[47]. We eventually explored another experiment that is designed to obtain nanorod 
ordering by applying an external electric field. Based on results from this experiment 
(Chapter 3.2), we re-visited the birefringence/dichroism experiment, but used an organic 
(toluene) solution (Chapter 4). 
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Chapter 3: 
Ordering Rods using a High Voltage Applied 
External Field 

Controlling the orientation of nanorods can be done by the use of a high voltage source 
applied to a pair of parallel conducting plates between a nanosuspension [34, 35, 39]. By 
using an external electric field and measuring the transmission spectrum of a white light 
source, the absorption spectrum of the nanosuspension can be obtained. 

The alignment of long (aspect ratio> 10) nanorods in aqueous solvents using an external 
electric field, where only the transverse absorption peak was in the visible spectrum, has 
been demonstrated with an AC voltage source (25, 125, or 175V) at a high frequency 
(100kHz) [34]. For shorter (aspect ratio< 10) nanorods in an aqueous solution, it was 
known to be difficult and challenging to order the rods using an external electric field. 

But recent work has shown that it is possible to align gold nanorods with smaller aspect 
ratios when in an organic solvent, using an AC voltage source (ranging from 0 to 15kV) 
at a low frequency (60Hz), gold nanorods in a toluene solvent can be aligned [35, 39]. 

3.1 Experimental Setup and Theory 

The setup used in this experiment is illustrated in Fig 3 .1.1, where we used an Ocean 
Optics (HL-2000) white light source (/!., 400nm-1000nm). We then used a neutral 
density filter to attenuate power and an ultra broadband wire grid polarizer (250 -
4000nm) to set the white light top-polarized (0°) or s-polarized (90°). 

The linearly polarized white light source was then expanded/collimated and passed 
through a focusing lens with a focal length of 65mm. The white light was focused near 
the input facet (0.2cm from the front end) of the colloidal suspension in a sample cuvette 
(l =12.50mm). 



whit•liJht 

Fig 3.1.1. Illustration of setup for high voltage applied electric field 
experiment. 
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A pair of small metal plates (26mm x 13mm) was placed outside the sample cuvette and 
arranged to only overlap between the cuvette. The plates were connected to high voltage 
wire cables (Allied Wire & Cable, 3239-14-15KV-9) and were fused together using a 
silver conductive epoxy (MG Chemical, #8331-140). These plates were then glued 
inside a set of 4-cm-long cuvettes using a UV activated glue (5 Second Fix™). These 4-
cm-long cuvettes were then filled with Dow Coming Silicon Fluid (Part # 
PMX200GLIOB), which was used as a dielectric fluid to avoid arcing from our high 
voltage (up to 15kV AC) powered metal plates. 

To power the high voltage plates, we had a variable AC voltage source whose output 
ranges from 0 to 120V at 60Hz. This voltage source was then connected to a 
FranceFormer transformer with primary at 120V and secondary at 15kV, rated at 60Hz 
and 30mA. 

The distance of our electric plates was about 11.6mm, which gave us an applied uniform 
electric field that could range from 0 to 1.29kV /mm. When the high voltage plates are 
activated the nanorods should tend to align along the direction of the external electric 
field (0°). 

After the white light passes through our 12.5-mm-long cuvette, we measure the output 
spectrum using a Thorlabs compact spectrometer (CCS200) in the wavelength range from 
200 to 1 OOOnm with a resolution of .11!. < 2nm and a slit width of 20J1m. 

Note that the parallel plates are aligned along the vertical direction, which is 
perpendicular to the propagation direction of the white light source. Thus, when our 
polarizer is set to oo and our high voltage plates are activated, our rods should be oriented 
parallel to the polarization of white light and Re(a 11 ) should dominate. On the other 
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hand, when our polarizer is set to 90° and our high voltage plates are activated, our rods 
should be oriented perpendicular to the polarization of the white light and Re( a 1_) should 
dominate. 

For this experiment we tried several samples of nanorods with varying concentrations. 
For the aqueous solutions, we tried four species of nanorods, all from NanoPartz [22], 
with varying concentrations: A12-50-60-CTAB [23], A12-50-800-CTAB [24], A12-
2100-CTAB [43], A12-25-1400-CTAB [44]. As for the organic solutions, we tried two 
versions of the same species of nanorods from NanoPartz [ 45] (the difference being the 
ligand change from Polystyrene to NanoPartz Organic™), with varying concentrations: 
E 12-50-800-PS-TOL-50 and E 12-50-800-NPO-TOL-50. 

3.2 Results and Discussion 

Results for Aqueous Solutions 

Based on a series of experimental test, we could not get any reasonable results with our 
aqueous solutions to signify that out rods were being ordered by the applied external 
field. We were not surprised by this with two of our samples: the 100nm long nanorods 
(Al2-50-600-CTAB) and the 145nm long nanorods (A12-50-800-CTAB) because their 
aspect ratios were much less than 10 (Table 3 .2.1 ). All previous experiments [34] have 
shown that it is difficult to align nanorods of small aspect ratios in an aqueous solution 
using an applied electric field, possibly due to an optical torque that is too weak to 
overcome strong Brownian motion of the nanorods. 

On the other hand, we were expecting to get reasonable ordering results from of two large 
aspect ratio rods (A12-10-2100-CTAB and A12-25-1400-CTAB). In particular, we were 
expecting to get noticeable ordering results for A 12-10-21 00-CT AB, since its aspect ratio 
is 20.8. Ordering with nanorods in an aqueous solution has been done before by van de 
Zan de, et al. [34]. We compared our sample characteristics (Table 3 .2.1) with the sample 
characteristics in previously reported experiments (Table 3.2.2). 



Lid L d CAu CRODS 

(nm) (nm) (/lg/mL) (1010/mL) 
A 12-10-21 00-CTAB 20.8 250 12 35 6.41 
A12-25-1400-CTAB 10.2 256 25 50 2.06 
A12-50-600-CTAB 2.0 100 50 50 1.32 
A12-50-800-CTAB 2.9 145 50 55 1.00 

Table 3.2.1. Charactensttcs of our gold nanorod aqueous soluttons from NanoPartz. 
Lid is the aspect ratio where L, d is the average length and diameter of the nanorods, 
determined by TEM analysis. CAu is the total gold concentration, determined by ICP 
optical emission spectroscopy. CRoos is the number concentration of rods, calculated 
using the previous information provided by NanoPartz. 
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Note that the information above was given to us by NanoPartz, with the exception of the 
number concentration of rods, CRoos, which was calculated using the following equation 
[34] 

where the mass density of gold, PAu = 19.3 x 103 kg m-3 . 

Lid L d CAu (RODS 

(nm) (nm) (!lglmL) (1010/mL) 
ROD2.6 2.6 39 15 30 20 
ROD12.6 12.6 189 15 131 20 
ROD17.4 17.4 279 16 28 2.9 
ROD49 49 729 15 145 2.8 
ROD17.2 17.2 259 15 24 2.7 

. . 
Table 3.2.2. Charactensttcs of gold nanorod aqueous solutiOns from van de 
Zande's [34] experiments, which were successful in showing ordering with long 
aspect ratio nanorods in aqueous solutions. 

Comparing the nanorod characteristics shown in the above two tables, one can see that 
the rod concentration for our samples is somewhat much less than some of van de Zande, 
et al. 's samples [34]. So we tried concentrating our nanorods samples by using a 
centrifuge to separate the rods from DI water, and then removed some of the DI water to 
increase nanorod concentration. We were still unsuccessful. (We later realized, after 
getting successful results with our organic toluene solution, that Zande, et al. used a high 
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frequency (100kHz) high voltage AC signal. We, on the other hand, were using a low 
frequency (60Hz) high voltage AC signal. Therefore, using a high frequency high 
voltage AC signal may be the key to achieving alignment of large aspect ratio rods in an 
aqueous solution.) 

Results for Organic (toluene) Solutions 

For the organic nanorod solution, we used toluene as a solvent because previous 
experiments found success in ordering rods in toluene [35, 39]. We purchased nanorod 
samples from NanoPartz [45] (E12-50-800-PS-TOL-50 and E12-50-800-NPO-TOL-50) 
with the same nanorod dimensions (average diameter of 50 nm and average length of 145 
nm) as our aqueous nanorod sample in our Birefringence/Dichroism experiment. 

This sample from NanoPartz came highly concentrated with optical density (OD) at 50. 
In fact, it was so concentrated that none of the white light could transmit through the 
sample, due to the very large absorption from the rods. So, we slowly added toluene 
(0.300mL at a time) to our sample until we found a sample-to-toluene ratio (0.05mL 
sample: l.OOmL toluene) that could transmit a reasonable percent of our white light 
spectrum and still be ordered by our applied electric field. 
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Fig 3.2.1. Real and imaginary a.L and a 11 vs wavelength for a nanorod sample (d = SOnm, 
l = 145nm) in toluene solvent. This data was numerically calculated using COMSOL. 
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When the external electric field is applied, our nanorods will tend to orient along the 
direction of the applied electric field. The higher the electric field, the more nanorods we 
expect to align themselves along the direction ofthe electric field. 

Our nanorod sample (E 12-50-800) has longitudinal surface plasmon resonance (LSPR) at 
around 860 nm and a transverse surface plasmon resonance (TSPR) at about 550nm (Fig 
3 .2.1 ). We can also observe the two resonances by measuring the absorption spectrum 
when there is no applied electric field (Fig 3.2.2.). 

When our polarizer, PI, is set to 0°, more rods will be parallel to the linear polarization of 
our white light source. Thus, Im(a11 ) will dominate and the absorption peak around the 
LSPR (860nm) should increase as the strength of the applied electric field increases. 
Meanwhile, our absorption peak around the TSPR (550nm) should decrease as the 
strength of applied electric field increases (Fig 3.2.2). 
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Fig 3.2.2. Absorption (aL) vs wavelength (nm) of organic (toluene) nanorod solution when the 
linearly polarized white light is parallel to the applied electric field. LSPR is around 860nm and 
TSPR is around 550nm. A smoothing function involving a moving average was applied to the raw 
data. 
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When our polarizer, Pl , is set to 90°, more rods will be perpendicular to the linear 
polarization of our white light source. Thus, Im(a.L) will dominate and the absorption 
peak around the LSPR (860nm) should decrease with increasing applied electric field. 
Meanwhile, our absorption peak around our TSPR (550nm) should increase with 
increasing applied electric field (Fig 3.2.3). 
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Fig 3.2.3. Absorption (aL) vs wavelength (nm) of organic (toluene) nanorod solution when the 
linearly polarized white light is perpendicular to the applied electric field. LSPR is around 860nm 
and TSPR is around 550nm. A smoothing function involving a moving average was applied to the 
raw data. 
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From Fig 3.2.2, we see that the decrease in absorption around 550nm is very clear and 
correlates with the increase in the applied electric field from the high voltage plates. 
While the increase in absorption around 860nm looks somewhat inconsistent with our 
expectations. Similarly, from Fig 3.2.3 , we see that the decrease in absorption around 
860nm is very clear. While the change in absorption around 550nm with applied electric 
field is again more complex. Upon closer inspection, we find that the inconsistency starts 
when the applied electric field is greater than 538 V/mm. We suspect something other 
than just ordering may be happening when the applied electric field is very large. Or, 
there may be some systematic error for the applied electric field above 538 V/mm. 

We took the data from Fig 3.2.2 and Fig 3.2.3 and plotted them on one graph, for a range 
of applied electric field from 0 to 538 V/mm. 



Fig 3.2.4. Absorption (aL) vs wavelength (nm) of organic (toluene) nanorod solution when the 
linearly polarized white light is either parallel or perpendicular to the applied electric field. LSPR is 
around 860nm and TSPR is around 550nm. A smoothing function involving a moving average was 
applied to the raw data. 
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Fig 3.2.4 shows the absorption vs wavelength of our nanorod in toluene solution when 
both P 1 = oo and P 1 = 90° are included and the applied electric field ranges from 0 to 
538 V/mm. The blue/cyan dotted lines represent when the light is linearly polarized at oo 
and high voltage is applied to the parallel plates. The red/magenta solid lines represent 
when the white light is linearly polarized at 90° and high voltage is applied to the parallel 
plates. The black line denotes the absorption spectrum when no high voltage is applied, 
and therefore the solution is isotropic. 

Note that our nanorod in toluene solution has the same dimensions (d = SOnm, l = 
145nm) as our nanorod in water solution from chapter 2. Therefore, our nanorod in 
toluene solution will have similar polarizability characteristics as Fig 2.1.1.1. From the 
black curves in Fig 3.2.2, Fig 3.2.3, and Fig 3.2.4, we can see for nanorods in toluene the 
absorption spectrum exhibits peaks at 550nm and 860nm. Therefore, we can infer that 
Im(a11 ) has an LSPR at about 860nm and Im(a1.) has a TSPR at about 550nm. Further, 
we can infer that Re(a 11 ) is negative below 860m and positive above 860nm. 
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From the blue/cyan dotted lines in Fig 3.2.4, we see a decrease in absorption around 
550nm as the high voltage increases and we see an increase in absorption around 860nm 
as the high voltage increases. We've assumed that the high voltage is aligning more and 
more of the rods parallel to the linear polarization of white light (Pl =0°). Now, with the 
decrease around Im(a.L) and increase around lm(a11), we can see that the rods are truly 
being ordered along the uniform applied electric field. 

This idea of ordering from an applied electric field was further confirmed by the results 
for a different linear polarization of white light (P 1 =90°, red/magenta solid lines in Fig 
3.2.4). We can see an increase in absorption around 550nm and a decrease in absorption 
around 860nm as the high voltage increases. 

Discussion 

With this experiment we see that we can order the nanorods in toluene using an applied 
high AC voltage at low frequency. We found difficultly in ordering nanorods in DI water 
using the same setup. One explanation could be due to the dipole nature of water. Since 
water is a polar molecule, our electric field may also be interacting with the water 
molecules as well as the nanorods, affecting the Brownian motion. In Chapter 2, we also 
found difficulty in the demonstration of nanorod ordering in aqueous suspension with 
solitons induced by a pump laser at various wavelengths. This prompted us to try and 
repeat the Chapter 2 experiment with nanorods in toluene solution. 
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Chapter 4: 
Dichroic Measurements for 145nm Gold Rods 
in Organic Solvent 

In Chapter 2, we attempted measuring the birefringence and dichroism of our soliton 
induced gold nanorod suspension in an aqueous solution. We found our results to be 
inconclusive. In Chapter 3, we explore ordering nanorods in a suspension using an 
external electric field. We found that it is possible to align nanorods in toluene but 
difficult to do so for a nanorod suspension in water. Thus, we wanted to explore 
measuring the dichroism of a nanorod suspension in toluene. 

4.1 Theory 

This experiment used the similar setup as the experiment in chapter 2 (Fig 2.2.1), except 
the analyzer (82 ) was removed. 

By removing the analyzer placed after the sample, we can now measure the total output 
power of the probe beam for a given polarization el of the input probe beam [ 48]: 

Thus, by measuring the total transmission, T, of the probe beam at 81 = oo and 90°, we 
will be able to obtain the dichroic property, illm(n) = Im(nx) - Im( ny )), of the 
synthetic material: 

4.2 Experimental Setup 
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The experimental setup is similar to that used in the experiment described in chapter 2 
(Fig 2.2.1 ) but some changes have been made. The setup used for this experiment is 
illustrated in Fig 4.2.1. 

pump beam 
740nm 

system 

input 

output 

Fig 4.2.1. Schematic drawing of the setup for dichroism experiment with nanorod (d = 
SOnm, l = 145nm) suspension in toluene solution. 

The collimated probe beam (1 064nm) path has a halfwave plate and polarized beam 
splitter (PBS) which will attenuate the probe beam power and give us an p-polarized 
probe beam. After that, we have a quarter wave plate at 45° to obtain a circularly 
polarized probe beam. We then use a polarizer to linearly polarize our beam to an angle 
of our choice. 

The pump beam (740nm) path has a halfwave plate and PBS which will also attenuate the 
pump beam power and give us a p-polarized pump beam. Then the pump beam is also 
collimated so that the beam sizes of the pump and the probe are similar. We have a 
532nm filter to filter out any residual 532nm beam from the MSquared laser. Then we 
added another set of halfwave plate and polarized beam splitter. The second halfwave 
plate is attached to a servo control motorized step motor. And the second PBS is attached 
to a fixture that can rotate, so that the pump beam can be alternated between p-polarized 
(0°) and s-polarized (90°). 

With the second set of half-wave plate and PBS, we can take data for a decent range of 
input pump power. 

The pump beam (740nm) and probe beam (1064nm) then meet at a dichroic mirror such 
that their paths line up. Due to the restrictions of our dichroic mirror (see Appendix C), 
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the polarization of our probe beam will be limited to either Pl = oo or Pl = 90°, because 
for other angles the probe beam starts to become elliptically polarized. 

For this experiment, we wanted to measure the input pump power and the output probe 
power at same time. In order to do this, we added a 50:50 beam splitter before our 
focusing lens (focal length 80mm) and 12.5cm sample cuvette. This way we could 
measure the input power of the pump beam using a photodiode operated power meter. 
After the sample cuvette, we added a long pass filter to filter out the pump beam, so that 
we can only measure the transmission of the probe beam. And then we added a pinhole 
to block out any residual optic noise. Finally, we use a second photodiode operated 
power meter to measure the output probe transmission. 

4.3 Results 

Dichroism Results 

We took several rounds of data. When the pump beam was linearly polarized at 0°, we 
measured the dependence of probe output power on pump power for P 1 at oo and then 
for Pl at 90°. This measurement was repeated three times. We then took another three 
rounds of data when the pump beam was linearly polarized at 90°. For all six sets of 
data, the input pump power and the output probe transmission were measured 
simultaneously using two separate photodiode operated power meters that were 
connected to two separate computers. 

To attenuate the input pump power, we had automation script to rotate our half-wave 
plate from minimum power ( 45°) to maximum power (0°) at a 1 o decrement every 2.5 
seconds. Using another automation program, we simultaneously recorded the input pump 
power and output probe transmission every 2.5 seconds. We averaged our data sets and 
plotted ourresults in Fig 4.3.1. 



2.0 

- ~ ~ Cj) e t!:HIHj) ~ (!) O eQ) s o Q) e~~ 
E 1.5 (!)Cj) - ~ 
lo.... Cj) Q) 
;: 
0 

a_ 1.0 .... 
:J 
a. .... 
:J + perpendicular 0 
Q) 0.5 

...c 0 para llel 
0 
lo.... 

a_ 

0.0 

0 so 100 150 200 
Pump Power (mW) 
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For this suspension of gold nanorods in toluene, we found pump transmission to be about 
73.7% (before adding long-pass filter and the pinhole) and we visually found soliton 
formation at a pump input power of about 192mW. From Fig 4.3.1 , we see that blue 
circles (parallel) and red crosses (perpendicular) are almost exactly on top of each other 
for input pump power from OmW to 180mW. This is as expected, since the sample 
should be isotropic when the soliton has yet to be formed. Between input pump power 
180m W to 200m W, there starts to be a noticeable difference. To emphasize this 
difference, we plotted the percent difference of the perpendicular transmission with 
respect to the parallel transmission (Fig 4.3.2). 
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Noting that our soliton pumped suspension is a dynamic solution (rods moving in a 
fluid), we estimate there is a system error of ± 1% due to the nature of our sample. We 
drew two red horizontal lines in our percent difference plot (Fig 4.3.2) at ±1 %. With the 
exception of a few outliers, it is clear that majority of our percent difference is at 0 ± 1%. 

But as we get closer to soliton pumped power (192mW) we see that we get percent 
difference range from -2% to -5%. 

Recall that the vacuum wavenumber has the relation k 0 = ::. Given a 1.25-cm-long 

sample cuvette and a 1064nm probe beam, we have k0 L = 7.38 x 104 . 

From Fig 4.3.2, we see that our greatest percent difference is -5% (lower bound). Thus, 

T -T11 T 
.L = __.:!:.- 1 = -0.05 

T11 T11 
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T 
__.:!:. = 0.95 
T11 

Recall that a = exp ( (Im(nx)- Im( ny)) k0 L) = 
get 

Taking the square root, we 

a= ~ = V0.95 ~ 0.9747 
~Til 

Solving for the dichroism, 

Im(n _ n ) = ln(a) = ln(0.9747) 
x Y k0 L 7.38 X 104 

Thus, our lower bound measured dichroism is 

Repeating this for our upper bound of percent difference at -2%, we get 

Comparing the Aqueous Solution with the Organic Solution 

We also found that it generally required less power to create a soliton in the toluene 
solution than in the aqueous sample. Also, as shown in the previous chapter, the 
nanorods in toluene solution could be ordered with an external electric field at low 
frequency while the nanorods in aqueous solution could not. 



Fig 4.3.3. Beam profiles of gold nanorods (d = SOnm, l = 145nm) in aqueous and toluene 
solution. Optical Densities (OD) are comparable. Aqueous solution is ODI from NanoPartz 
[22, 24] and toluene solution is ODS from NanoPartz [45]. To make the toluene solution 
comparable to our aqueous solution we dilute our toluene solution with a sample-to-toluene 
ratio of 0.1 OOmL sample + 7.000mL added toluene. Pump is at 740nm wavelength. 
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Fig 4.3.3 shows the beam profiles of the pump for gold nanorods in aqueous and toluene 
solutions. Note that the first column is a beam profile of the input beam right before it 
hits the front face of a 1.25-cm-long sample cuvette. The input beam sizes are 
comparable. The second column is the output beam right after it leave the back face of 
the 1.25cm sample cuvette. Again, the output beam sizes are comparable and both 
samples do not exhibit nonlinear effects at 1Om W input pump power. The next three 
columns are the output beam profiles when the input pump power is at 50mW, 157mW, 
and 620mW. For the aqueous solution, a soliton is clearly formed when the input pump 
power is at 620mW. For the toluene solution, a soliton is clearly formed when the input 
pump power is at 157mW. We note the beam sizes for the aqueous solution at 620mW 
and the toluene solution at 157m W are comparable. Yet the toluene solution requires 
much less power. 

A possible explanation for this interesting effect could be that the molecular structures of 
water and toluene are different. Water is a molecule that can exhibit dipole effects, 
affecting the Brownian motion of the rods in the sample. So an electric field from the 
linearly polarized pump beam can possibly also have an effect on the water molecules. 
On the other hand, toluene, which is a hydrocarbon, possibly does not get affected much 
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by our linearly polarized pump beam. As a result, the toluene solution requires less 
power for creating a soliton channel. Another reason could be due to the different 
viscosities of water and toluene. 



Chapter 5: Effects of a Uniform External 
Field on a Soliton Pumped Nanosuspension 
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From chapter 3, we found that an organic solution of gold nanorods in a toluene solvent 
can be ordered using an applied external electric field at low frequency. This prompted 
us to attempt to measure dichroic properties of the pumped soliton beam created by a 
740nm wavelength passing through this organic solution. In chapter 5, we then explore 
what effects would occur on a soliton pumped organic solution when an external electric 
field is applied. 

5.1 Experimental Setup 

We applied pump beams ofvarious wavelengths (532nm, 740nm, 840nm, 900nm). This 
pump beam passes through a half-wave plate and PBS for attenuation and for the beam to 
be linearly polarized (p-polarized). The pump beam is then collimated with two lenses 
and passes through a focusing lens (focal length at 80mm). 

After the focusing lens the pump beam passes through a 1.25-cm-long cuvette with 
sample. The sample is made of gold nanorods (d = SOnm, l = 145nm) in a toluene. 
The cuvette has parallel plates with a separation distance of 11.6mm. 

An imaging system with neutral density filters is then setup with a CCD camera at the 
end to take beam profile pictures. 



system 

Fig 5.1.1. Schematic drawing of experimental setup to observe effects of a uniform electric 
field applied to a soliton pumped nanosuspension of gold nanorods (d = SOnm, l = 14Snm) 
in toluene solvent. 

5.2 Results 
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We first applied a p-polarized 532nm wavelength pump beam onto our organic solution. 
At 14mW, we were able to create a soliton. Then we applied an external uniform electric 
field that ranged from 0 V/mm to 538 V/mm (Fig 5.2.1 ). As the applied external field 
increases, so does the beam size (Fig 5.2.2.). 

We repeated this with other wavelength (740nm, 840nm, 900nm) and got similar results. 
We also tried these the wavelengths when the pump beam is s-polarized (90°). 
Interestingly enough, it appears as though this effect is independent of wavelength, and 
independent of PBS orientation (which implies that it is independent of the sign of the 
polarizability). 
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Fig 5.2.1. A toluene solution of gold nanorods (d=50nrn, 1=145nrn) is pumped by a p-polarized 532nm 
wavelength laser to create a soliton at 14mW. An external electric field is then applied such that the 
electric field is: (a) 0 V/mm, (b) 161 V/mm, (c) 214 V/mm, (d) 269 V/mm, (e) 323 V/mm, (f) 377 V/mm, 
(g) 431 V/mm, (h) 484 V/mm, and (i) 538 V/mm. 
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For various other pump wavelengths (740nm, 840nm, 900nm), we also tried applying an 
external electric field and got similar results. For all three cases (740nm, 840nm, 
900nm), it appears that the effects are independent of PBS orientation. We got similar 
results when the pump polarization was perpendicular or parallel to the applied electric 
field. 

We then applied more power to the nanosuspension until noticeable thermal effects have 
affected the beam shape. The first column of Fig 5.2.3. shows six cases of our 
nanosuspension experience thermal effects from excessive pump power. We then applied 
an external electric field . In all six cases, it appears that our beam shape went from a 
soliton broken up by thermal defocusing back to a soliton-like shaped beam. 



Fig 5.2.3. Pump power in increased in a solion pump nanosuspension until noticeable thermal 
effects distort the beam shape. Then an external applied electric field is applied. This is down 
for pump wavelengths at 740nm, 840n, and 900nm for the PBS at oo and at 90°. At 862 
V/mm, it appears that a soliton-like beam shape has formed. 
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Currently, it should be noted that the soliton-like beam shape is not completely stable. 
This may be due to the low frequency oscillation of the applied electric field. Much more 
remains to be studied with this interesting phenomenon, such as characterizing the 
transmission and the change in beam size with high voltage for different wavelengths. 

It appears from Fig 5.2.1. and Fig 5.2.3. that the strength of the nonlinearity of the 
nanorod suspension is gradually reduced as the external field is increased. The 
mechanism certainly merits further studies. 
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Chapter 6: Summary and Conclusion 

In the first experiment, we attempted measuring the birefringence and dichroism in a 
soliton pumped nanosuspension of 145nm long rods in DI water. By probing this soliton 
with a linearly polarized 1 064nm beam at a phase angle, 81 = -10°, and measuring its 
transmission as a function of angle, 82 , we expected to see an output transmission that is 
elliptically polarized. This output transmission should have a phase shift (left or right, 
depending on pump wavelength) and a shift up, as a result of the soliton sample's 
birefringent and dichroic properties due to nanorod ordering. Due to systematic error, we 
found reproducible results difficult to attain. Furthermore, we believe that the 
birefringence and dichroism to be so small that desired data may be difficult to see within 
the experiment's own systematic errors. 

In the second experiment, by measuring transmission absorption of a linearly polarized 
white light spectrum going through the sample, we studied the ordering of nanorods in 
different solutions. Our results show that we can realize the ordering of nanorods in 
toluene with an AC high voltage source applied to a pair of parallel conducting plates, but 
we cannot observe the ordering in an aqueous solution. We infer that the dipole nature of 
water causes this phenomenon, which affects the Brownian motion. In the case of the 
aqueous solution, the voltage of the conducting plate might be driving the water 
molecules as much as it is the gold nanorods, disturbing the Brownian motion. 

In the third experiment, we measured the dichroism of a soliton pumped nanosuspension 
of 145nm long rods in a toluene solution. By probing this solution with a linearly 
polarized 1 064nm beam at different phase angles ( 81 = oo and 81 = 90°) and measuring 
the output transmission of the sample, we were able to calculate an upper bound to the 
dichroic properties ( -1.37 x 10-7 ) of the soliton pumped nanosuspension of 145nm 
long rods in a toluene solution. 

In the fourth experiment, we explored the effects of a uniform external electric field at 
low frequency on a soliton pumped in nanosuspension. Pumping by a linearly polarized 
beam with several wavelengths, we always observed that soliton was being destroyed and 
its beam size became larger as voltage on the conducting plates was applied. The output 
beam size at soliton power appears to get larger when we add conducting plate voltage 
regardless of the pump wavelength and polarization. Moreover, we observed that when 
the pump power was high enough to cause thermal effects, and then voltage on the 
conducting plates always applied, that a soliton-like shape began to form. This again was 
independent of the pump wavelength and polarization. Our results from our fourth 
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experiment appear to show that the nonlinear effects get reduced as a result of the applied 
external electric field . This interesting result merits further exploration and 
understanding. 
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Appendix 

Appendix A: Ambiguity with Definition of Soliton 

There was a point in our experiments that we tried to characterize the upper and lower 
power ranges needed to create solitons in a specific aqueous plasmonic nanosuspension 
(gold nanorods, length= 145nm, diameter= 50nm [24]). Unfortunately, our results were 
not reproducible. 

Part of the reason for the lack of repeatability was the ill-defined nature of soliton. In an 
attempt to remedy this, we tried to take beam profile pictures at the lower range of the 
soliton and record its input power. We then take beam profile pictures with input pump 
powers slightly below and slightly above our lower limit soliton pump power. 

Due to the limitations in our setup (our pump power was attenuated by a half-wave plate 
and polarized beam splitter), we could only attenuate input power about ?Om W at a time. 

But for one input pump wavelength at 830nm, we were able to capture several beam 
profile pictures. As seen (Fig A.l. ), we took beam profile pictures of the output for six 
different input powers at the fixed wavelength of 830nm: 168mW, 25lmW, 370mW, 
374mW, 455mW, and 560mW. 
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Fig A.l. In an attempt to find at what exact input power is needed to create a soliton for a specific pump 
wavelength 830nm and aqueous plasmonic nanosuspension (nanorods, length = 145nm, diameter = 50nm), 
we meticiously adjusted our input power as incrementally as possible. Limited by our setup (a halfwave 
plate and polarized beam splitter), we adjusted our halfwave plate every two degrees and record the input 
power (a) halfwave plate at 306 degrees, input pump power= 168mW, (b) halfwave plate at 304 degrees, 
input pump power= 25lmW, (c) halfwave plate at 302 degrees, input pump power = 370mW, (d) halfwave 
plate at 300 degrees, input pump power = 374mW, (e) halfwave plate at 298 degrees, input pump power = 
455mW, (t) halfwave plate at 296 degrees, input pump power= 560mW. 

Note that we attenuated the power by changing the angle of a half-wave plate before the 
beam enters a polarize beam splitter. The pictures in (Fig A.l. ) are pictures taken 
sequentially as the angle on the half-wave plate changes from 306 degrees to 296 degrees 
at a two-degree increment. This is the most accurate we can get in power attenuation. 

As one can see in the six pictures, the change of the beam from low power linear 
diffraction to soliton is very gradual. Fig A.l.a (168m W at 306 degrees) is definitely low 
power linear diffraction. And Fig A.l.f (560mW at 296 degrees) is definitely a soliton. 
But the exact moment when soliton starts to exist still is a bit subjective. This 
subjectivity contributed to the inconsistency in our attempt to characterize the lower and 
upper input pump power limits of soliton for different pump wavelengths. 
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Appendix B: Importance of the Thermal Effect in Solitons 

The nonlinear Schrodinger-like equation with thermal defocusing response [2] included is 

. a 1 2 ( ) iap I r-a <p + -- \11.<p + k0 np- nb pV<p +- <p- k 0 Llnrl<fJ = 0. 
z 2konb 2 

Since the thermal effect in solitons are considered minimal, the nonlinear Schrodinger
like equation for solitons is often simplified [2.] to 

. a 1 2 ( ) iap r-a <p + -- \11. <p + k0 np - nb pV <p +- <p = 0. 
z 2konb 2 

Despite this, I would just like to note thermal effects do exist in solitons. One way we 
have noticed this is by the "sinking" feature of a soliton. As seen below (Fig B.l.) we 
take beam profile pictures of a soliton created by 730nm pump beam sent through a 
plasmonic nanosuspension (nanorods, length = 145nm, diameter = 50nm, in organic 
solvent toluene). In general, the thermal convection effect is an important phenomenon 
in the propagation of laser beam through liquid media [ 42]. 

Fig B.l. Beam profiles of a soliton pumped at 730nm wavelength with 
40m W input power taken over several frames . Two horizontal red 
lines are added to emphasize the sinking action as the soliton forms 
and settles into place. 
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Appendix C: Why certain Dichroic Mirrors do not easily maintain 
Polarization 

During our birefringence experiment, we initially wanted to probe our soliton channel at 
some angle like 8probe = 30° with respect to our linearly polarized pump beam. Since 
this angle has a mixed polarization state relative to s and p, our linearly polarized probe 
beam at 30 degrees will be turned into an elliptically polarized beam after passing 
through the DCM. 

We thought if we could find the right dichroic mirror (DMC) with transmission for both 
S and P polarizations relatively high and close to each other, we thought we could bypass 
this issue. 

One example of a DCM we thought would work was the Thorlabs DMLP950 DCM [27, 
28], which, for a wavelength of 1064nm, had p-polarized transmission at 99.47885895% 
and s-polarized transmission at 96.5320257%. Unfortunately, this DCM would still end 
up producing an elliptically polarized our probe beam. 

We eventually, came to a discussion. In order to explain why the DCM will not preserve 
our linearly polarized light at an angle, we will first need to discuss Fresnel's equation 
and the Transfer Matrix Method. 

Fresnel Equation 

When a beam of light travels from one medium (with refractive index, n1 ) into another 
medium (with refractive index, n 2 ), there results in a reflected beam and a refracted 
beam. 

The Fresnel equations (named after Augustin-Jean Fresnel) describe the behavior of light 
when regarded as electromagnetic waves and shows what happens when traveling 
between media of differing refractive indices. They describe what fraction of light is 
reflected (and the phase shift) and what fraction of light is refracted. 

We should note that there is an assumption that the interface between the media is flat 
and that the media are homogeneous. Also, the incident light is assumed to be a plane 
wave, and the effects of the edges are neglected. 
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Prior to Fresnel's equations, there are three laws to consider. We will employ them here 
without proof. The first law states that the incident, reflected, and transmitted 

propagation wave vectors, ki,R,T' are all coplanar. This plane, we call the plane of 
incidence, which also includes the normal to the surface [29, 30]. The second law, 
known as the law of reflection, states that the angle of incidence is equal to the angle of 
reflection [29, 30], 

Lastly, the third law, known as the law of refraction, or Snell's law, states that [29, 30] 

sin()r n 1 

sin 8R nz 

From these three laws, the boundary conditions arising from Maxwell's equations, and 
some algebra, we get Fresnel's equations forTE and TM modes [29, 30]: 

for the reflection coefficient r = E R I Ei> 

and for the transmission coefficient t = Er I Ei> 

Er 2 cos ei 
TE: t --- - ---;:::::==== 

- Ei - cos ei + Jn2 - sin2 ei 

Er 2n cos ei 
TM: t -- - ----r=====:== 

- Ei - n 2 cos ei + Jn2 - sin2 8i 

where n is the relative refractive index n = n2ln1 . 

Fresnel's equations can be written in a different form, to describe the ratio of both 
reflected and transmitted E-field amplitudes to the incident E-field amplitude, 

TE: t = r + 1 

TM: nt = r + 1. 



55 

Recall that for Fresnel's equations we assumed that the interface is flat and the media is 
homogeneous. For a nonplanar surface, the reflection and transmission coefficients will 
also depend on scattering losses. 

Transfer Matrix Method 

The transfer-matrix method is a method used to analyze the propagation of light through 
a multilayer. This method is widely used for the design of anti-reflective coating and 
dielectric mirrors. 

The reflection of light from a single interface between two media is described by the 
Fresnel equations. But, when there are multiple interfaces, like a multilayer of thin films 
on a substrate, the reflections themselves are also partially transmitted and then partially 
reflected. Depending on the exact path length, these reflections can interfere 
destructively or constructively. 

The transfer-matrix method is based on the continuity conditions for the electric field 
across boundaries from one medium to another. This is governed essentially by 
Maxwell's equations. If the field is known at the beginning of a layer, then the field at 
the end of the layer can be derived from a matrix operation. This multilayer stack can 
then be represented as a system matrix. 

The boundary condition at one interface can then be written as [ 46] 

[Ea] [ COS 0 
Ba - i y1 sin 8 

i sino] [Eb] 
coso Bb ' 

Where E is the electric field, B is the magnetic field, a is the beginning boundary of the 

interface and b is the ending boundary of the interface. Y1 = n 1.J EoJlo cos 8t1, where n 1 

is the refractive index of the layer and etl is the angle of refraction. 8 is the phase 
difference that develops due to one traversal of the layer, where 8 = k 0ll = e:) nl t cos etl and t is the thickness of the layer. 

The 2 x 2 matrix is called the transfer matrix of the film, represented in general by 

For a multilayer of arbitrary number N of layers, 
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Dichroic mirrors 

The Dichroic Mirrors/Beamsplitter purchased from Thorlabs [28] are composed of ion
beamed-sputtered coating films deposited on a UV fused silica substrate. Although the p
polarized and s-polarized transmission and reflection spectra of these products are very 
similar in the wavelength of our interest, the very nature of multilayer films makes it 
difficult to keep a linearly polarized beam that is not at oo or 90° from becoming 
elliptically polarized at the output. 
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Appendix D: Matlab Scripts 

In order to analyze some of our data, Matlab scripts were written to analyze and plot our 
data. Transmission.m and absorption.m takes white light transmission data from our 
Thorlabs spectrometer. While Bidi.m and Bidi.m takes laser output transmission data 
from our Thorlabs power meter. 

Transmission.m takes transmission of the white light source through the focusing lens 
and the transmission of the focused white light through our nanosuspension. Then 
transmission.m plots the white light source input and the transmitted white light output 
so that we can compare and verify that our particular sample had a concentration with 
enough absorption at their two peaks (/m(aJ.) and /m(a11)). 

Absorption.m takes transmission of focused white light through a toluene sample only as 
reference, and transmission of focused white light through a gold nanorod sample with an 
external electric field applied at several different strengths. Then absorption.m plots the 
absorption of the sample with respect to the toluene only sample for several different 
strengths of applied electric field. For a cleaner look, a moving average was applied. 

Bidi.m takes pump input data when the second halfwave plate is rotating and takes probe 
output data, when the polarization of the probe beam is at oo and 90°. Then Bidi.m plots 
an output probe beam power vs. input pump beam power graph for two cases when the 
polarization of the probe beam is at oo and 90°. Because we found a hysteresis affect in 
our data acquisition, we added a loop that will only include data points when the input 
power is increasing and ignore data point when the input power is decreasing. 

BidiPerDiff.m takes the same information that Bidi.m takes. But instead of plotting two 
f d B'd'P D'ff J h d"f:C T(Oo)-T(90o) A . separate sets o ata, 1 1 er 1 .m p ots t e percent 1 1erence T(oo)+T(9oo). gam, we 

added a loop to only include data points when the input power is increasing. 



transmission.m 

clear; 

white= 'white light source.txt';%the file name 

sampleO ='with sample.txt'; 

whiteA=importdata(white);%import the data 

VinO=importdata(sampleO); 

inputA=whiteA(:,1);%wavelength 

inputB=whiteA(:,2);%white 

input0=Vin0(: ,2);%sample 

plot(inputA,inputB,'k.-','DisplayName','white');hold on; 

plot(inputA,inputO,'m.-','DisplayName','Vin at 0'); 

%cuvetteC has plate distance about 11.6mm 

%Applied E is 125(Vin)/ 11.6 (units V*mm/\-1) 

Lg\d = legend('white','Vin at O','Location','Northeast'); 

title(lgd,'Applied E field') 

xlabel('wavelength ( nm)','F ontSize', 15);ylabel('transmission' ,'F ontSize', 15); 

axis tight 

set(gca,'FontSize', 15); 

axis([ 400,1000,0,1]) 

shg 
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absorption.m 

clear; 

white= 'Toluene only.txt';%the file name 

sampleO = 'Yin at O.txt'; 

samplel = 'Vin at 20.txt'; 

sample2 = 'Yin at 30.txt'; 

sample3 = 'Yin at 40.txt'; 

sample4 ='Yin at 50.txt'; 

sampleS = 'Yin at 60.txt'; 

sample6 ='Yin at 70.txt'; 

sample? = 'Yin at 80.txt'; 

sampleS = 'Yin at 90.txt'; 

sample9 = 'Yin at 1 OO.txt'; 

samplelO ='Yin at llO.txt'; 

samplell = 'Yin at 120.txt'; 

whiteA=importdata(white);%import the data 

VinO=importdata(sampleO); 

Yin 1 =importdata(sample l ); 

Yin2=importdata(sample2); 

Yin3=importdata(sample3); 

Yin4=importdata(sample4); 
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Vin5=importdata(sample5); 

Vin6=importdata(sample6); 

Vin7=importdata(sample7); 

Vin8=importdata(sample8); 

Vin9=importdata(sample9); 

Vin 1 O=importdata(sample 1 0); 

Vinll =importdata(samplell); 

inputA=whiteA(l :end, 1);%wavelength 

inputB=whiteA(l :end,2);%white 

%absorptions 

blah = 300; 

absO = smoothdata(-log(Vin0(:,2)./inputB),'movmean',blah); 

abs 1 = smoothdata( -log(Vin 1 ( :,2)./inputB),'movmean',blah); 

abs2 = smoothdata(-log(Vin2(:,2)./inputB),'movmean',blah); 

abs3 = smoothdata(-log(Vin3(:,2)./inputB),'movmean',blah); 

abs4 = smoothdata(-log(Vin4(:,2)./inputB),'movmean',blah); 

abs5 = smoothdata( -log(Vin5( :,2)./inputB),'movmean' ,blah); 

abs6 = smoothdata( -log(Vin6( :,2)./inputB),'movmean' ,blah); 

abs7 = smoothdata( -log(Vin7(:,2)./inputB),'movmean',blah); 

abs8 = smoothdata( -log(Vin8(: ,2)./inputB),'movmean',blah); 

abs9 = smoothdata( -log(Vin9(:,2)./inputB),'movmean',blah); 
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abs1 0 =smooth data( -log(Vin1 0(:,2)./inputB),'movmean',blah); 

abs11 = smoothdata(-log(Vinl1(:,2)./inputB),'movmean',blah); 

plot(inputA,absO,'k.','DisplayName','O V/mm');hold on; 

plot(inputA,absl,'b:','DisplayName','215 V/mm'); 

plot(inputA,abs2,'b--','DisplayName','323 V/mm'); 

plot(inputA,abs3,'c:','DisplayName','431 V/mm'); 

plot(inputA,abs4,'c--','DisplayName','538 V/mm'); 

plot(inputA,abs5,'g','DisplayName','646 V/mm'); 

plot(inputA,abs6,'g:','DisplayName','754 V/mm'); 

plot(inputA,abs7,'g--','DisplayName','862 V/mm'); 

plot(inputA,abs8,'m:','DisplayName','969 V /mm'); 

plot(inputA,abs9,'m--','DisplayName','l.07 kV/mm'); 

plot(inputA,abslO,'r:','DisplayName','1.18 kV /mm'); 

plot(inputA,abs11 ,'r.','DisplayName','l.29 kV/mm'); 

%cuvetteB has distance about l1 .6mm 

%Applied E is 125(Vin)/ll.6 (units V*mm/\- 1) 

lgd = legend(' show' ,'Location' ,'northeastoutside'); 

title(lgd,'Applied E field'); 
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title( {'2018 0419 (P1 at O)';'E 12-50-800-NPO-TOL-50';'(0.05mL sample + l.OmL 
Toluene)'}); 

xlabel('wavelength (nm)','FontSize',15);ylabel('absorption (\alphaL)','FontSize', l5); 



axis tight 

set(gca,'FontSize', 15); 

axis([ 480,950,2, 7]) 

shg 
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Bidi.m 

clear; 

round= '2'; 

input = ['inPut_OO',round,'.txt'];%the file name 

PO = ['PI at 0 _ 00' ,round,'. txt']; 

P90 = ['P 1 at 90 _ OO',round,'.txt']; 

inputA=importdata(input);%import the data 

POA=importdata(PO); 

P90A =importdata(P90 ); 

%for loop will only take data when the input power is rising 

count=O; 

for jj=3 :length(inputA)-1 

inputB 1 =inputA {jj}; 

inputB2=inputA {jj+ 1} ; 

if str2num(inputB 1 (26 :3 5))-str2num(inputB2(26:35))<0 

count=count + 1; 

inputB=inputA {jj} ; 

inputC( count, 1 )=str2num(inputB(26:35));%take the number from the string. 

outputB=POA {jj}; 

PPO( count, 1 )=str2num( outputB(26 :3 5) ); 
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outputC=P90A {jj}; 

PP90( count, 1 )=str2num( outputC(26:35)); 

end 

end 

plot(inputC,PPO* 1 e3,'o');hold on; 

plot(inputC,PP90* le3,'ro'); 

title( {['20 18 0420 Round ',round] ,'740nm (PBS 0)'}); 

legend('probe beam at 0 polarization', 
polarization','location','N orth West') 
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'probe beam at 90 

xlabel(' input pump beam power (W)','FontSize', l5);ylabel('Output probe beam power 
(m W)','FontSize',1 5); 

axis tight 

set(gca,'F ontSize', 15); 

shg 



BidiPerDiff.m 

clear; 

round= 'I'; 

input= ['inPut_OO',round,'.txt'];%the file name 

PO = ['P l at 0 _ 00' ,round,'. txt']; 

P90 = ['P 1 at 90 _ OO',round,'.txt']; 

inputA=importdata(input);%import the data 

POA =importdata(PO); 

P90A =importdata(P90); 

%for loop will take data when the input power is rising 

count=O; 

for jj=3: length(inputA)-1 

inputB 1 =inputA {jj}; 

inputB2=inputA {jj+ 1} ; 

if str2num(inputB 1 (26:36))-str2num(inputB2(26:35))<0 

count=count + 1; 

inputB=inputA {jj}; 

inputC( count, 1 )=str2num(inputB(26:35));%take the number from the string. 

outputB=POA {jj}; 

PPO( count, 1 )=str2num( outputB(26 :3 5) ); 
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outputC=P90A {jj} ; 

PP90( count, 1 )=str2num( outputC(26:35)); 

end 

end 

plot(inputC,((PPO* 1e3)-(PP90* 1 e3))./((PPO* 1 e3)+(PP90* 1e3)),'o');hold on; 

title( {['Percent Difference Round ',round] ,'740nm (PBS at 0)'} ); 
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xlabel('input pump beam power (W)','FontSize', 15);ylabel('Output probe beam power 
(m W)','FontSize', 15); 

axis tight 

set(gca,'F ontS ize', 15); 

shg 
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