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Abstract

Nonlinear optical properties of single-wall carbon nanotube (SWNT) films called Bucky-
paper were examined using the Z-scan method. Both baked and unbaked samples were
tested. Though the exact nonlinear index of refraction (n2) could not be determined, an
upper bound of 5.97 x 10-11cm2/W for the unbaked sample and 2.32 x 10-10 cm2/W for
the baked sample was calculated for n2. There values are roughly two orders of
magnitude smaller than predicted by theory, and two orders of magnitude larger than
those found for SWNT in solution.

Introduction

The recent development of carbon nanotubes has opened up a whole new field of

research opportunities in chemistry, materials science, optics, and condensed matter

physics. In particular, by virtue of their atomic geometries, carbon nanotubes should

possess very high nonlinear optical susceptibilities. While the possibilities are seemingly

endless, not much is actually known about the nonlinear optical properties of these

remarkable substances, particularly in their thin film state. This summer, I investigated

the nonlinear properties of single-wall carbon nanotube films known as Bucky-paper

using the Z-scan method.

The goal of my experiment was to study the nonlinear electronic properties of

Bucky-paper, a novel form of solid thin film single-wall carbon nanotube (SWNT) grown

by Professor Andrew Rinzler. More precisely, we tried to determine the nonlinear

refractive index and the absorption coefficient of the carbon nanotube film. This was

accomplished by running what is known as a Z-scan on the Bucky-paper using a mode-
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locked femtosecond Ti: sapphire laser. The method will be explained in greater detail in

the “Experimental Methods” section of this report.

Background

In 1991, researcher Sumio Iijima discovered carbon nanotubes at NEC

Fundamental Research Labatory in Japan [1]. Carbon nanotubes can be thought of as the

product of folding graphite layers into carbon cylinders, and can have single or multiple

walls [2]. A good way of visualizing these structures is to think of chicken wire rolled in

multiple directions to create cylinders. Multi-wall nanotubes, which are what Iijima

produced, are essentially single-wall nanotubes rolled together. Single-wall nanotubes

were created in 1993 by a research team at IBM headed by Donald Bethune [3]. When

conducting research on the properties of carbon nanotubes, using a SWNT is preferable

because of its well-defined, simple structure. Thus, in this experiment, we used a SWNT

thin film solid, known as Bucky-paper to examine the nonlinear properties of these

unusual structures.

(a) Photograph of a SWNT (b) Computer generated close-up of a carbon nanotube
FIG. 1: Images of a SWNT

Carbon nanotubes are remarkable structures. They are the strongest fiber known

to man. They conduct electricity better than copper, and have higher heat conductivity
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than diamond [1]. Furthermore, they are extremely heat resistant, and are lighter than

aluminum. Thus, they are the perfect building materials for the future. They have the

versatility to be used in everything from fiber optics to astrophysics to medical

equipment. However, before carbon nanotubes can be utilized to their full potential, we

need to learn more about their nonlinear optical properties.

In 1999, Liu et al. [4] published the results for an experiment similar to my

summer research project. However, they measured the third-order nonlinear optical

properties of SWNT in a solution of polypyrrol andm-cresol with ethanol, using

backward degenerate four-wave mixing. Our experiment used solid thin film SWNT, and

performed Z-scans on the samples.

Optical Nonlinearity

While most of us believe that the index of refraction is a linear property of any

material, this is not entirely true. When a material is placed in a strong electric field, the

electron clouds in the material get distorted, and the index of refraction no longer remains

a constant. In fact, the index of refraction becomes dependent on the intensity of the

electric field, and the new index of refraction is then given by the following formula

n = n0 + n2I, (1)

where n is the total index of refraction, n0 is the small electric field approximation, n2 is

the nonlinear index of refraction, and I is the electric field intensity, which is proportional

to the electric field squared.

This concept is better explained with a model. An atom in an electric field is like

two weights attached by a spring, where one weight is the nucleus and the other is the

electron cloud. Two forces act on the electron cloud; the spring constant k, which is
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determined by quantum mechanical bonds, and the strength of the electric field in which

the atom is located.

FIG. 2: Model of an atom in an electric field.

As the strength of the field increases, so does the amplitude of the oscillations.

When the oscillations get very large, they reach what is known as the elastic limit of

Coulomb interaction, and it is at this point that the electron cloud is distorted, and the

nonlinear index of refraction becomes a factor in the overall index of refraction of a

material. So, we see that if we can make an electric field large enough to reach the elastic

limit of our samples of Bucky-paper, we can find the nonlinear index of refraction of the

material.

FIG. 3: Schematic change in oscillations as electric field is increased.
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Experimental Methods

We ran Z-scans on three different samples of Bucky-paper. One of the samples

was unbaked, meaning that in contained impurities, or traces of other substances. The

second sample was baked, so that the sample contained nothing but carbon nanotubes.

The third sample was baked, and mounted on sapphire to reduce heat absorption. All

samples were made of freestanding nanotubes. The method by which these samples were

manufactured will be discussed elsewhere.

Our Z-scans were all performed using a Ti:sapphire laser, with a wavelength of

800nm, average power of 50mW, and pulse duration of 30fs. The laser had a Gaussian

spatial profile, which is crucial to the Z-scan method.

FIG. 4: A Gaussian Laser Beam

The Z-scan method we used was developed by Sheik-Bahae et al [5]. It was

chosen because of its simplicity and sensitivity. While using only a single laser beam, the

scan has the ability to find the sign, magnitude, and order of the nonlinear response of

nonlinear optical materials [6]. The main elements of the Z-scan method are shown in

Fig.5.
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FIG. 5: Image of a Z-scan.

The Z-scan method is based on the principle that when a material that exhibits

nonlinear optical properties is placed in the path of a Gaussian laser beam, its refractive

index spatially varies in the sample with the intensity of the beam [7]. As the sample is

translated on the z-axis, and passes through the focal length of the lens, the sample self-

focuses. Depending on the sign of n2, this causes more or less light to reach the photo

diode. By measuring the change in transmission as the sample is moved, we can

determine the nonlinear index of refraction using the following formulas:
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and

∆Φ0 = 2πLeffn2I/λ , (3)

where∆Φ is the phase change, z is the distance traveled by the sample along the z-axis,

z0 is the Rayleigh range, Leff is the effective length of the sample,λ is the wavelength of
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the laser beam, I is the intensity of the electric field, and n2 is the nonlinear index of

refraction. The Rayleigh range is where the size of the beam is a2 larger than the waist

size, or smallest part of the beam, and is given by z0 =
)(

* 2
0

λ
π w

, where 0w is beam radius

at the waist [7].

In order to perform the Z-scan, the optical table was set up in the following
manner.

FIG. 6: Schematic of Z-scan experimental set up.

Attenuators served to avoid saturating the photo diodes, and also helped prevent

laser damage to the samples from the intensity being too high. The Z-scans were

performed by placing a sample of Bucky-paper on the track, and then moved along the

track using a motor at increments that ranged from a 100µm to 1mm, through a total path

length of 2.5cm. A lock-in device was used to measure the difference in transmission

between the two photodiodes, and these data were recorded. We ran both mode-locked

and mode-unlocked Z-scans on the samples. In the mode-locked Z-scan, the laser was

pulsed, and sent out high intensity packets of light. In the mode-unlocked Z-scan, there

was a continuous laser beam. While the average power in both types of scan is the same,

the peak intensity of mode-locked scan is approximately 500,000 times greater than the
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peak intensity of the mode-unlocked scan. The reason why this difference in intensity is

important will be explained in the next section of this report.

Results and Discussion

The data from our mode-locked Z-scans were recorded and graphed using

Microsoft Excel. We ran the mode-locked scan first and graphed the data. These data

were then plotted against the theory curve of Eq.2. The graph in Fig. 7 shows that the

theory and data are strikingly similar. Thus, we knew that the data were clearly indicative

of a typical Z-scan response.

FIG. 7: Theory overlaid with data from mode-locked Z-scan.

At this point we had no way of determining the origin of the Z-scan response. The

response could be coming from either an electronic nonlinearity, which is what we hoped

was the case, or from thermal lensing because the sample was absorbing light, and

therefore heating up. We knew that if the response we saw was purely electronic, it would

be sensitive to the peak intensity of the laser pulse. This is due to the nature of the

nonlinear index of refraction, as shown in Eq. 1, which shows us that n2 depends on the

intensity of the electric field in which the sample is placed. However, if the response we

were seeing was purely thermal, it would only depend on the average intensity of the
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laser beam. Thus, to determine exactly what it was we were seeing, we ran mode-

unlocked Z-scans. As before, the data were graphed against theory, and the results are

shown in Fig. 8.

FIG. 8: Theory overlaid with data for mode-unlocked Z-scan.

Once again, the theory and the actual data closely correspond to one another.

However, comparing the locked and unlocked scans showed us that there was no

difference in the magnitude of the signals in the two scans! If what we had been

observing was an electronic response, the magnitude of the mode-locked scan would have

been much greater than that of the mode-unlocked scan, due to the fact that when the

laser is mode-locked the peak intensity is 500,000 times higher than when it is unlocked.

Thus, what we were seeing was not an electronic response. Rather, we concluded that

what we were observing was mainly a thermal effect.

Referring back to the Gaussian laser beam depicted in Fig.4, we see that due to the

nature of the beam, the center of the beam has the greatest intensity. This causes the beam

to heat the sample more strongly in the center than on the sides, creating what is called a
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thermal lens. In the case of our Bucky-paper, it seems that this thermal lensing is

overshadowing the sample’s electronic response. Therefore, we cannot find the exact

nonlinear index of refraction. Fortunately, the information we collected enabled us to

calculate the magnitude of the change in the index of refraction caused by the thermal

effect times the change in the effective length of our Bucky-paper samples (∆n∆Leff). To

determine this value, we used the formula for the phase change caused by a thermal effect

∆ΦPeak-Valley=
)(

2

λ
π effLn∆∆

, (4)

whereλ is the wavelength of the laser,∆n is the change in the index of refraction

caused by the thermal effect, and∆Leff is the change in the effective length of the sample.

We found∆n∆Leff to be 1.8 x 10-9 m.

Next, we made a noise measurement, which is done by placing a sample at a static

location on the track. Readings off the lock-in device were made at 30s intervals over a

13min period, and the data were recorded and graphed (see FIG.9 AND 10).

Noise Measurement
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FIG.9. Graph of background noise for unbaked sample.
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Noise Measurement
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FIG. 10. Graph of background noise for baked sample.

We used these data points to determine the average noise level of our lock-in

device. Since we knew the nonlinear electronic response of the Bucky-paper had to be

below this level, we used this number to find the upper bound of the nonlinear index of

refraction (n2) of the samples. By manipulating Eq. 3, we found the upper bound of n2 to

be given by:

n2 <
)**2( eff

ValleyPeak

LIπ
λ−∆Φ

(5)

We calculated the upper bound of n2 to be 5.97 x 10-11cm2/W for the unbaked sample and

2.32 x 10-10 cm2/W for the baked sample.

Conclusion:
We ran multiple Z-scans on unique carbon nanotube structures called Bucky-

paper. Due to problems encountered because of thermal lensing, we were unable to

determine the nonlinear index of refraction of the samples. We tried to overcome this

thermal effect by using a sample mounted on sapphire, as suggested by Nalda et al. [8];

however, the results from these Z-scans were inconclusive.
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Using the data we collected, we placed an upper bound on n2 of 5.97 x 10-11

cm2/W for the unbaked sample and 2.32 x 10-10 cm2/W for the baked sample. These

values are smaller than predictions made by theorists, Vl.A. Margulis and T.A. Sizikova,

of 2 x 10-8 cm2/W for the nonlinear index of refraction on semiconducting carbon

nanotubes [9]. Furthermore, the values we found were approximately two orders of

magnitude higher than the 6.460 x 10-14cm2/W at 1064nm calculated by Liu et al. [4] for

SWNT in solution.

Future attempts to find the nonlinear index of refraction of Bucky-paper should be

done using Degenerate Four-Wave Mixing (DFWM). This method is superior to the Z-

scan in this case because there is no thermal effect in this setup. We did not implement

DFWM because this test is far more complicated than a Z-scan, and before conducting

this experiment, we did not know that the thermal effect in Bucky-paper would be so

high.
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