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ABSTRACT

This dissertation describes the response of graphene and graphene fragments to ultrafast optical pulses. I will first describe how we created few-cycle optical pulses
for interacting with the graphene lattice. These pulses are created through filamentation based pulse compression. I studied how the filamentation process can be
optimized through simple means to create the shortest possible pulse. I then examine the extent to which graphene can withstand irradiation from intense ultra-fast
pulses. I examine both the high intensity regime at which a single laser pulse will
ablate the graphene and a more moderate regime that slowly degrades the graphene
from long term exposure to ultrafast pulses. The knowledge lets us both identify
a safe working regime for driving the graphene lattice with optical fields as well
as use ultrafast lasers to create graphene nano-fragments down to 2nm. Next, I
explore the ultrafast dynamics of photo-excited graphene. After photo-excitation,
the carriers in graphene relax by scattering phonons. The excited system which
includes the carriers and the non-equilibrium phonon distribution can renormalize
the electronic band structure. By measuring a differential transmission spectrum,
small changes to the band structure can be quantified. These changes originate from
screened Coulomb exchange interactions and electron phonon interactions. Lastly,
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I will describe measurements that determine the extent of electron-electron correlations in graphene fragments. By measuring the energy of the two photon state and
comparing it the the lowest energy one photon state in graphene fragments, we can
determine the strength of the correlations in graphene systems.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

While the graphene lattice has only been recently isolated in 2004 [1], it has been
described theoretically for well over 50 years [2]. This two dimensional form of
carbon is the basis for all other forms of graphite. It is the building block for which
the theories for buckyballs (0-D), carbon nanotubes (1-D), and graphite (3-D) have
all been derived. There has been much interest in graphene since its discovery. This
is largely due to the fact that in graphene, the carriers follow the relativistic Dirac
equation instead of the traditional Schrödinger equation. Also, graphene exhibits
unusually high carrier mobilities of up to 200,000 cm2 /(V s), which is a much higher
carrier mobility than any other semiconductor [3].
Optical spectroscopy has given us a lot of information about graphene. Through
linear absorption spectroscopy, we have determined that the graphene band structure is best described by a model which includes many-body effects [4]. Raman
spectroscopy can be used to determine the number of layers, the extent of doping,
and the density of defects in the graphene lattice [5]. However, we can do much
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more with optical spectroscopy. We can generate and probe non-equilibrium distributions of carriers and phonons. This gives us the ability to obtain additional
information about the interactions between carriers and the lattice. By studying
these interactions, we can better understand the physics at play in graphene.
This is main thrust of this dissertation. To build up to time resolved spectroscopy, I will first explore how we can create short pulses for interacting with the
graphene lattice. We are fundamentally limited in exciting and probing ultrafast
phenomena by the temporal width of our optical pulses. If carrier-carrier scattering
occurs at 10 femtoseconds, then determining the scattering rates would not be possible with a 30 femtosecond pulse. While 30 to 50 femtosecond pulses are typical
from commercial ultrafast laser amplifier systems, we are not limited to these pulse
durations. Filamentation is one route for converting the output from an ultrafast
amplifier to the few femtosecond regime [6]. Through careful optimization, I will
demonstrate how we can convert a 30 fs pulse into a 9 fs pulse which will be ideal
for time resolved spectroscopy.
The next step that I explored before launching into the time domain was to
explore the limits of graphene. One of the potential applications for graphene is use
in non-linear optical devices. While it is known that graphene will become damaged
through bond breaking in a continuous wave application at energies of MW/cm2 [7],
this is not the damage threshold when the lattice is exposed to short optical pulses.
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Peak intensities of GW/cm2 have been reached when using graphene to achieve four
wave mixing [8]. However, it was previously unknown how the graphene lattice
becomes modified after long term exposure to ultrafast pulses. I found that by
measuring the lattice modification, we were able to identify the intensity that a
sample can be driven if it needs to survive for a given period of time. For example,
if you are performing pump-probe measurements on graphene, and desire a lattice
that can be considered unmodified for a full day of exposure, 10GW/cm2 would be
an acceptable exposure.
With the limits of the graphene in hand, I then moved on to exploring band renormalization in graphene. Several measurements had already hinted that the band
structure in graphene becomes modified in the presence of photo-excited carriers
[9–11]. However, these measurements were made near the Dirac point in graphene.
By probing the band structure near the Dirac point, the measurements will contain
a mixture of contributions from Pauli blocking and band modification. To be able
to extract information about the band modification, I moved to the saddle point
in graphene. The saddle point provides an absorption maximum, which serves as a
reference point to quantify the extent of renormalization. I was able to determine
that there are contributions from both screened exchange self energy and electronphonon self energy. These two terms each play a role during different timescales
after the initial photo-excitation. The screened-exchange is the dominant term dur-
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ing the first 10 picoseconds, after which the carriers have mostly recombined. The
electron-phonon self energy modifies the band structure for the 100’s of picoseconds
that it takes for the lattice to cool by acoustic phonon coupling to the surrounding
environment.
I conclude with some measurements on the molecule coronene. Coronene is
essentially a small fragment of a graphene lattice. It has been known since the
1970’s that in linear carbon chains there were dark states that lie below the lowest
energy one photon state which could not be accounted for with a non-interacting
electron model [12]. Because carbon chains like polyenes are sp2 hybridized forms of
carbon, they are similar to graphene (which is also sp2 hybridized). By examining
the location of the one photon and two photon states, Hudson and Kohler were able
to prove that electron-electron correlations play an important role in linear polyenes
[12–14]. The question remains though, how do electron-electron correlations scale
in 2-D systems, such as graphene. While this is a difficult question in graphene, in
small graphene-like fragments, the calculations become tractable. Our goal is then
to start with small molecules such as coronene and begin to scale up to the full
lattice. To find the strength of the correlations in coronene, we measure the one
and two photon states, as Hudson and Kohler did in the linear chains. Indeed we
find that the two photon state and the one photon state are nearly degenerate in
coronene. In the non-interacting electron model though, it was expected that the

20

lowest two photon state would be almost double that of the lowest one photon state.

1.2 Graphene Growth

There are essentially three methods for obtaining graphene. The first method is
micro-mechanical cleavage. In this technique, flakes of graphite are peeled apart
by adhesive tape until they are sufficiently thin and then they are pressed onto the
desired substrate. This method yields very high quality samples, but it is very labor
intensive and typically the samples are only tens of microns in size. It can be thought
of as cutting a very large deck of cards. Each cut would reduce the deck by half. If
the deck is cut 20 times, this would reduce the initial stack by a factor of 220 so that
you could start with a deck of one million cards and be reduced to a single card.
The catch in this process is to locate the single layer of graphene from hundreds
of fragments of graphite thin films. This can be achieved “fairly” rapidly through
optical inspection if the graphene and graphite flakes are on a Si:SiO2 substrate with
an appropriate thickness of SiO2 [15].
The second method for obtaining graphene is through the epitaxial growth on
SiC wafers. In this technique, the Si is desorbed from the surface of the wafer by
annealing in the presence of argon. The remaining carbon atoms form graphene
layers with occasional bilayer or trilayer strips near the edges of a SiC terrace [16].
There has been a lot of focus on this technique since it has potential for generating
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wafer-scale homogenous areas of graphene.
The remaining technique, and the one that was used for nearly all of the graphene
samples in this dissertation, is chemical vapor deposition. In this technique, the
graphene is grown on a copper foil by flowing a mixture of methane and hydrogen
across the copper in a tube furnace. The exact recipes vary from lab to lab, but
the process that the Leroy lab (who made the graphene for this work) is currently
using is shown below.
1. Cut out two sections of copper foil. One will form a packet which will enclose
the other. The sizes are determined by the size of the furnace. You do not
want the piece inside the packet to become wrinkled.
2. Clean the copper foils. Start by sonicating for 20 minutes in acetone, followed
by sonicating 5 minutes in methanol. Then dip in a 20:1 DI water : HCl bath.
Follow with a DI water rinse. Dry with compressed nitrogen.
3. Carefully form the pouch with the larger foil and insert the smaller foil. Be
careful not to wrinkle the small foil.
4. Place pouch into tube furnace. Anneal the copper under a 30mT pressure of
H2 at 1010◦ C. After 20 minutes flow methane gas so the flow rates are 1sscm for
H2 and 0.8 sscm methane. Over the course of one hour, raise the temperature
to 1070◦ C. For a growth where the graphene crystals be continuous, continue
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at this flow and pressure for 4 hours. After the growth is complete, rapidly
cool the furnace and then shut off the gas flow.
5. Remove pouch from furnace. Cut away the pouch, cut out the desired sections
from the inner foil.
6. Spin coat PMMA onto the foil. Be careful not to let the PMMA get on both
sides.
7. Heat the PMMA cover foil on a hot plate at 130◦ for 5 minutes.
8. Transfer the foil into a bath of 1:1:10 HCl:H2 O2 :DI water. Leave until the
copper is dissolved. The PMMA must be facing up for the copper to dissolve.
9. Transfer the PMMA/graphene sample into DI water, let sit for several minutes,
and transfer to clean DI water as a rinse process. The transfer is done by
lifting the PMMA graphene out of the previous bath with a clean glass slide/
noncorrosive item of choice.
10. Lift graphene out of DI water with desired substrate. GENTLY blow on the
graphene with nitrogen to push the water out from between the graphene and
the substrate.
11. Dry the graphene/PMMA/substrate at 70◦ C for 10 minutes.
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12. Once the sample is dry, bake it at 130◦ C for 30 minutes to make the PMMA
flow and press the graphene down onto the substrate surface.
13. Cool the sample and dissolve the PMMA away with acetone.
14. Clean with methanol and blow dry.

Figure 1.1: An example graphene growth. The distance between the gold dots is
25µm.

Like the epitaxial SiC-grown graphene, CVD graphene is a good candidate for
scaling up the growth process. The limiting factor in the size of the graphene is
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determined by the size of the furnace for the growth portion, which in our case has
a 1 inch inner bore. Initially, CVD technique produced lower quality samples than
either the exfoliation or the epitaxial growth methods due to the small domain size
in the final product, but today typical domains can are on the order of a few hundred
microns. The CVD technique also shows promise because it allows for transfer to
any substrate while the epitaxially grown graphene cannot be transferred.

1.3 Tight binding model

The tight binding model in graphene provides a starting point for understanding
the basic elsctronic band structure. P. R. Wallace first derived the tight binding
model for graphene in the process of deriving the band structure for graphite [2]. I
will briefly summarize the essential elements.
The unit cell of the graphene lattice is comprised of two carbon atoms as shown
in figure 1.2. These two atoms are separated by a = 1.42 Å. The two lattice vectors
are defined as:
a √
a1 = (3, 3) ,
2

√
a
a2 = (3, − 3)
2

(1.1)

The reciprocal lattice vectors are defined as:

b1 =

2π √
(1, 3) ,
3a

b2 =

√
2π
(1, − 3)
3a

(1.2)

The tight binding Hamiltonian for graphene assumes that the electrons can hop
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a1"
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a2"

Figure 1.2: The basic graphene unit cell is contained within the parallelogram. The
lattice constant is a, and the lattice vectors are a1 and a2 .
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Figure 1.3: Graphene’s first Brillouin zone. The reciprocal lattice vectors are b1
and b2 , and the high symmetry points are Γ, K, M, and K’.

from their parent ion to the nearest neighbors and the next-nearest neighbors. In
graphene, each site has three nearest neighbors and the hopping energy between
the nearest neighbors of t = 2.8eV [17]. Each electron can also hop to the next
nearest neighbor, with a hopping energy that is approximately t’=0.1eV [18]. With
these hopping parameters we find that the tight binding Hamiltonian can be written
as[17]:
H = −t

X
hi,ji,σ

(a†σ,i bσ,j + H.c.) − t0

X

(a†σ,i aσ,j + b†σ,i bσ,j + H.c.)

(1.3)

hhi,jii,σ

where σ =↑, ↓ incorporates the up and down electron spins. The sum over hi, ji
includes only the three nearest neighbors. The sum over hhi, jii includes the six
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next-nearest neighbors. a, a† and b, b† are the annihilation and creation operators
for the A and B sites in each unit cell. By solving this Hamiltonian, we arrive at
the tight-binding energy bands [2]
p
E(k) = ±t 3 + g(k) − t0 g(k)
√
√
3
3
g(k) = 2cos( 3ky a) + 4cos(
ky a)cos( kx a)
2
2

(1.4)
(1.5)

Figure 1.4: Energy bands for graphene calculated from the tight-binding model.

In graphene the K points in the Brillouin zone are known as the Dirac points.
These are the points where the two bands meet as seen in figure 1.4. In the undoped
lattice, the Fermi energy will be at the point where these bands meet. If we only
consider the points in the band near K, we do see linear dispersion in the electrons
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as seen in figure 1.5. The linear dispersion for the electrons near the Dirac point is
one of the reasons that graphene has attracted so much interest.

Figure 1.5: Energy bands for graphene calculated from the tight-binding model near
the Dirac points.
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CHAPTER 2

GENERATING FEW FEMTOSECOND PULSES

2.1 Introduction to Chirped Pulse Amplification

Modelocked laser oscillators can provide optical pulses with durations typically as
short as 20fs. However, the energy in each pulse is fairly low. The oscillator in
our lab sends out about 4nJ per pulse. For most applications, this is insufficient
energy and amplification is needed to reach the µJ and mJ regimes. However, direct
amplification is not possible due to the high peak intensities in ultrafast pulses.
Even a 4nJ pulse can experience self focusing or self phase modulation, and with a
little bit of amplification, the optical elements in an amplifier would quickly become
damaged when exposed to GW or TW intensities.
Chirped pulse amplification provides a workaround for this fundamental problem
of amplifying ultrafast pulses. One could spread the beam out in space to reduce the
peak irradiance, or you can spread the pulse out in time. By stretching a femtosecond
pulse to pico or nano seconds, the stretched pulse can then be amplified safely. The
amplified pulse can then be compressed by an equivalent dispersion method, but of
the opposite sign of the stretcher.
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2.2 Limits to amplification

There are still limitations to chirped pulse amplification that do not allow for amplification of arbitrarily short pulses. One problem is that during the compression
stage, the final optical element (typically a grating) is still exposed to the full intensity of the beam. This is a failure point where a very expensive element can become
damaged. This has been avoided by expanding the beam before the compressor, also
through advances in grating technology that allow for a higher damage threshold.
The other main problem in amplifying a few femtosecond pulse is providing gain
support for the full bandwidth of the pulse. Because the gain in a medium like
Ti:Sapphire will not be uniform across the full bandwidth of the pulse, certain frequencies will experience preferential amplification compared to others. This narrows
the spectrum of the pulse, leading to a longer final pulse duration. To some extent
this can be avoided by attenuating the parts of the spectrum that will experience
the most gain before amplification [19].

2.3 Filamentation based compression

Given the limits of generating a short pulse from an amplifier, we can use the 30
to 100 femtosecond pulses that are available and convert them into shorter pulses.
A popular technique for generating shorter pulses is to focus the ultrafast pulses
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into a gas cell and generate more bandwidth via self phase modulation. The extra
bandwidth can be compressed by using negatively dispersing chirped mirrors with
a final output that can be as short as 5 fs [20]. The process of filamentation is
fairly inefficient though, so you must be willing to lose energy to get the increased
compression. A single filamentation stage can reduce a 30fs pulse to 10fs with
a 50% efficiency. However, achieving a 5 fs pulse requires multiple filamentation
stages which typically result in only a 7% efficiency [20].
We can understand the basic phenomena of self phase modulation by examining
how a Kerr component in the index of refraction will modify the phase of an electric
field. For a gaussian pulse intensity, the intensity envelop is

1

t

2

I(t) = Io e− 2 ( to )

E(z, t) = Eenv (t)ei(ωt−kz)

(2.1)
(2.2)

The phase for this field is (ωt − kz), but if the intensity is strong enough for a
Kerr effect to occur, then the index of refraction is

n = no + n2 I(t)

(2.3)

This means that the phase of the field is dependent on the intensity of the field such
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that
2π
z(n0 + n2 I(t))
λ
dΦ
2π
dI
ω=
=ω−
zn2
dt
λ
dt

Φ(z, t) = ωt −

(2.4)
(2.5)

Based on a gaussian pulse, the derivative of the intensity will produce new frequencies during the self phase modulation.
1 t 2
dI
t
= − 2 Io e− 2 ( to )
dt
to
2π
t 1 t 2
ω=ω+
zn2 Io 2 e− 2 ( to )
λ
t
|
{zo
}

(2.6)
(2.7)

newf requencies

This simplified description would indicate that to create more bandwidth the pulse
could just be propagated further. However, there are many higher order effects which
counter the action for generating more bandwidth. At a high enough intensity, the
pulses will self focus and can generate a plasma which will defocus the beam and
lower the intensity. Multiple photon absorption and plasma generation can also
absorb energy from the pulse which will limit the extent of self phase modulation.
For a complete description of the filamentation process see the paper by Vuong et
al. [21].
This technique of using high intensity laser filamentation plays a critical role in
many ultrafast physics laboratories [22]. Short pulse filamentation is employed for
the generation of many useful photon sources such as white light super continuum
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[23], ultraviolet/harmonic emission [24, 25] terahertz radiation [26], and offers unique
applications such as micro machining and atmospheric detection/ranging [27]. In
particular, from the view point of ultrafast laser sources, filamentation provides a
simple technique for generation of extra bandwidth required to reduce the 30-40
femtosecond output of a commercial near-IR Ti:Sapphire laser amplifier to the sub10 femtosecond or few-cycle regime. The short few-cycle laser pulses thus generated
offer high temporal resolution and applicability of carrier-envelope-phase control
techniques [28], providing new insights into the ultrafast electronic and nuclear
processes occurring in gas phase and condensed matter. Moreover, few-cycle light
pulses are crucial for the generation of the isolated and controlled attosecond light
waveforms in the XUV regime, thereby opening the doors for real-time probing of
fast electron dynamics associated with excited-state atomic and molecular processes
[29–35]. Currently, the filamentation induced bandwidth enhancement followed by
compression with external optical elements has been used to generate pulses below
10fs [6, 36–41] and in some cases as short as 4.9fs [20].

2.4 Measuring the Pulse duration

An essential component of working with ultrafast pulses of all durations is to be
able to verify the pulse duration. For pulse durations below several nanoseconds,
simple electronic detection schemes cannot measure the pulse duration. For pulses

34

in the of durations in the range of hundreds of femtoseconds to nanoseconds, an
estimation can be made with an intensity autocorrelation measurement.
Delay"
Stage"

BBO"

Blue"
ﬁlter"

Photodiode"

τ

Figure 2.1: Typical layout of an intensity autocorrelation measurement.

The intensity autocorrelation measurement is performed by making a copy of
the pulse to be measured, and then mixing the two copies together in a non-linear
crystal. In our case, we use β-Barium-Borate (BaB2 O4 ), or BBO. The BBO crystal
is used to produce the sum frequency generation of the two pulse copies. A typical
layout is shown in figure 2.1. The intensity autocorrelation signal is given in equation
2.8. I(t) is the intensity envelope of the pulse and the integration occurs in the
detector since it is too slow to record a signal A(t, τ ). As we scan the delay τ in one
of the pulse path lengths, we get a measurement that looks like Figure 2.2.

Z

∞

I(t)I(t − τ )dt

A(τ ) =

(2.8)

−∞

The issue that arrises from the autocorrelation measurements is that while the
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autocorrelation provides some knowledge about the approximate pulse width, there
is no way of knowing the actual pulse shape or width based on an autocorrelation
trace. There are infinite number of different pulses that can make any given autocorrelation trace. For long pulses or for a quick estimate, we can assume a certain
intensity envelope and extract what the pulse duration would be for that shape. For
instance, the autocorrelation in Figure 2.2 is 71fs wide and if we assume a Gaussian
intensity envelope, the pulse width would be 50.2 fs wide at the FWHM, and for a
hyperbolic secant squared pulse the FWHM would be 46.1 fs.
1

Normalized Intensity
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Figure 2.2: Intensity autocorrelation of amplifier pulse. Full width half maximum
is 71 fs.

To eliminate the many ambiguities that exist when measuring a pulse via autocorrelation, there are a few different ways to measure the pulse width. The two
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most popular methods are know as Frequency Resolved Optical Gating (FROG)
and Spectral Phase Interferometry for Direct Electric-field Reconstruction (SPIDER). The FROG technique is a spectrally resolved autocorrelation. By recording
the spectrum of the autocorrelation signal at each time delay τ , the spectrally resolved autocorrelation becomes a unique measurement such that only one pulse can
be the true solution [42]. The SPIDER technique is a bit more complicated, but it
also yields a measurement which has a unique solution for the pulse. A SPIDER
measurement provides a spectral interferogram which allows the extraction of the
spectral amplitude and phase. By a simple Fourier transformation, this yields the
exact electric field in the temporal domain.
We use FROG as our measurement technique of choice. Our basic FROG layout
is shown in figure 2.3. A typical measurement of the pulse directly from the amplifier
is shown in figure 2.4. The measurement is run through an iterative algorithm which
finds the pulse which will generate the same FROG trace. The best match can
often have less than 0.01% error between the reconstructed pulse and the actual
measurement.
An important aspect to consider in building a FROG, is to use a symmetrical
beam splitting configuration. In Figure 2.5, I show both symmetrical and asymmetrical beam splitting configurations. This is important, because in the asymmetrical
case, an additional phase can be added to the pulse that passes through the beam-
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Figure 2.3: The schematic for our FROG.
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Figure 2.4: Left Panel: An example FROG trace. Right Panel: The blue function
is the reconstructed electric field envelope. The red function is the reconstructed
phase. Both functions are normalized.
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splitter. This leads to an asymmetrical FROG trace and makes it seem like the
pulse is longer than it really is. In the symmetrical case each pulse undergoes a
reflection from a beamsplitter and a transmission through a beamsplitter. While
this adds more dispersion, it imparts the same dispersion to each pulse. This is very
important to consider once a pulse becomes shorter than about 25 fs.

Figure 2.5: Left Panel: Asymmetrical beam splitting, Right Panel: Symmetrical
beam splitting

2.5 Optimization of few-cycle pulse generation

Recently, there has been significant emphasis on the methods to control laser pulse
filamentation due to its utility in creation of few-cycle pulses that are crucial for
advances in attosecond science. Recent innovations have included using liquid crystals to control the phase across the beam [43], which allowed a genetic algorithm to
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optimize the spatial profile of the output from the filament. Circular phase masks
have been used to enhance the bandwidth generated in a filament while also improving the pointing stability [44]. Other methods for controlling the filamentation
and short pulse generation include changing the gas pressure [36], group velocity
dispersion, using a pressure gradient [45], or using a soft aperture[40].
It is generally accepted that apart from the usual variables such as input energy
and gas pressure, the spatial parameters of the input laser beam play an important role in the filamentation process [22, 36, 46, 47]. For example, in a study of
propagation of intense laser pulses in atmosphere, the stability of the backscattered
fluorescence signal has been found to depend upon the beam diameter used [48].
Thus, one should expect the spatial size, profile, and focusing conditions of the input laser beam to strongly influence the dispersion characteristics and the temporal
compressibility of the filament output. Some recent studies discuss the effect of
spatial profile on temporal self-compression in a filament [49, 50]. However, many
typical few-cycle pulse generation setups employ the post-filament eternal dispersion
compression scheme, as is the case in this study. In this regime, some authors have
noted in passing that a specific beam size or focusing lens led to better output pulse
duration[41]. However, these studies do not delve any further into this matter as
their objective is different.
This lack of detailed description of the effects of the easily controlled parameters
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like spatial profile(using an iris) or focusing condition led me to perform the following
study. I measured the degree of pulse compression that can be achieved through
modification of the laser beam size, profile, and focusing parameters vis-a-vis the
input pulse energy and gas pressure variation. This effort is also unique in the sense
that it systematically isolated the effect of each of the coupled variables through
careful experimentation. Below, I present experimental results quantifying the role
of pulse energy, beam diameter, M-squared (M 2 ) value, and f-number (f /#) of
the input beam on the output pulse duration obtained from a single filamentation
setup that incorporates external dispersion compensation. This understanding is
important to improve the efficiency and the energy economy of filamentation setups
that are typically used in few-cycle light pulse generation.

2.6 Experimental Procedure

The experimental setup is shown in Figure 2.6. The laser amplifier generates 50fs
pulses up to 2.5mJ pulse energy at a 1kHz repetition rate. The laser pulses are
focused with a 1m focal length spherical mirror in a slightly off-axis configuration
into a long ( 1.4 m) argon filled gas cell with variable pressure. The windows of
the cell are chosen to be very thin (0.1mm) to prevent any non-linear effects. The
high intensity pulse propagating through the argon cell leads to the formation of a
filament. The bandwidth stretched output of the filament is collimated with another

duration obtained is higher. This implies that departure from valley to peak
pulse energies in Fig. 1(b) is not due to lack of negative dispersion from c
but rather it is due to non-availability of bandwidth or the non-linear
dispers
41
spectrum. We discuss this aspect later in the paper with additional da
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Figure 2.6: Experimental layout for the filamentation based pulse compression. The
(a) Experimental
set up.
(b)input
The compressed
pulse CM1
duration as a function of
half-wave plate and polarizer Fig.
pair1.are
used to control
the
pulse energy.
energy
and
gas
pressure.
The
pulse
energy
is
varied
using
an aperture. The min
and CM2 are both 1m focal length spherical mirrors for focusing into the argon
duration
obtained
is
9fs.
cell and recollimating the exit beam. The chirped mirrors provide linear negative
dispersion to compress the
pulses.
An output
important
feature seen in Fig. 1(b) is that the pulse duration experi

when we increase the energy above 1mJ. However, in the data under co
1(b), the variation in the pulse energy is obtained while controlling the spati
with a hard aperture. In order to understand the short pulse generation and t
the compressibility at higher pulse energy we obviously need to individ
energy and spatial size dependence.
3.1 Input pulse energy dependence
50.8"fs"

9.06"fs"

To investigate the role of the input pulse energy, we use a half-wave plat
control the intensity while maintaining the same aperture size and beam pro
vary the pulse energy from 0.2mJ to 1.8mJ and plot the pulse duration stric
the input pulse energy alone. Figure 2 also shows a region (valley) of mini
(optimal pulse compression) as observed in Fig. 1(b). The pulse duration
Fig. 2 are done for two different combinations of gas pressure and circula
Figure 2.7: Left: Input
pulse
for i.e.
thePfilamentation.
Right:area
Output
pulse2 and
generated
beam
area),
= 1000 torr, beam
= 89mm
P = 673 torr, beam a
from 0.9mJ input and 1000
torr
of
argon.
On the right y-axis of Fig. 2, we plot the bandwidth measure obtain
marginal of FROG trace for the data corresponding to 1000 torr gas pre
beam area. This data set illustrates the relative amount of bandwidth that is
compression under varying pulse energies of driving laser beam and
clarification of underlying mechanisms.
As seen in Fig. 2, at low energies we get temporally long pulses,
explained due to lack of filamentation at low input energies. This is also bo
of bandwidth availability at low energies in Fig. 2. However, there
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spherical mirror on to a chirped mirror pair (GVD -60fs2 per mirror bounce) which
recompresses the pulse in three passes. The final pulse duration is measured using
a Frequency Resolved Optical Gating (FROG) set-up while changing the different
energy, spatial size, spatial profile, gas pressure, and focal length conditions. 9 fs
was the shortest pulse that was achieved. This is shown in figure 2.7 along with
the input pulse. In these studies, there is effort to isolate the effect of each input
beam parameter by systematically removing the contributions from other variables.
The spectrum marginal of the FROG trace is used as the relative measure of the
bandwidth generated under different input conditions. The symmetric shape of
the FROG spectrum marginal provides a consistent 1/e2 width measurement as
compared to the raw spectrum of the filament output.

2.7 Parameter space for input energy and gas pressure

In order to scan the parameter space for short pulse generation, I began by varying
the gas pressure and the input pulse energy while recording the pulse duration at
each setting. In this case, a hard aperture was used to control the input pulse energy.
Figure 2.8 shows the results of the wide parameter scan. A valley region emerges
in the energy space, between pulse energy 0.85 ± 0.25mJ. This region represents
a stable optimal parameter regime, where the pulse duration is very short and
approaches the few cycle regime. In this regime, the pulse experiences the best
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compression for a given chirped mirror configuration. Further, the use of a different
number of passes throughout the chirped mirror pair still leads to the same general
characteristic behavior with another optimal valley region, however, the minimum
pulse duration obtained is longer. This implies that departure from valley to peak
regions at higher pulse energies in Figure 2.8 is not due to lack of negative dispersion
from the chirped mirror pair, but rather it is due to the non-availability of bandwidth
or the non-linear dispersion in the filament spectrum.
An important feature seen in Figure 2.8 is that the pulse duration experiences a
sharp rise when the energy is increased above 1mJ. However, in the data under consideration in Figure 2.8, the variation in the pulse energy is obtained while changing
the spatial size of the beam with a hard aperture. In order to understand the short
pulse generation and the sharp cut-off in the compressibility at higher pulse energy I
then performed the following studies to individually address the energy and spatial
size dependence.

2.8 Input pulse energy dependence

To investigate the role of the input pulse energy, I used a half-wave plate and polarizer to control the intensity while maintaining the same aperture size and beam
profile. In Figure 2.9, the pulse energy is varied from 0.2mJ to 1.8mJ and plotted
with the pulse duration strictly as a function of the input pulse energy alone. Figure
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2.9 also shows a region (valley) of minimal pulse duration (optimal pulse compresinformation alone, one could argue that longer pulse duration could be due to lack of
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obtained in Fig. 1(b). This implies that there are other parameters that play a role in the
optimal pulse compression for obtaining shortest pulses. In the next section, we look into the
role of spatial profile and size of the beam.
3.2 Beam size dependence

In order to investigate the role of input beam size in generation of few-cycle pulses observed
in the optimal valley region of Fig. 1(b), we perform the study at fixed input energy (again
using the half-wave plate and polarizer), but vary the aperture diameter and hence the area of
the input beam. The results of this experiment are presented in Fig. 3. We choose a fixed
energy values that corresponds to the best compression cases as observed in Fig. 2 namely
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On the right y-axis of Figure 2.9 is the bandwidth measure obtained from the
spectrum marginal of the FROG trace for the data corresponding to 1000 torr gas
pressure and 89mm2 beam area. This data set illustrates the relative amount of
bandwidth that is available for pulse compression under the varying pulse energies of
the driving laser beam and thus helps in clarification of the underlying mechanisms.
As seen in Figure 2.9, at low input energies produce temporally long pulses,
which are easily explained due to the lack of filamentation at low input energies.
This is also borne out by the lack of bandwidth availability at low energies in Figure
2.9. However, there is still significant dispersion due to the neutral argon gas in the
the cell, which is then compressed by negative dispersion mirrors, so the output pulse
is roughly the same length as the pulse directly out of the amplifier. On the high
energy side, the output pulse duration also gets longer. Based on this information
alone, one could argue that the longer pulse duration could be due to the lack of
dispersion compensation of the additional bandwidth generated by high energies.
However, the maximum amount of bandwidth is generated in the optimal pulse
compression region and there is no extra bandwidth obtained at higher energies.
The lack of additional bandwidth at higher pulse energies can be explained in terms
of saturation mechanisms such as intensity clamping [51]. As there is no additional
bandwidth at high pulse energies and yet the output pulse duration lengthened, this
implies that by driving the filament with too much energy makes the bandwidth less
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compressible. For instance, the higher energies could add a nonlinear phase to the
spectrum that would not be compressible by the use of standard chirped mirrors.
It should be noted from Figure 2.9 that the pulse energy plays a significant role in
establishing the pulse duration trend and validates the general features observed in
Figure 2.8. However, one important discrepancy is that the minimal pulse duration
obtained by input pulse energy variation alone is about 16fs which is significantly
more than the minimal pulse duration in Figure 2.8. This implies that there are
other parameters that play a role in the optimal pulse compression for obtaining the
shortest pulses. In the next section, I explore the role of the spatial profile and the
size of the beam.

2.9 Input beam size dependence

In order to investigate the role of the input beam size in the generation of few-cycle
pulses observed in the optimal compression region of Figure 2.8, I performed the
study at fixed input energy (again using the half-wave plate and polarizer), but
change the aperture diameter and hence the area of the input beam. The results
of this experiment are presented in Figure 2.10. The fixed energy values in this
experiment correspond to the best compression cases as observed in Figure 2.9,
namely 0.8mJ at 1000 torr and 1mJ at 700 torr. It is evident from Figure 2.10 that
even at the optimal value of input energy the pulse compression can be substantially
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0.8mJ at 1000 torr and 1mJ at 700 torr. It is evident from Fig. 3 that even at the optimal value
of input energy; the pulse compression can be substantially improved by changing the beam
(aperture) size. This effect is observable even without making any FROG measurements.
When varying the aperture, there is a point when the extra colors become visible even to an
unassisted eye. The filament becomes much brighter in the visible region when the aperture is
slowly closed. The relative bandwidth plot shown in Fig. 3 serves to quantify the increase in
bandwidth with decreasing aperture size (at fixed input energy and pressure 0.8mJ, 1000 torr).
As before, this data also implies that we are able to compress pulses to a shorter duration by
increasing the bandwidth without the need for any adjustment to dispersion compensation
scheme in the chirped mirror pair.

Fig. 3. Pulse duration (left axis) and bandwidth (right axis) correlation observed by varying the
aperture size while maintaining a fixed input energy. Output pulse duration for 0.8 mJ, 1000
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the beam profile and beam focusing conditions, as both are affected by variation of the
aperture size. When changing the aperture size, beam is being spatially modified and we
could be selecting a better central portion which creates an ideal filament for pulse
compression. On the same token, having a smaller beam diameter also leads to a larger focal
volume.
3.3 Beam profile (M2) dependence
We first study the variation of the beam quality as we change the aperture size. In Fig. 4 we
show the pulse duration as a function of aperture size. In the same plot, along the right y-axis,
we plot the relative M-squared (M2/M02) values such that maximum value (M02) is normalized
to unity. The beam profiling measurements were done with a somewhat crude set up that had
substantial background noise and damage spots on imaging sensor. While, accurate
determination of absolute M-square was not possible with our setup, the normalized data
#118880 - $15.00 USD

(C) 2009 OSA

Received 21 Oct 2009; revised 7 Dec 2009; accepted 8 Dec 2009; published 15 Dec 2009

21 December 2009 / Vol. 17, No. 26 / OPTICS EXPRESS 23899

49

improved by changing the beam (aperture) size. This effect is observable even
without making any FROG measurements. When varying the aperture, there is a
point when the extra colors become visible even to an unassisted eye. The filament
comes much brighter in the visible region when the aperture is slowly closed. The
relative bandwidth plot shown in Figure 2.10 serves to quantify the increase in
bandwidth with decreasing aperture size (at fixed energy 0.8mJ, 1000 torr). As
before, this data also implies that the pulses can be compressed to a shorter duration
by increasing the bandwidth without the need for any adjustment to the dispersion
compensation scheme in the chirped mirror pair.
While the measurements shown in Figure 2.10 points to the importance of beam
size in short pulse generation, changing the beam diameter by closing a hard aperture
simultaneously changes two different properties of the beam. These two properties
are the beam’s spatial profile and the beam’s focusing conditions. By selecting a
smaller region, the beam becomes increasingly diffraction limited. As an example
of this, see Figure 2.11. The beam that has been apertured has a more uniform
focal spot with fewer high order spatial frequencies. It does however contain a fair
amount of energy in the diffraction rings, so there may be a tradeoff. In addition
to modifying the beam’s spatial qualities, using a narrower beam will have a larger
focal volume which will change the amount of self phase modulation.
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2.10 Input beam quality dependence

I first explored the variation of the beam quality as a function of the aperture size.
In the context of this work, I will define the beam quality to be the M-squared value
of the beam propagation. M-squared values are based on the second-moment of
a time-averaged intensity profile. This avoids the problems of comparing different
types of measurements such as the 1/e2 width, the width of the first nulls in the
intensity profile, the knife edge (usually widths at 90% and 10%) width, or any other
parameter. When using real optical beams with any higher spatial frequencies, or
modes that are not exactly gaussian, comparing these different forms of measurement
of beam widths is difficult.

Figure 2.11: Left Panel : focal spot from full input beam. Right Panel: focal spot
from apertured input beam.

To measure the M-squared value of a beam, I started by calculating the variance
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of the beam’s intensity profile in the x and y directions such that:

R∞
σx2

=

−∞

(x − xo )2 I(x, y)dx dy
R∞
I(x, y)dx dy
−∞

(2.9)

While this definition is simple, implementing this with images of the laser profile
can be difficult. The difficulty lies in properly removing the background. If there is
any background noise, the variance will quickly become very large and not reflective
of the beam profile’s actual variance. After the variance has been calculated, the
beam width is defined as Wx = 2σx . The propagation of the beam according to this
definition of the width is then:

Wx2

=

2
W0x

+

Mx4


×

λ
πW0x

2

(z − z0x )2

(2.10)

With this definition, I measured the M-squared value of the beam by focusing
it and taking images at various positions throughout the focus. This is illustrated
in figure 2.12. By plotting the Wx value as a function of z, a simple parabolic fit
will extract the focus point z0x , the beam waist W0x , and Mx2 . The beam does not
tend to be axially symmetric, so it is not unusual to find that Mx2 6= My2 . In the
measurements of the M 2 that will follow, I use the average M 2 = 12 (Mx2 + My2 ).
In Figure 2.13 I once again plot the pulse duration as a function of aperture size.
In the same plot, along the right y-axis, the relative M-squared (M 2 /Mo2 ) values is
shown instead of bandwidth. The relative M-square is scaled such that the maximum
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Figure 2.12: Fitting the beam waist as a function of the z distance. This allows
the extraction of the M-squared value. The images along the top axis are the beam
profiles for the different positions indicated by the arrows.
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value (Mo2 ) is normalized to unity. The beam profiling measurements were done with
a somewhat crude set up that had substantial background noise and damage spots on
the imaging sensor. While accurate determination of the absolute M-square was not
possible with our setup, the normalized data presented in Figure 2.13 still establishs
the general trend in variation of M-square values as a function of the aperture
size. There is a strong correlation between the normalized M 2 /Mo2 values of the
beam and the output pulse duration indicating that the beam profile cleanliness is
an important factor in obtaining short few-cycle pulses through the filamentation
process. For example, in many situations choosing a laser amplifier with higher pulse
energy to generate higher energy filamentation output may not necessarily lead to
few-cycle pulses, unless the beam profile considerations are carefully weighed in.

2.11 Focal volume dependence

As mentioned earlier, the aperturing of the laser beam not only modifies the quality
of the beam profile but it also leads to changes in the focal volume. In order to isolate
the effect of the focal volume of the beam, it is important to change the focal volume
without varying the aperture size which in turn modifies the beam profile. To do
this, I used a telephoto lens pair of +200mm and -150mm and varied the separation
between the two lenses to achieve a variable focal length lens combination. Using
different focal lengths to focus into the argon allowed me to change the beam’s focal
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presented in Fig. 4 still allows us to establish the general trend in variation of M-square values
as a function of aperture size. We observe that there is a strong correlation between the
normalized M2/M02 values of the beam and the output pulse duration indicating that the beam
profile cleanliness is an important factor in obtaining short few-cycle pulses through
filamentation process. For example, in many situations, choosing a laser amplifier with higher
pulse energy to generate higher energy filamentation output may not necessarily lead to fewcycle pulses, unless the beam profile considerations are carefully weighed in.

Fig. 4. (Left axis) Pulse duration data shown by (blue) circles, as a function of the area of the
2

2

aperture. (Right axis) Normalized M /M0 variation shown by (green) squares, as a function of
Figure 2.13:
(Left
axis)
Pulse
duration
data
shown
byfixed
theinput
blue
circles,
as a function
the area
of the
aperture.
These
data sets are
obtained
under
energy
conditions
2
2
2
1000
torr). The M(Right
is computed
the linear regimeM
in air
and normalized
by M02
of the area(0.8mJ,
of the
aperture.
axis)in Normalized
/M
by the
o variation shown
corresponding to the fully open beam.
green squares, as a function of the area of the aperture. These data sets are obtained
under
fixedvolume
inputdependence
energy conditions(0.8mJ, 1000 torr). The M2 is computed in the
3.5 Focal
linear regime in air and normalized by Mo2 corresponding to the fully open beam.

As mentioned earlier, the aperturing of laser beam not only modifies the quality of beam
profile but also leads to changes in the focal volume. In order to isolate the effect of focal
volume of beam, we need to study it without varying the aperture size and the beam profile.
To do so, we use a telephoto lens pair of +200mm and 150mm and varied the separation
between the two to have a variable focal length. Using different focal lengths to focus into the
argon allows us to change the beam's focal volume while keeping the same M-squared value
for each case. For simplicity, we define the focal volume as the Gaussian beam waist area
multiplied by the Rayleigh range. The energy and pressure conditions are same as in the
earlier case i.e. 0.8mJ and 1000 torr.
We compare the focal volume dependence arising from the variation of the aperture size
(which includes both spatial profile modification and focal spot-size changes) and the
variation of the focal length (which does not change spatial profile), by plotting the pulse
duration in both cases as a function of calculated focal volume (Fig. 5). Up to 15 mm3 there
seems to be a general agreement between the two cases - as the focal volume increases the
pulse becomes shorter. At very large focal volume (or focal length of our lens pair) we reach a
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volume while keeping the same M-squared value for each case. For simplicity, I define
the focal volume as the area contained by the Gaussian beam waist multiplied by
the Rayleigh range (see fig 2.14). The beam waist was calculated based on the f /#
of the input beam using equation 2.14, where f is the focal length of the lens or
mirror and D is the beam diameter. This relation works for both finding the focal
volume of the variable lens system as well as for the fixed mirror with different input
beam diameters.

F ocal V olume = (πwo2 ) zr

θ∼
= NA =

wo =

D
1
=
2f /#
2f

λ
πθ

F ocal V olume =

zr =

πwo2
λ

π 2 wo4
16f 4 λ3
= 2 4
λ
π D

(2.11)

(2.12)

(2.13)

(2.14)

The energy and pressure conditions are the same as in the earlier case, i. e. 0.8mJ
and 1000 torr. I compare the focal volume dependence arising from the variation of
the aperture size (which includes both the spatial profile modification and the focal
spot-size changes) and the variation of the focal length (which does not change the
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Figure 2.14: Guassian beam propagation

spatial profile), by plotting the pulse duration in both cases as a function of the
calculated focal volume (Figure 2.15). Up to 15mm3 there seems to be a general
agreement between the two cases - as the focal volume increases, the pulse becomes
shorter. At very large focal volume (or focal length of the lens pair) there is a point
after which the power in the focal volume becomes too low for optimal filamentation
and hence the pulse duration starts increasing back again.
The focal length numbers that in this portion of the experiment varied from 1.5m
to 2.5m are shown on the top x-axis (applicable only for the red diamond data set).
There were physical limitations over the range of focal lengths that were possible.
On the short focal length side, the limit is that the back focal distance of the lens
pair must be longer then half of the argon cell length. On the long focal length
side, the limit is constrained by focal length of the re-collimating mirror. Because
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point after which the power in the focal volume becomes too low for optimal filamentation
and hence the pulse duration starts increasing back again.

Fig. 5. Comparing the pulse compression vs focal volume for two cases - modification the
diameter of the beam (green squares) and modification of the focal length of the lenses used to
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the limit is that the back focal distance of the lens pair must be longer than half of Argon cell
length. On the long focal length side, we are limited by the fact that we were not varying the
focal length of the re-collimating mirror. This means that as the beam gets smaller due to
transverse magnification, the mirrors in the system will have increasingly high flux incident
from the filament. We stopped at 2.5m focal length to avoid damage to the mirrors
downstream of the filament. The 1 meter focal length (top x-axis) data point was taken using
the spherical mirror to show that using the lenses did not significantly affect our other input
beam parameters
Confining ourselves to reasonable tight focal volumes (< 20mm3), it can be said that a
loosely focused beam creates an optimal filament that is better suited for pulse compression.
One can further reason that having a loose focus leads to increased tendency for beam to
refocus and allows the pulse to interact with the filament core for a longer period. In any case,
we see that without modifying the M2 value we can still optimize our compression by
generating a larger focal volume.
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the re-collimating mirror is a fixed focal length for longer input focal lengths, the
output beam will become smaller due to transverse magnification. As the beam
gets smaller, the mirrors downstream in the system will have increasingly high flux
incident from the filament. I stopped at 2.5m focal length to avoid damage to the
mirrors downstream of the filament. The 1 meter focal length (top x-axis) data
point was taken using the spherical mirror to show that using the lenses did not
significantly affect out other input beam parameters.
By confining the beam to reasonable focal volumes (< 20mm3 ), it can be said
that a loosely focused beam creates an optimal filament that is better suited for pulse
compression. One can further reason that having a loose focus leads to increased
tendency for the beam to refocus and allows the pulse to interact with the filament
core for a longer period. In any case, without modifying the M2 value the final pulse
compression can be optimized by generating a larger focal volume.

2.12 Conclusions

To summarize, I have performed a detailed investigation of the effects of pulse energy, beam size, spatial profile, and the focusing conditions of the high intensity
input laser pulse on the generation of short, few-cycle pulses in a filamentation
based scheme. Using a hard aperture to limit the input pulse energy, I found that
for a given pressure there is a broad optimal energy regime for creation of a short
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sub-10fs output pulse. Driving the filament above this energy does not create any
additional bandwidth that can be compressed. However, under constant input energy conditions, using an aperture to make the beam diameter smaller did result in
more bandwidth which could be compressed to make a shorter output pulse. Further, by measuring the relative M-square values at different aperture sizes, I find
that cleanliness of the beam profile is strongly correlated with the shortest pulse
duration that can be obtained in this method. Finally, the focal is also shown to
play a significant role in short pulse generation and loose focusing is found to lead
to better filamentation and shorter output pulses. These findings serve to elucidate
general pointers for economical use of the limited energy of amplified laser pulses
to generate intense few-cycle pulses through the optimal combination of input pulse
energy, beam profile cleanliness, and focal volume parameters.
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CHAPTER 3

RESPONSE OF GRAPHENE TO FEMTOSECOND HIGH-INTENSITY
IRRADIATION

Now that I have established how we can generate short optical pulses at the regime
of 10fs, I will begin to examine the limits at which graphene can be irradiated by
ultrafast pulses. The basic measurement which will be employed in examining the
quality of the graphene before and after exposure to ultrafast pulses will be Raman
spectroscopy. Therefore, I will start by providing background about the different
types of information that can be extracted from the Raman spectrum in graphene.

3.1 Raman Spectroscopy in Graphene

The term Raman scattering describes the elastic scattering of light from a molecule
or lattice. The scattered light will have a new energy depending on the energy of the
vibrational states in the system that it scattered from. The relation for the energy
conservation is ~ωs = ~ωi ± ~Ω, where ~Ω is the energy of the phonon, and ~ωi,s is
the energy of the incident and scattered light, respectively. Most textbooks begin
describing Raman scattering with the energy diagram like the one in figure 3.1. This
diagram describes the situation where the Raman excitation photon is not tuned
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Figure 3.1: Energy diagram from Stokes and anti-Stokes Raman scattering.

to a real electronic state. Instead it shows a photon that promotes the electron
from a real state to a virtual state. In reality, when light passes by a molecule, it
interacts with the electronic orbitals surrounding the molecule. The orbitals can be
temporarily distorted due to the light field and then relax by giving off the scattered
radiation. This temporary state is what we represent as the virtual state.
The amount that the electrons respond to the incident light depends on how well
the electrons can polarize in the presence of electric field from the light. The ability
to polarize is known as the polarizability, α, of the molecule. This is important
because the intensity of the Raman scattered light according to Clark and Dines[52]
is:
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I(90◦ ) =

π 2 c4
(ωo ± Ωf i )4 Io α2
2
o

(3.1)

where c is the speed of light, o is the permittivity of free space, Io is the irradiance of the incident light, and ωo is the frequency of the incident light. The notation
of 90◦ indicates that this is the case for scattered light emitted perpendicular to the
incident propagation vector, however the term is similar for other angles but with a
functional dependence on the angle. The most obvious aspects of this equation are
the fact that the Raman intensity depends on the 4th power or the frequency of the
incident light and depends linearly on the irradiance. This means that by increasing
the frequency and/or the irradiance we can increase the amount of Raman scattered
light. Unfortunately, doing these things has a drawback. When moving from the IR
to the UV range of excitation wavelengths, most samples begin to absorb strongly
in the UV. This means that most samples will begin to fluoresce if excited in the
UV. The sample could also burn if the irradiance is too high. Either case would
interfere with a proper Raman measurement.
The polarizability α is a tensor which is defined by the Kramer Heisenberg Dirac
Equation. Each tensor element is computed by the following expression taken from
the book Modern Raman Spectroscopy [53]:
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(αρσ )GF = k
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hF |rρ |IihI|rσ |Gi hI|rρ |GihF |rσ |Ii
+
ωGI − ωo − iΓI
ωIF + ωo − iΓI

!
(3.2)

ρ and σ refers to the polarization directions of the incident and scattered light.
In this simplified expression, the G,F, and I states refer to the ground, final, and
intermediate states. ΓI is the damping term for intermediate state. rσ,ρ describes
the dipole operator for the different polarizations. The total polarizability for a
transition from G to F states is then the sum over all possible intermediate states.
For a complete description of these calculations, see the work by Clark and Dines,
1982[52]. The essential point that I want to draw attention to is the denominator
in the first term. For a laser frequency that is close to or resonant with a real
transition, such that ωo ≈ ωGI , the first term in the polarizability becomes very
large. This indicates that by tuning the Raman excitation source to be near a true
electronic state, we can greatly increase the amount of Raman scattered light.
This fact of the polarizability greatly contributing to the signal in a real transition
allows the Raman signal from graphene to be easily measured. In graphene, since
there is no band gap, any photon from the IR to the UV will be resonant with a
point at which there is a real electronic transition, and not just a virtual state. This
is illustrated in figure 3.2. The fact that it is possible to measure a Raman signal
off of a single layer of carbon atoms is largely due to the large polarizability. In
addition to this, because graphene lacks a band gap, the electrons that get excited,

es
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but do not give off Raman scattered light can relax non-radiatively to the ground
state. If the electrons coupled radiatively to the ground state, they would provide
emission which could interfere with attempting to measure the Raman signal.
To begin to understand the Raman spectrum in graphene, it is essential to start
with the phonon dispersion. Saito, Dresselhaus, and Dresselhaus derived the phonon
dispersion modes for graphene in their book Physical Properties of Carbon Nanotubes [54]. The dispersion relations are shown in figure 3.3. There are six phonon
branches shown, with three optical (O) branches and three acoustic (A) branches.
The in-plane modes vibrate in the plane of the graphene lattice, designated as iT
and iL, where the T is transverse with respect to the two atom unit cell and L is

a) A top view of the real space unit cell of monolayer graphene showing the inequivalent atoms A and B and unit vectors a1 and a2 . (
65 in the upper and
al space of bilayer graphene. The light/dark gray dots and the black circles/black dots represent the carbon atoms
ely, of bilayer graphene (2-LG). (c) The unit cell and the x̂ and ŷ unit vectors of bilayer graphene and (d) the same as (c) but for trilay
eciprocal space unit cell showing the 1st Brillouin zone with its high symmetry points and lines, such as T connecting to K ; ⌃ c

!

!

connecting K to M. The two primitive vectors b1 and b2 are shown and the two vectors on the top of the three hexagons show t
ordinate axes. (f) The Brillouin zone for 3D graphite, showing the high symmetry points and axes. Here 1 is a high symmetry point a
andKM
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(a) Calculated phonon dispersion relation of graphene showing the iLO, iTO, oTO, iLA, iTA and oTA phonon branches. (Adapted from

Figure 3.3: Phonon dispersion relation for single layer graphene. Figure reproduced
with permission from Malard et al. Physics Reports, vol. 473, pp. 51 - 87, 2009.
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contains two carbon atoms, A and B, there are six phonon dispersion bands (see
hree are acoustic branches
(A) and the other three are optic (O) phonon branches. For one acoustic branch (
stretch. It is present in all sp2 hybridized carbon forms like graphite or buckyballs
O) phonon branch, the atomic vibrations are perpendicular to the graphene plane, and they correspond to t
o) phonon modes. For
and two
opticinphonon
branches,
vibrations
are in-plane (i). Traditi
andtwo
at a acoustic
slightly different
energy
sp3 hybridized
formsthe
such
as diamond.
ons of the vibrations are considered with respect to the direction of the nearest carbon–carbon atoms and
non modes are classified as longitudinal (L) or transverse (T) according to vibrations parallel with or perpen
ively, the A–B carbon–carbon directions. Therefore, along the high symmetry M and K directions, the s
ion curves are assigned to LO, iTO, oTO, LA, iTA, and oTA phonon modes. (see Fig. 2)
r the zone center ( point), the in-plane iTO and LO optic modes correspond to the vibrations of the su
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Figure 3.4: Raman spectrum for single layer graphene.
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The other Raman active modes in graphene exhibit double resonance scattering.
In these cases, multiple phonons or contributions from defects must be present to
conserve the momentum and energy of the scattering event. The Raman peak that
is known as the 2D or sometimes the G’ uses two iTO phonons at the K point in
the Brillouin zone. In figure 3.5, the 2D band can be represented in two ways. In
the first case, labelled as double resonant, the incident photon excites an electron to
a wave vector ~k. This electron is then scattered to an adjacent K’-point by an iTO
phonon, and then scattered back to its original K point by another iTO phonon.
The election then recombines with a hole at ~k to emit the Raman scattered photon.
The second case involves scattering both the electron and the hole to an adjacent
K point where they then radiatively recombine.
The D Raman band is similar to the 2D band, but involves inelastically scattering
off of a defect and an iTO phonon. In both cases, inter-valley scattering takes place,
but the difference is that the D band requires a defect and the 2D band does not.
This is a critical aspect, because the D band provides a measure of the quality of a
graphene sample. For a sample with low numbers of defects, the D band may not
even be measurable. As I will show later, the 2D band provides crucial information
as to the number of layers in the graphene.
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3.2 Identifying the number of graphene layers

The 2D band in graphene provides a way to measure the number of layers in a
particular graphene sample. Because mono-layer stacked graphene only has one set
of conduction and valence bands in the π and π ∗ bands, there is only one pathway
to produce a double resonant scattering event. This means that the 2D band can
be well fit by a single Lorentzian. For graphene with multiple layers, the conduction
and valence bands each split into two non-degenerate bands. This allows multiple
pathways for the double resonant process to occur. By taking a Raman spectrum
and fitting the 2D peak with different numbers of Lorentzians, we can determine the
number of layers that are present in a given sample. The primary goal is usually to
determine whether the sample is monolayer or not, so comparing a single Lorentzian
fit to a multiple Lorentzian fit would suffice.
There is an additional method for identifying the number of layers in graphene
based on the relative intensities of the G band and the 2D band in the Raman
spectrum. By integrating the area under the spectral peak, we get the intensity
of the peak. For different thicknesses (or number of layers), the intensity of the
2D peak is nearly constant[55]. However, the intensity of the G peak does increase
with the number of layers. Since the G peak is a measure of the carbon-carbon
stretch, this is fairly intuitive. For more layers, there are more carbon-carbon bonds
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within the Raman excitation spot, and thus larger G peak intensity relative to the
mono-layer. Graf et al. [55] show that by measuring the relative ratio between
the G peak and the 2D peak a rough estimate of the number of graphene layers is
possible. A ratio of 1:4 for G:2D would indicate a monolayer sample. While this is
a simple method for determining the number of graphene layers, it is by no means
conclusive. When there are defects present in a graphene lattice, the 2D peak will
be lower than in a lattice with no defects. This means that by taking the ratio of
many different samples, the values would not fall nicely into discrete points that
would identify the number of layers, but would instead fall into a range suggesting
the lattice could be somewhere between 1 and 2 layers and not definitively one or
the other.

3.3 Measuring the Fermi level in graphene from the Raman spectrum

There have been several papers which report the modification of graphene’s Raman
spectrum due to doping. Yan et al.[56], Das et al.[57], and Pisana et al.[58] all
showed that by changing the Fermi energy through electrostatic doping, they could
measure shifts to the G band in graphene. In the following work on graphene
damage, I will be discussing the measurement of doping due to defects and chemical
impurities in the lattice. In the case of electrostatic doping, the shift of the Fermi
energy originates from a voltage that is applied across the graphene lattice. By
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applying a voltage the Fermi energy shifts as:

VG =

EF
+φ
e

(3.3)

where VG is the gate voltage, EF is the Fermi energy, and φ is the potential
difference between the graphene and the gate electrode.
The G and 2D peaks vary as a function of the Fermi energy as seen in figure 3.6.
The G peak stiffens (or blue shifts) for both electron and hole doping. Because G
peak shift is nearly symmetrical for both p and n type doping, the position of the 2D
peak must also be used to determine whether the doping is hole or electron doping.
In the work from Das et al.[57], they were able to change the Fermi energy much
further from equilibrium than most devices. This will be important for determining
the level of doping from our damage studies which will follow.
The principle that explains the G peak shift due to doping is the lifting of
Kohn anomalies. Piscanec et al. [59] showed that in graphene there are two Kohn
anomalies. A Kohn anomaly is a softening in the phonon dispersion which occurs
when the atomic vibrations are screened by the electrons. This can occur at certain
points in the Brillouin zone. In graphene it occurs at the Γ and K points. However,
as shown by Pisana et al. [58], when the Fermi energy is shifted away from the
Dirac point, the Kohn anomaly is removed by the breakdown of the adiabatic BornOppenheimer approximation. Essentially, the G phonon, which has a vibrational
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There have been plenty of studies which examine the disorder in graphite[60–65]. In
graphene, the accumulation of disorder can be classified into several distinct stages.
In the first stage, the graphene is decomposed into a nano-crystalline graphene. This
stage contains the range from a complete unmodified lattice to nano-crystalline sections of average length of 2nm. The next stage describes the evolution from the
nano-crystalline sections into amorphous carbon. At the point where the graphene
has accumulated enough defects to be considered amorphous, nearly all of the carbon rings will have opened. The last stage in the process is the conversion of the sp2
hybridized carbon bonds to sp2 bonds. However, the discussion later which concerns
the modification of graphene due to ultrafast pulses will be contained to the first
two stages.
The regime from graphite to nano-crystalline graphite was first described by
Tuinstra and Koenig[60], although the discussion applied equal well to graphene.
In this region, we can consider that the graphene lattice is mostly complete and
the I(D) to I(G) ratio will increase as more defects are accumulated in the lattice.
Tuinstra and Koenig considered the behavior to follow the trend[60]:

C(λ)
I(D)
=
I(G)
La

(3.4)

where C(λ) is a constant which is dependent on the wavelength of the Raman
laser source. Ferrari and Robertson[64] found C(514nm) = 4.4nm. By considering
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that the G peak is a measure of the C-C stretch, there is no reason for the G peak to
change much during this first stage. Creating defects does not significantly change
the amount of C-C bonds in the sample. Most of the behavior is attributed to the
change in the D peak intensity, which is sensitive to the number of defects.
During the stage where the graphene is converted from nano-crystalline into
amorphous carbon, the D to G intensity ratio follows the trend that [66]:
I(D)
= C 0 (λ)L2a
I(G)

(3.5)

In this regime, the defects have become so numerous that they are beginning to
reduce the number of complete carbon rings. Once again, since the G peak is still
just the C-C stretch, it will remain largely independent of the number of complete
rings. However, the D peak is a double resonant process which requires the lattice
periodicity. Therefore, as the number of rings break, the D peak will decrease in
intensity. In this sense, in the regime where the graphene is changing from nanocrystalline, the D peak is a measure of the remaining order in the lattice. Ferrari
reported that the C 0 (514nm) = 0.0055(1/Å2 ) [66].

3.5 Experimental Methods

The Raman spectrometer that was used for the following study was built in-house
from readily available parts. The laser is a Coherent Verdi which supplies 532nm

75

light with a line width of less than 5MHz. When converted into wave numbers the
line width is less than 10−3 cm−1 . This means that the resolution of the Raman
spectrum can be measured by measuring the spectral width of the laser line in the
spectrum. The width will primarily be affected by the entrance slit width in the
spectrometer, the quality of the imaging from the entrance slit to the CCD, and the
quality of the diffraction grating. We use a 50x microscope objective to focus the
laser onto the sample with a spot size of roughly 2µm. In graphene it is common
to use an irradiance of about 1-4 mW/µm2 . This must be calculated based on the
spot size and fluence of the laser on the sample and not on the irradiance before
the beamsplitter. The Raman filter and Raman beamsplitter that we use are both
designed to pass the Stokes scattered light (long-pass). To measure the anti-Stokes
scattered light, the filters would have to be replaced. The lowest frequency Stokes
scattered light is 186 cm−1 based on the current filters in place.
To study the modification of graphene due to ultrafast laser exposure, the ultrafast laser pulses were focused from the back of the sample while it was held in
the Raman spectrometer. This allowed in-situ measurements to be performed. To
control the exposure, a mechanical shutter would let in the desired number of pulses,
and then the Raman spectrum would be taken. Each site was exposed sequentially
to ultrafast pulses and then have the Raman spectrum taken to determine the nature
and degree of modification due to the ultrafast pulses.
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Figure 3.8: Basic layout of the Raman spectrometer. Z1 is comprised of the microscope objective and the sample. Z2 is an imaging setup which in conjunction with
Z1 acts as a microscope (illumination optics are not shown). Z3 is the spectrometer
and camera for recording the Raman spectra. The beamsplitter (BS) and Raman
filter (F) are designed for passing Stokes scattered light and reflecting the laser line.
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3.6 Modification of graphene from exposure to single ultrafast pulses

While many recent investigations have focused on the optical and electronic applications of graphene [67], attention has also been devoted to graphene’s non-linear
properties. Important demonstrations of graphene’s non-linear response include the
generation of mode-locked ultrafast lasers [68], non-linear four wave mixing [8], and
harmonic generation [69]. In such non-linear applications, the graphene interacts
with intense, ultrashort light pulses. The light absorption and dissipation mechanisms in this regime form an active topic of investigation [70, 71]. One aspect of
this line of inquiry relates to the thresholds and limits for graphene’s non-linear
optical response. Clearly, there exists an upper limit for the photon flux that this
unique single atom thick carbon layer can withstand. Prior work has shown that
the graphene lattice can be significantly modified by high doses of continuous-wave
(CW) laser irradiation [7]. However, unlike continuous-wave irradiation, a strong
impulsive excitation by an ultrashort pulse produces a very different response in
graphene that needs to be understood further.
As a first step, I obtained a single-shot laser damage threshold of graphene. I
define the damage threshold as the point at which a single laser pulse exposure
ablates a hole in the carbon lattice. This is identified by taking a Raman spectrum
after exposure to the ultrafast laser pulses. When all traces of the Raman spectrum
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Figure 3.9: Single shot damage threshold as a function of pulse duration.

(D, G, and 2D) are gone, the graphene is considered to be ablated. The damage
threshold was obtained for different pulse durations as shown in figure 3.9. In the
range from 50 fs to 1.6 ps, the energy fluence at which the graphene damaged was
nearly the same at roughly 200mJ/cm2 .
This compares well with the theoretical damage threshold of 250mJ/cm2 pre-
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is comprised of many small graphene domains (around 10 to 100µm in size). This
would allow plenty of areas where the lattice could ablate in terms of vibrational
excitations. The fact that the damage threshold is roughly constant in terms of fluence supports this idea that the ablation mechanism originates from the phonons.
For a constant fluence, there would be the same number of excited carriers and
therefore roughly the same phonon population in each case. In terms of peak intensities, graphene survives until a significantly higher intensity for a shorter pulse. At
50fs duration, the intensity damage threshold is ∼ 2.7 × 1012 W/cm2 . Notably, the
femtosecond damage threshold is much higher in comparison to the point at which
CW laser exposure leads to lattice modification, which is observed to be around
106 W/cm2 [7].
I observed that the single shot damage threshold for femtosecond pulses is very
well defined. The lattice survives without much modification up to a certain intensity
value, but beyond that value it is completely ablated. Figure 3.10 shows an optical
transmission image of a graphene layer that has been exposed to a single 50fs laser
pulse above the damage threshold. The contrast between the graphene covered and
graphene free areas is evident. This indicates that there is a hard threshold above
which the graphene will be completely ablated and below which it will survive.
This is illustrated in figure 3.11. The point of interest is the transition from the
burned regions to the surviving regions. Near the border between the two regions,
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I expected to see some evidence of damaged graphene.
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Figure 3.11: Irradiance profile showing border between damaged and surviving regions

equivalent to the ratio that was measured by Casiraghi et al. [73] in their study of
graphene edges. This indicates that the rise the the D peak might be due to edge
effects and not to a degradation of the lattice near the transition region between the
ablated and surviving graphene.
In figure 3.13, I show the results of a Raman probe scan along the black line
(at y=0) superimposed on the optical image in figure 3.10. There is a sharp transition for the D, G, and 2D Raman line strengths at the x=0µm boundary between
the graphene ablated and the graphene covered area. Outside of the ablated area
(x<0), where the lattice gets exposed to laser intensities below the damage threshold,
graphene survives well, and is close to being pristine. However, inside of the ablated
area, the Raman peaks fall to the level of the background noise. The sharpness of
the transition region size in these measurements is only limited by the Raman probe
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Figure 3.12: Raman spectra for two locations along the line in figure 3.10. The
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below the single shot threshold, I repeated the study while focusing on the long-term
modifications that accumulate in graphene when exposed to high intensities.

3.7 Modification of Graphene due to long term exposure to ultrafast pulses

Next, I measured the modification of the graphene lattice due to multiple exposures
below the single-shot damage threshold. These studies were conducted for the 50
fs laser pulses at four different peak intensities in the range between 0.2 and 1
TW/cm2 . Lattice modification was deduced from the variation of Raman spectra
as a function of the number of laser exposures. Each site was exposed to a fixed
number of pulses and then a Raman spectrum was recorded for that site. Because
the measurements were made in-situ, the exposure process was repeated at a single
site until the graphene was damaged beyond recognition. This was repeated at
different intensities at multiple sites.
I began by examining the evolution of the 2D peak as a function of the number
of laser pulses that have hit the lattice for a number of different intensities. The
2D peak serves as a good reference for the quality of the lattice since it shows a
simple monotonic behavior as the lattice is exposed to laser pulses. As mentioned
earlier, the 2D peak is a double resonance process which occurs in the absence of
defects, so as the lattice degrades the 2D peak strength will decline. Figure 3.14
plots the evolution of Raman 2D line strength (i.e. area under the 2D peak) with
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Figure 3.14: 2D line strength as a function of the number of laser exposures. Solid
curves are the fits to a decaying exponential.

A decay lifetime for each laser intensity was created from the S2D fits. These
lifetimes are shown in figure 3.15. In terms of the number of laser pulse exposures,
the lifetime depends on the laser intensity as No (I) = 8 × 103 · I −2.1 , where I is the
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at a 1kHz repetition rate. While this would not be acceptable for graphene being
used as a a commercial device, it does show that in a research context, graphene
can be excited to higher carrier densities than current studies have indicated. Also,
our preliminary studies indicate that the lifetime is longer when using exfoliated
graphene instead of CVD graphene. However, an exact number could not be found
because in the case of exfoliated graphene on Si/SiO2 , the silicon substrate began
to ablate before the graphene showed any response. I also found that the use of a
sapphire substrate instead of BK7 does not significantly alter the damage threshold.
While the 2D signal can characterize the sample lifetime for a particular pulse
intensity, the onset of disorder in the lattice is directly seen by monitoring the D line
as in figure 3.16. With increasing laser exposures, the Raman D-line increases in
strength until it reaches a saturation limit and then falls. As discussed in section 3.4,
this behavior is related to the number of defects that are accumulating in the lattice
and the inter-defect distance. Another interesting feature of laser modification is
observed through the variation of G-phonon line strength that is shown in figure 3.17.
Near the point at which the D-line strength has peaked, the G line strength shows
an unexpected increase. Clearly, this increase cannot be attributed to an increase
in the number of scattering centers (i.e. carbon-carbon bonds), so it must be due
to a process that increases the Raman scattering cross section. In the discussion
below, I examine the interesting mechanisms at play. It should also be noted that
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this data is very repeatable over different sites on the CVD graphene sample.

Figure 3.16: D line strength as a function of the number of laser pulse exposures.
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Next, the level of doping in the graphene can be determined by examining the

behavior of the G and 2D line center frequencies. Due to the large number of defects
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now plenty of dangling bonds in the graphene lattice where atmospheric adsorbents
can attach. If the adsorbents are electron donating or accepting, they will shift
the Fermi energy of the lattice. Ryu et al. [75] found that graphene nano ribbons
would become p-doped if exposed to oxygen (atmosphereric or pure). The graphene
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magnitude of about 0.6eV. The carrier (dopant) density corresponding to this Fermi
energy shift can be estimated as well. From Novoselov et al. [1]:
n = (EF /~νF )2 /π

(3.8)

Using this expression, for a Fermi shift of 0.6eV, the carrier concentrations would be
n ∼ 3 × 1013 cm−2 . These carrier densities are high compared to typical electrostatic
doping, but due to the large number of defects in the damaged lattice, there are
many opportunities for the chemical adsorbents to attach.

Figure 3.21: G line center as a function of the number of laser pulse exposures.

FIG. 3. (Color online) (a) Ratio of the D to G line strength
number of laser pulse exposures at 2 # 1011 Wcm!2. (b)
The largeincrease
Fermi level shift
provides
an explanation
for the2D
unexpected
of line
widths
of G and
lines,G-peak
respectively. (d
shift
G and
Raman
lines with
increase shown
in theof
boxed
region2D
of figure
3.17. Recently,
Chen etlaser
al. [76]exposures.
reported
enhancement of the Raman G line strength due to heavy p type doping. As seen
in section 3.1, the Raman intensity is due to the sum over all available excitation

Now we turn our attention to the unexp
increase shown in the boxed region of Fig. 2
Wang et al.14 reported enhancement of Raman

micro-patter
limit, ultrafa
defects, whi
93
tallites whos
G line streng
which mani
Raman lines
irradiation w
and laser in
phene, a saf
studies and n
Figure 3.22: 2D line center as a function of the number of laser pulse exposures.

We than

or online) (a) Ratio of the D to G line strengths as a function of
gram for gr
ser pulse exposures at 2 # 1011 Wcm!2. (b) and (c) show the
(all the real and virtual states). The different excitation pathways each
ne widths of Gpathways
and 2D
lines, respectively. (d) and (e) plot the
support from
havewith
their laser
own magnitude
and phase. By cutting off certain pathways via heavy
d 2D Raman lines
exposures.
Office.
doping, the signal can increase if destructively interfering pathways are shut off. This

1
K.
is illustrated in figure 3.23. For Raman enhancement to occur, the Fermi energy

S. Novose
I. V. Grigori
we turn ourhadattention
toof the
unexpected
to be close to half
the Raman
excitation photonG-peak
energy. This is possible in
(2005).
hown in thetheboxed
region
of
Fig.
2(c).
Recently,
2
damaged graphene because the Fermi level has been shifted by a large amount
F. Bonaccorso
14
enhancement
of Raman G-line signal
l. reportedfrom
611 (2010).
chemical adsorbents. The G peak signal strength is enhanced by about 50%
3
avy p-doping.
Essentially, the net Raman signal
Z. P. Sun, T.
in the case of damaged graphene, which Chen et al.[76] measure for a Fermi level of
Bonaccorso, D
m quantum interferences
between
several
G-pho4
0.6eV, which matches well with the expected level of doping.
E. Hendry, P.
ring pathways. Heavy doping can move the Fermi
Phys. Rev. Le
There is another effect that the doping will have in terms of changing which
5
the point that some the destructively interfering
J. J. Dean and
pathways are available for Raman scattering. If the Fermi level is half the energy
6 of
are cut off, leading to the overall enhancement of
H. N. Wang,
the Raman excitation photon, this is close to the edge at which all real electronic
Chandrashekh
r this to occur,
the Fermi energy had to be close to
and J. Park, A
Raman excitation photon energy. We believe that
7
D. Sun, Z. K
comes into play in our experiment due to adsorpFirst, and T. B
8
B. Krauss, T.
mospheric dopants to the dangling carbon bonds

tokes

94

ħωi

ħωs
Fermi&
Level&

ħωs

ħΩ

X&

3.23: Different pathways for Raman excitation showing Fermi level cutting
ħΩFigure
off a possible excitation.

Anti-Stokes
excitations will be shut off. If the Fermi level is high or low enough, all of the
real pathways can be blocked, and only the virtual transitions will remain. This
would significantly reduce the Raman intensity. In my measurements, the Raman
excitation is with 532nm light, which is 2.33eV. For damaged graphene with a Fermi
level 0.6eV, there is still plenty of headroom in terms of the real transitions being
cut off. However, the Raman signal has disappeared at the end of the long term
exposure study, so it could be just the disassembly of the lattice, but there could
also be a contribution from doping cutting off the Raman scattering.
In conclusion, I have identified a sharp single-shot damage threshold (∼ 3
TW/cm2 ) for CVD grown graphene when exposed to an intense 50fs laser pulse.
The edges from single-shot laser ablation were found to be microscopically clean,
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which indicates potential for ultrafast laser micro-machining. Below the single shot
damage limit, ultrafast exposures lead to the formation of defects, which transforms
pristine graphene into nano-crystallites whose size can be determined from the ratio
of D to G line strength. The defect sites accumulate p-type dopants, which manifests in the form of blue shifts of G and 2D Raman lines. The decay of the 2D
line strength upon laser irradiation was used to obtain the relationship between the
lifetime and the laser intensity. These results indicate that for CVD graphene, a safe
working regime for femtosecond pump-probe studies and non-linear applications is
< 1010 W/cm2 .

3.8 Other damage studies in graphene

My work examined the behavior of graphene with respect to irradiation from ultrafast pulses. There has been other research which examines the behavior of graphene
under different types of irradiation. Chen et al.[77] studied the effects of ion irradiation on the carrier transport in graphene. By irradiating the graphene lattice with
helium and neon ions at 500eV energies, Chen et al. were able to controllably create
lattice defects. Since their experiment took place under vacuum, these defects did
not become implanted with impurities. They found that the defects in the lattice
greatly reduce the conductivity of the carriers (typically by a factor of 4 lower for
an average inter-defect distance of ∼ 60nm). Teweldebrhan et al.[78] also studied
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the accumulation of defects in graphene, but under electron beam irradiation. They
found similar losses in the conductivity, but were mostly focused on the amorphization trajectory. Teweldebrhan et al. [78] found that when graphene is damaged
through e-beam irradiation, it does indeed follow the similar degradation process as
Ferrari and Robertson [64] described for graphite.
These studies intentionally created defects in the lattice and measure the changes
to graphene’s properties. However, there are instances when graphene is exposed
to radiation with photons or charged particles where the goal is to measure the
properties of the graphene and not to change them. In the work by Krauss et al.[7],
the effects of continuous irradiation from a laser source for Raman spectroscopy was
examined. They found that if the graphene is exposed above a certain threshold
or if it was exposed for long enough periods of time, defects could be created and
the graphene would follow a similar amorphization trajectory as lad out by Ferrari
and Robertson[64]. In the shorter term, the graphene did show an evolution in its
Raman spectra which indicates that dopants were being removed from the lattice,
presumably from laser induced heating. Krauss et al found three stages of evolution
in the Raman spectrum. During the first stage, the dopants are removed from
the lattice as determined by the G mode frequency. The second stage shows an
accumulation of defects as noted by the increasing intensity of the D mode. The
last stage is a saturation of the defects, where the graphene has become mostly nano
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crystalline, and the rate at which new defects are created is much lower.
The reason that I did not observe a similar dopant removal in our ultrafast pulse
exposure on graphene is due to the repetition rate of the laser and the time required
to switch between ultrafast exposure and Raman examination. In the Krauss et
al. [7] study, the graphene is continuously irradiated. This means that the lattice
stays hot and any dopants removed do not have a chance to return. In my study,
the 1kHz repetition rate allows plenty of time between laser pulses for the lattice to
cool and dopants to reattach. When the defects have been created in the graphene,
there are dangling bonds left which will be susceptible to picking up atmospheric
dopants. These dopants will attach between the ultrafast exposure and the Raman
measurement, and there is no long term heating which can remove them.
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CHAPTER 4

ULTRAFAST DYNAMICS IN GRAPHENE

Now that I have established the limits that graphene can be driven with ultrafast
pulses, I will discuss the measurements that I did exploring the ultrafast dynamics
that take place in graphene. I will first discuss the basic technique for pump-probe
spectroscopy. I will also provide a survey of what is currently known about the
ultrafast dynamics in graphene with respect to the carriers and phonons. After the
introduction and background for ultrafast spectroscopy in graphene is established,
I will describe my experiments that measure many body effects in graphene.

4.1 Pump-probe spectroscopy

Pump-probe spectroscopy is a common form of ultrafast spectroscopy. The basic
idea is to use a pump laser pulse to induce changes in a sample. The probe then
interrogates the sample to detect the changes induced by the pump. Changes in the
probe can be in the form of changes to the reflection, transmission, phase, Raman
scattering, etc. By detecting any one of these properties of the probe and changing
the time delay between when the pump excites the sample and when the probe
interrogates it, a temporal picture of the excitations can be built up. The resolution

99

in time is only limited by the temporal length of the pump and probe, it is not
dependent on the detector or any other part of the experimental apparatus.
The measurements can be divided into two different forms. Degenerate and
non-degenerate describe the relative energies of the pump and probe. Degenerate
implies that the pump and probe have the same energy. They can be copies of
the same pulse that are made with a beamsplitter. This is the simplest form of
pump-probe spectroscopy. Non-degenerate pump-probe spectroscopy means that
the pump and probe are not the same energy. With non-degenerate measurements,
the pump and probe can come from two different synchronized laser sources, a laser
and a continuum (such as from a filament), or a number of different combinations
of sources.

Probe"
Sample"

Detector"
Delay"
Stage"
Pump"

BeamspliIer"

τ
Chopper"
Figure 4.1: The schematic for our pump probe experiment. This is for a degenerate
pump-probe experiment with parallel polarizations.
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The basic layout that I employ in our measurements is shown in figure 4.1. This
design minimizes the number of optical elements, which becomes important for the
UV measurements that I will discuss later. Even with high quality optics, you can
assume that roughly 15% of the pulse energy is lost at each element when the photon
energy is far into the UV (such as 4.8eV, which is the third harmonic of Ti:Sapphire).
Thus, minimizing the number of optical elements is helpful in providing the most
energy to the sample. The setup in figure 4.1 has four elements in each path, which
at 15% loss each, comes out to only 50% of the input energy reaching the sample,
just from losses in the optics.
I employ differential transmission pump-probe spectroscopy. This means I measure changes in the transmission of the probe that are caused by the pump. By
chopping the pump, and sending the signal from the probe’s detector to a lockin amplifier, very small changes in transmission that are due to the pump can be
measured. The differential transmission data is of the form ∆T /To . To is the transmission of the probe through the sample with the pump beam blocked. ∆T = T −To
is the difference in the transmission of the probe caused by the pump. This is the
component that the lock-in amplifier measures. The measurements are repeated at
different time delays and energies to build up a differential transmission spectrum.
The dynamics that are measured in a pump-probe spectroscopy measurement can
be divided into two regimes. The first regime is the coherent regime. This describes
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measurements that occur for times shorter than the dephasing time in the system.
After the system has dephased, the measurements are considered incoherent. At the
point that the system is considered incoherent, we can model it simply by looking at
the populations in various excitations (carriers, phonons). The incoherent response
of the system is loosely due to two different classes of effects. The first class is
the occupation effects. The second class includes many body effects. These are
not entirely separate because the strength of many body effects is dependent of the
population of carriers, excitons, or phonons. Pauli blocking would be considered an
occupation effect, while Coulomb exchange interaction would be considered a many
body effect, although they are both due to the presence of photo-excited carriers.
The probe absorption can be approximated as:
1
A(~ω) =
(2π)2

ZZ
~k

δ(~ω − 2E(~k))(1 − 2f (k))dkx dky

(4.1)

where f (k) is the occupation of the electrons (and holes since we assume symmetry
and use 2f (k)) at the point k in the Brillouin zone. The second term expresses the
probe absorption due to Pauli blocking. Therefore, if the pump induced changes to
the occupation at ~ω, the probe will experience a change in absorption. The first
term δ(~ω −2E(~k)) incorporates the probe’s resonance with the electronic structure.
If the excitations from the pump cause many-body effects which change the band
structure, then it is the first term in the integrand which will modify the probe’s
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absorption.
We can consider that the transmission of light through graphene can be approximated as T = 1 − A. This means that differential transmission can be rewritten as
∆T /To = −∆A/(1 − Ao ).

4.2 Survey of literature for ultrafast spectroscopy in graphene

Research focused on the ultrafast spectroscopy of graphene has been an active
topic in the last few years [70, 71, 79–93]. This work has thoroughly examined
the timescales associated with electronic relaxation and recombination for different
types of graphene (epitaxial, exfoliated, CVD, reduced graphene oxides) and on
a variety of substrates. In all cases, the focus was not on a coherent response of
the system, but was instead focused on occupation timescales for the electrons and
phonons.
Breusing et al. [79] examined graphene with the highest temporal resolution to
date. The temporal resolution of 10fs allowed precise measurement of the relaxation times. With a 1.5eV degenerate measurement, they found a fast exponential
relaxation timescale of 140fs relaxation. However, their signal became negative at
300fs and returned to zero between 500fs and 1.5 ps. They considered that the
scenario was very similar to that of graphite [11] where the carriers reach a quasiequilibrium Fermi distribution within 30fs and recombine on a picosecond timescale.
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They attributed the negative signal to band renormalization.
Hale et al [84] performed a study which compared the long timescale relaxation
between suspended graphene and substrate supported samples. They attributed the
long timescale behavior of the pump-probe signal to the phonon lifetimes and found
that between samples that were suspended and supported, the long timescale was the
same. Therefore, they concluded that the two timescale behavior that is observed
in graphene must be a property that is intrinsic to graphene. They concluded that
the phonons become hot very quickly and the electronic relaxation is slowed by a
phonon bottleneck. The long timescale would be due to the timescale for coupling
the energy between the optical phonons and the acoustic phonons.
Strait et al. [91] studied the dynamics of graphene under optical pump, terahertz
probe excitations. The low energy probe allows for sensitive measurements on the
carrier recombination timescales. They found that at low temperatures (down to
18K) the relaxation transient becomes remarkably slow (hundreds of picoseconds).
They attribute this slow recombination due to the fact that if the carriers are cold,
they will be close enough to the Dirac point that the optical phonons will play
a limited role in assisting the recombination. This greatly slows down the entire
recombination process.
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4.3 Graphene sample for pump-probe experiments

The sample that I used for the following pump probe measurements was a CVD
grown graphene that was deposited onto a thin (0.2mm) sapphire substrate. To enhance the strength of the pump-probe signal, we used a stacked 10 layers of graphene
onto the substrate. Because the layers are stacked and not grown together, the layers
will have some degree of isolation from each other, and can be considered independent graphene monolayers. This is verified by examining the Raman spectrum for
the sample, which matches that for a mono-layer sample and not that for a 10 layer
graphite film.

4.4 Pump-probe 1.6 eV measurements

I began my ultrafast measurements in graphene by comparing the dynamics at 1.6eV
with those from other groups. The differential transmission behavior is well known
for this energy range in graphene [70, 79, 82, 84]. My measurements are shown in
figure 4.2. These measurements match well with those in the literature. The high
fluence data matches well with the two timescale relaxation behavior in Hale et
al. [84]. The lower fluence data matches well with the data from Breusing et al.
[79] because it follows the same behavior of having the positive response from Pauli
blocking followed by a negative recovery on the few picosecond timescale.
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Figure 4.2: Differential transmission in graphene at 1.6eV at different pump fluences.

To get a better idea of the interplay between the Pauli blocking and the many
body effects (which change E(k)), it is instructive to examine the 1.6eV data with
the maximum positive transient normalized to 1. This is shown in figure 4.3. The
signal at 1ps changes from positive at 200µJ/cm2 to negative at 20µJ/cm2 . This is
a balance between the Pauli blocking and the modifications to the band structure.
Pauli blocking creates an increase in the transmission and for this energy band
modification creates a decrease in transmission. This balance can be visualized
by the cartoon in figure 4.4. If the bands were redshifted in this energy range,
then the resonance of the probe would shift to a point on the band with a higher
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Figure 4.3: Differential transmission in graphene at 1.6eV at different pump fluences.
All signals normalized to 1. Blue: 20µJ/cm2 , Green: 50µJ/cm2 , Red: 100µJ/cm2 ,
Teal: 200µJ/cm2
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k$
Figure 4.4: Cartoon showing the interplay between Pauli blocking and band modification at high and low fluences. The carrier populations are on top of the modified
band. At high fluence, the carriers can experience a phonon bottleneck which slows
relaxation.

density of states. This will increase the absorption of the probe (thus decreasing
the transmission). However, if the carriers do not scatter away from the excitation
energy as quickly at high fluences (carrier densities) as they do at low fluences, then
Pauli blocking can dominate. Thus the 1.6 eV data shows an interplay between the
two effects, occupation and many body effects.

4.5 Pump-probe 3.2 and 4.8 eV measurements

I began to probe at higher energies in the band structure by doubling and tripling
the frequency of the laser. This is done via sum frequency generation in BBO. I
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show the fundamental, second, and third harmonic locations with respect to the
absorption profile in graphene in figure 4.5. The differential transmission measurements for 3.2eV and 4.8 eV are shown in figures 4.6 and 4.7. In both 3.2 and 4.8eV
measurements, the initial differential transmission signal is positive. This is due
to the probe experiencing decreased absorption from Pauli blocking of the initially
excited carriers. The timescale for this effect is less clear in the 4.8eV measurement,
but in the 3.2eV case, the initial Pauli blocking only lasts for about 1ps.
After the initial Pauil blocking, there is interesting behavior in the measurements.
At 3.2eV, the signal becomes negative and lasts for several hundred picoseconds. For
4.8eV, the signal is positive and also lasts for several hundred picoseconds. This long
lasting signal which has different signs for the different energies can be expressed
as a renormalization of the band structure. If we start with a toy model for the
renormalization, we can see how a modification to the band structure could induce
negative signals for one energy and positive signals for another.
I show the toy model in figure 4.8. If the blue and purple probes are located
on either side of a particular state, then by changing the location of that state, it
will shift closer to the resonance of one probe and further from the resonance of the
other. In this way, a simple change in the bands could simultaneously induce an
increase in absorption for 3.2eV and a decrease in the absorption for 4.8eV.
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Figure 4.5: Linear absorption profile for 10 layer graphene sample with the laser’s
harmonic energies. The peak at 6.2eV is due to the substrate.

Figure 4.6: Differential transmission for graphene at 3.2eV.
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Figure 4.7: Differential transmission for graphene at 4.8eV.

Energy&

Figure 4.8: Left: Black lines represent the original states. Red lines represent the
renormalized states. The blue and purple arrows are the probe. Right: Absorption
for the original and renormalized states. The blue probe would experience increased
absorption and the purple probe would experience a decrease.
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4.6 Pump-probe measurements near the saddle point

To quantify the modifications to the band structure, I then performed measurements near the saddle point in the band structure (M point in the Brillouin zone,
see section 1.3). While there is some degree of uncertainty in measuring the magnitudes of the differential transmission signal, the sign change between the 3.2 and
4.8eV measurements provides an unambiguous reference point for quantifying the
band modifications. Therefore finding the sign change and observing the differential
transmission spectrum near that point will allow us to accurately extract information from the excited graphene system.
For the measurements between 3.2 and 4.8eV, I used an optical parametric amplifier (OPA) at the US Army’s Aviation and Missile Research, Development, and
Engineering Center (AMRDEC) in Huntsville, AL. The OPA has an output pulse
width of 130fs and is tunable from 230nm to 2700nm. I scanned the energy of the
pump-probe measurements from 4.2eV to 4.6eV and found a sign change at roughly
4.34eV for times greater than 5 ps. The energies for the different measurements are
shown with respect to the absorption profile in graphene in figure 4.9.
We can see that the differential transmission measurements for different energies
do not change sign simultaneously. The measurement at 4.19eV becomes negative
near 4ps. The measurement at 4.34eV changes sign at about 8ps, and the 4.37eV
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Figure 4.9: Absorption spectrum with the pump-probe energies 4.19eV, 4.34eV,
4.37eV, 4.45eV, and 4.60eV.

10'3%

400μJ%

Figure 4.10: Differential transmission in graphene for different energies. All energies
use the same fluence, 400µJ/cm2 .
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Figure 4.11: Blue circles : differential transmission data as a function of energy for
6ps. Red curve: a sample fit to find the energy at which the data would change
sign.

data reaches zero at about 300ps. For the measurements 4.45 and 4.60eV, it is
unclear from visual inspection as to whether or not they will change sign. I examined
the spectrum at each time delay with a number of different fitting functions to try
to extract at what energy the sign change occurs for that time. Based on fitting
from a variety of functions, I was able to extract a sign change crossing point as
a function of energy. I show a sample fit to extract the crossing in figure 4.11.
The energy at which the data changes sign is shown in figure 4.12. The crossing
point at which the data changes sign appears to follow a two timescale exponential
relaxation. By fitting the data with a function a1 e(−t/t1 ) + a2 e(−t/t2 ) + b, I extracted
the two timescales for the relaxtion. The fast timescale is about 2ps. For graphene,
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Figure 4.12: The solid black curve is the energy at which the data changes sign as a
function of pump-probe delay time. The dashed red line is the saddle point energy.
The solid red line behind the data is a two timescale relaxation fit.
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this is the timescale for electronic relaxation and recombination. The slow timescale
is about 400ps. This timescale is on the order of the timescale for acoustic phonon
coupling to the substrate. In other words, this is the timescale for the lattice to
cool. These timescales provide pointers for where to look to begin modeling the
many body interactions that modify the electronic band structure.

4.7 Theory for many body effects in photo-excited graphene

The theory for calculating the modifications to the band structure in graphene was
worked out by Nai Kwong and calculated by Rolf Binder. I fully credit this work to
them, and I will only present the basic results here.
There has already been some theory developed to describe the electron-phonon
self energy [94–98] in graphite and carbon nanotubes. The previous work often
starts with graphene since it is the basis on which the theory for graphite and carbon
nanotube is built. The change in electron-phonon self energy after photo-excitation
is:
"
X µ
~
−fs0 (~q) + ∆n(~k − ~q − G)
1
~
(
k,
~
q
)
C
∆Σs (~k) =
s,s0
~ + iη
(2π)2 0
Es (~k) − Es0 (~q) − ~ω µ (~k − ~q − G)
q~,s ,µ

~
fs0 (~q) + ∆n(~k − ~q − G)
+
~ + iη
Es (~k) − Es0 (~q) + ~ω µ (~k − ~q − G)

#
(4.2)

where fs0 (~k) is the electron occupation and n(~k) is the phonon occupation at ~k.
Es0 is the electronic dispersion for the conduction and valence bands and ~ω µ (~k)
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is the phonon dispersion for the band µ =LA,LO,TA, and TO at ~k. η is a dampµ ~
ing term. The Cs,s
q ) is a coupling term which incorporates the deformation
0 (k, ~

potential and modulated hopping forms for each phonon branch. Because the experiment is examining a non-equilibrium case, we find the difference in the electronphonon self energy ∆Σ between the hot lattice (after excitation) and the cold lattice (at room temperature). The pump probe measurements are then sensitive to
(~k, ω, Tcold ). The change in temperature for the phonons
(~k, ω, Thot ) − ΣLO,R
ΣLO,R
s
s
determines the distribution function ∆n(~k) when calculating the electron phonon
self energy.
The calculations for the self energy due to electron phonon coupling shown here
are only preliminary. Neither the modulated hopping calculations or the deformation
potential calculations show a good match to the experiment. Currently, the energy
at which the functions change sign is the best way to determine the ”quality” of
the match between the experiment and the calculations. As seen in figure 4.13, the
calculations for either deformation potential or modulated hopping both show a sign
change which is red shifted considerably from the experiment.
After the initial excitation, when the photo-excited carriers are still present in
the system, the band structure will be modified by the electron self energy due
to screened Coulomb-exchange interactions. The screened Coulomb-exchange self
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Figure 4.13: Differential transmission due to electron phonon self energy from modulated hopping calculations (blue). Differential transmission from the deformation
potential calculations (red). Black squares are the 410 ps pump-probe spectrum.
Both calculations use a hot phonon temperature of 500K and an equilibrium temperature of 300K. The data has been scaled by a factor of 1/100 to show qualitative
comparison to the calculations.
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energy is:
∆Σc (~k) = −

X1
~k0 ,G
~

v

~k) + φ(~k 0 + G))f
~
~ cex (~k 0 )
V (~k 0 − ~k + G)cos(φ(

(4.3)

~ is the screened
where v is the volume element for the sum over ~k 0 , V (~k 0 − ~k + G)
~ and f ex (~k 0 ) is the excited
Coulomb repulsion between the electrons at ~k and ~k 0 + G,
c
carrier population. The Coulomb repulsion is :
V (~q) =

2πe2 /b
|~q| + κ

(4.4)

~ and b is the background dielectric
where κ is the screening length, ~q = ~k 0 − ~k + G,
constant.
By calculating the contributions from Pauli blocking in a non-thermal carrier
distribution and screened exchange self energy, we get the differential transmission
for the very short time delays. This is shown in figure 4.14 along with the data for
350fs after the pump excited the carriers.
These calculations show that to properly describe the pump-probe measurements
we need to incorporate many body effects into our analysis. By examining the many
body effects in the time domain, we have an opportunity to examine the relative
contributions from the different effects. At long time delays, we can sensitively
measure the modifications to the band structure due to electron-acoustic phonon self
energy. To date, this measurement has not been completed in an static (equilibrium)
case, because the corrections to the absorption profile from the electron-phonon self

x"10%3"
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Figure 4.14: Black: Differential transmission due to Pauli blocking alone. Red:
Differential transmission due to Pauli blocking and screened exchange self energy.
Red squares: Differential transmission data at 400fs.
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energy are too small to be detected. Differential transmission measurements give us
an opportunity to access these small corrections.
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CHAPTER 5

MANY BODY EFFECTS IN CORONENE

Figure 5.1: 2-D representation of coronene, C24 H12 .

5.1 Introduction to coronene

Now that I have examined the many body effects that take place in photo-excited
graphene, I will discuss a set of measurements that I made on coronene. Coronene
is a symmetric aromatic hydrocarbon which has six benzene rings surrounding a
central ring. The molecular formula is C24 H12 . The two dimensional representation
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is shown in figure 5.1. Coronene has the same bonding structure as graphene and
can be considered a graphene fragment. Therefore it is interesting to see how many
body effects manifest themselves in this smaller molecule and examine how the
effects will scale with increasing size.

5.2 Background to electron correlation effects in carbon chains

Historically, there has been a lot of interest in chains of atoms. They provided a
building block for which full condensed matter theories can be built. Chains such
as linear polyenes and polydiacetylenes are chains of carbon atoms which provided
a basis for developing the theory for molecular orbitals. Before the invention of the
laser, the only states that were known in these systems were the states accessible by
single photon excitation. These one photon states could be explained and modeled
to a certain degree of precision with a non-interacting electron model [99]. A single
photon excitation will change the symmetry properties of the electronic configuration. A two photon excitation would promote an electron from the ground state to a
state with the same symmetry. The expectation that arrises from a non-interacting
electron model is that the lowest energy two photon excitation must lie above the
lowest energy one photon excitation. This is shown schematically in figure 5.2.
However, after lasers became available and it was possible to probe two photon
accessible states, it was found that the lowest energy two photon states in certain

Excited!states!of!sp !chains!
• Graphene!has!same!sp2!hybridizaMon!as!
π!conjugated!polymers!!
!Linear!polyenes!and!polydiacetylenes!
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Figure 5.2: Energy of one and two photon excitations according to the free electron
J.!Chem.!Phys.,!59,!4984!(1973
molecular orbit model. ExpectaMon!:!E(2!1Ag)!>!E(1!1Bu)!
Soos!et!al.!!

Chem.!Phys.!Lei.!171,!14!(199

polyenes could lie at energies below that of the lowest energy one photon state [12].
This forced a re-examination of the assumptions that were built into the models
for molecular orbital theory. Hudson and Kohler found that the main assumption
that required revision was that the electron repulsion only had a weak influence on
the electronic motion[14]. This means that the electrons would move independently
and low energy states would only involve the excitation of single electrons from the
ground state. By incorporating the Coulomb repulsion between electrons, Hudson
and Kohler were able to correctly calculate the locations of the two photon states.
The role of Coulomb repulsion in the ordering of the different states is shown in
the figure 5.3. As the strength of the Coulomb repulsion increases, the states can
reverse their ordering with respect to each other.
The strength of the Coulomb repulsion was also found to be dependent on the
chain length [14]. For short polyenes, the spectrum followed the ordering expected
from the independent electron models, but the longer chains showed signatures of
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Figure 5.3: Ordering for the lowest energy 1 photon state 1Bu and the lowest energy 2 photon state 2Ag as a function of the Couldomb repulsion parameter. U=0
represents the independent electron model. Schematic based on data for butadiene
from Hudson et al., Excited States, vol. 6, pp. 1-95, 1982.

stronger Coulomb repulsion. The basic progression of the order for the one and two
photon states is shown in figure 5.4.
The importance of many body effects in one dimensional carbon chains, leads
us to the question of how these relations unfold in a two dimensional system. From
the linear chains, the larger sizes led to increased importance of Coulomb repulsion
in calculating the electronic states. Thus, I examined coronene to determine the
ordering of the one and two photon states to examine the role of Coulomb repulsion
in a two dimensional system.
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Figure 5.4: Ordering for the lowest energy 1 photon state 1Bu and the lowest energy
2 photon state 2Ag as a function of the 1/N, where is is the chain length. Schematic
based on data from Hudson et al., Excited States, vol. 6, pp. 1-95, 1982.

5.3 Single photon states

Measuring the single photon states in a molecule is trivial. I used a spectrophotometer from the Analytical Biophysics Core facility on the University of Arizona
campus. The instrument uses two bulbs which can cover the visible and ultraviolet
range. The light is sent through the sample and then collected and sent into a
spectrometer. By measuring the absorption in a cuvette with the solvent and the
absorption in a cuvette with the solvent and the coronene sample, the absorption
due only to coronene can determined. The coronene absorption profile is shown in
figure 5.5. The lowest energy one photon absorption peak is 3.578eV (346nm).
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5.4 Two Photon Absorption

To find the strength and energy of a two photon accessible state requires a bit more
work than finding the one photon states. I performed a series of z-scan measurements
to determine the two photon absorption of the sample. The basic layout for the z
scan measurements is shown in figure 5.6. To perform a z scan, a high intensity
laser is focused into the sample. When the sample is scanned through the focus, an
additional absorption will take place due to two photon absorption (if the intensity
is high enough). The transmission of the beam through the sample is [100]:
T (z) = 1 −

βIo L
1 + ( zzR )2

(5.1)

where Io is the laser irradiance at the focus, L is the thickness of the sample, z
is the distance from the focus, zR is the Rayleigh range, and β is the two photon
absorption coefficient. By fitting T (z) to the measurements, β can be extracted.
To build up a spectrum of the β values at different energies, I first performed z
scan measurements using both a white light super continuum generated by a filament in sulfur hexaflouride (SF6 ) gas. Optical filaments in SF6 generate remarkably
uniform super continuums which easily span over from 400 to 900nm [101]. To separate the different energies for building up a β spectrum, I used a prism compressor
configuration with an adjustable slit which could select the desired frequency ranges.
The design for this is shown in figure 5.7. Using the super continuum from SF6 , I
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Figure 5.6: Top: Sample Z scan measurement. Bottom: Basic layout of a Z scan
measurement.
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was able to select the different frequency probes shown in figure 5.8. Each spectrum
needed to be fairly broadband so that there would be enough energy to induce two
photon absorption in the coronene sample.

Super"conOnuum"
Input"

Desired"output"
Select"
desired"energies"

Figure 5.7: Optical layout for prism compressor based frequency selection.

The measurement of β as a function of energy from the SF6 super continuum
is shown in figure 5.9. One of the main areas of uncertainty in measuring the
beta values with the super continuum was measurement of the pulse width for each
spectrum. Once the energy was below 2eV, the autocorrelation and FROG setups
for measuring the pulse width are not designed to handle the sum frequency above
3.5eV. This produced uncertainty in the measurement of Io for each z scan, which
translates into uncertainty in measuring β.
I repeated the z scan measurements at the US Army AMRDEC facility in
Huntsville, AL. They kindly lent me use of their optical parametric amplifier for
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Figure 5.8: Frequency selection in SF6 using the prism compressor.
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Figure 5.9: β as a function of energy in coronene.
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performing the measurements. The z scan measurements are the same, but the
light source is freely tunable from 2700 to 230nm. The pulse duration is also well
characterized for the entire spectral range. I performed the measurements with
200meV steps in the frequency, so the different energies that I used are shown in
figure 5.10. It is immediately obvious that the spectral resolution is much higher
from the OPA than from the SF6 filament.
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Figure 5.10: Frequency selection from the Quantronix OPA from 1.6eV to 4.2eV in
200meV steps.

The β spectrum from the OPA is shown in figure 5.11. The measurements were
performed in a 1mm path length cuvette of UV grade quartz. The control experiment is a z scan measurement of the cuvette and the solvent (1,2 dichloroethane)
only. The actual measurement included 1mM (mM = 1 milli mole per liter) of
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coronene in the solvent. The control measurements did show some two photon absorption, so they were are included in figure 5.11 as error bars in the measurement.
The error bars then represent possible contributions from the control. At a 1.8 eV ,
the signal for two photon absorption becomes evident in coronene. The two photon
transition would equal 3.6 eV in this case. The z scan measurement at 1.8 eV is
shown in figure 5.12. At this energy, the control shows some change, but it is roughly
at the level of the noise. However, the coronene shows a clear signal for two photon
absorption.

Figure 5.11: β values as a function of energy. The error bars represent possible
contributions from the control.
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Two'Photon'Sum:'3.6eV'

Figure 5.12: Z scan measurements for coronene and the control at 1.8eV. The red
fits are T (z) for extracting the β values.

5.5 Comparison of one and two photon states

I show the one and two photon absorption measurements together in figure 5.13,
where the two phonon absorption is from the OPA measurements. While the two
photon absorption does not show any sharp feature like the one photon absorption
does, it does extend down to 3.6eV. The lowest energy one photon accessible state is
3.578eV. This is an important result in terms of examining the role of Coulomb repulsion in determining the molecular orbits in 2D carbon systems. The independent
electron model predicts that the lowest energy two photon state should be at 5.8
eV according to calculations from Karan Aryanpour and Sumit Mazumdar. By in-

134

corporating Coulomb repulsion into the model for the electronic states in coronene,
Aryanpour and Mazumdar show a good qualitative match with the measurements
as seen in figure 5.14.

Figure 5.13: Blue: Linear absorption spectrum of coronene. Red: Two photon
absorption spectrum of coronene.
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Figure 5.14: Blue: Linear absorption spectrum of coronene. Red: Two photon
absorption spectrum of coronene. Green: Calculations of two photon absorption by
Aryanpour and Mazumdar.

136

CHAPTER 6

CONCLUSIONS

To perform ultrafast spectroscopy, it is important to be able to generate and control
ultrafast pulses. I first described how to use simple techniques to optimize pulse
compression by filamentation. With control over the input parameters before filamentation, I was able to compress a 40fs pulse from our amplifier down to 9fs. This
required control over the gas pressure of the argon cell, the energy, spatial quality
and focusing conditions of the input pulse. While I have not yet used the few cycle pulse to perform measurements, it has been implemented elsewhere in the lab.
Some of the fast processes in graphene have yet to be fully explored, and are ripe for
examination with a short pulse. Electron dephasing times and carrier-carrier scattering are two areas that could use examination with the high temporal resolution
that the 9 fs pulse could offer.
I also explored the limits for exciting graphene with ultrafast lasers. This provides a benchmark for the irradiance that can be used in graphene when performing
ultrafast pump-probe measurements. This was important for probing the role of
many body dynamics near the saddle point in graphene. I pumped the lattice with
up to 400µJ/cm2 to produce the largest signals possible, and knowledge that the
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lattice could survive for significantly long periods at this fluence level was reassuring. It would be disappointing to have the sample degrade after only 8 hours of
experimentation. The damage studies have also provided the possibility to damage
graphene in a controllable fashion. By monitoring the D/G peak ratios, we could
reduce a complete graphene lattice down to a sample comprised mostly of 1-2nm
nano crystalline sections of graphene. This would provide a top-down approach to
examining the role of many-body dynamics and their dependence on the size of the
system.
By extending ultrafast measurements in graphene up to the saddle point, we were
able to extract signals which can quantify the extent of many body effects due to
non-equilibrium distributions of the carriers and the phonons. Because the system
is constantly changing after the initial excitation, we can examine different modifications to the band structure as the carriers and phonons return to equilibrium.
This gives us a unique opportunity to examine the relative strengths of the different
many-body interactions that occur after photo-excitation. For measurements on
graphene at equilibrium, all of the effects are built in, and it is more complex to
extract the relative strengths of interactions such as the screened exchange between
electrons, the electron-phonon self energy, or electron hole correlations. Perturbing
the system lets us extract information about these effects in a separable fashion.
I also performed measurements for the excited state ordering in the smallest
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graphene-like molecule, coronene. In these measurements, we found that there were
two photon accessible states which were very close in energy to the one photon state.
This is not predicted in the independent electron models for molecular orbits. This
is due to Coulomb repulsion between the electrons, and it shows that we should
not consider similar sp2 hybridized carbon systems with only independent electron
models. If the work in carbon chains is any indication, these effects become stronger
as the system is scaled up to the infinite limit that is graphene. However, it i unclear
how the electron correlations scale with size in a two dimensional system. Therefore,
we need to continue with more experiments that examine the size dependence for
the graphene- like fragments.
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APPENDIX A

TIGHT BINDING MODEL FOR GRAPHENE

To get a better understanding of the band structure of graphene, this appendix
provides more detail into the theory for the tight binding model. I also include the
information about the screened Coulomb exchange interactions. However, this work
is not the result of my creative activity, but it is the result of the efforts primarily
from Nai Kwong.

A.1 Tight Binding Model for Graphene

Before launching into the theory for many body interactions, we must first derive
the Bloch wave functions for graphene. P. R. Wallace first derived the tight binding
model for graphene in 1947 [2], and the eigenvalues can also be found in Castro-Neto
et al 2009 [17] and Saito et al. 1998 [54]. However, the eigenvectors are needed, so
we will first derive them for graphene.
When we include nearest neighbor and next-nearest neighbor hopping between
lattice cites, the one-electron Hamiltonian is:
H = −t

X
hi,ji,σ

(a†σ,i bσ,j + h.c.) − t0

X
hhi,jii,σ

(a†σ,i aσ,j + b†σ,i bσ,j + h.c.)

(A.1)
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Figure A.1: Lattice vectors for graphene. This uses the same notation as CastroNeto
et al., Rev. Mod. Phys., vol. 81, pp. 109-162, 2009.

where a†σ,i (b†σ,i ) creates an electron of spin projection σ at the A (B) atomic site in
the ith unit cell etc.

hi, ji nearest neighbor: each atom has three nearest neighbor sites, on the other sub
lattice, positioned relative to the atom by ±~δ1 , ±~δ2 , ±~δ3 . (Take + (-) sign if
the atom is a B (A) atom)

√
~δ1 = a (1, 3),
2
x, y

√
~δ2 = a (1, − 3),
2

~δ3 = a(−1, 0)
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hhi, jii next-nearest neighbor: each atom has six next-nearest neighbors, on that
same sub-lattice, positioned relative to the atom by ±~a1 , ±~a2 , ±(~a1 − ~a2 ).
√
Lattice vectors: ~a1 = a2 (3, 3),

√
~a2 = a2 (3, − 3)

The configuration space for the electron in this model is the set of atomic sites.
We label the sites by two indices: (j, n). j labels the unit cell and n = 1 for the
B site inside the unit cell, and n = 2 for the A site. Relative to a reference origin,
~ j1 = R
~ j , and R
~ j2 = R
~ j + ~δ1 . We denote
the position vector of the site (j, 1) is R
by |jni the one-electron state that the electron is localized at the site (j, n). The
set {|jni}, with hj 0 n0 |jni = δjj 0 δnn0 , form an orthonormal basis for the one-electron
Hilbert space.
In first quantization, the one-electron Hamiltonian can be written as:
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hjn|H|j 0 n0 i = −t if

n0 6= n and
(j 0 = j) or
~ j 0 = ~rj − ~a1 ) or
(n = 1 and R
~ j 0 = ~rj − ~a1 + ~a2 ) or
(n = 1 and R
~ j 0 = ~rj + ~a1 ) or
(n = 2 and R
~ j 0 = ~rj + ~a1 − ~a2 )
(n = 2 and R

= −t0

if n0 = n and one of
the following six conditions is fulfilled:
~ j0 = R
~ j ± ~a1
R

or

~ j0 = R
~ j ± ~a2
R

or

~ j0 = R
~ j ± (~a1 − ~a2 )
R

=0

otherwise

(A.2)

Since the Hamiltonian is lattice-periodic, Bloch’s theorem holds and the Hamiltonian eigenstates are Bloch wavefunctions. We label the eigenstates by |~ksi, where
~k is the crystal momentum and s is the band label.
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In configuration space, the wavefunctions are of the form:
r
hjn|~ksi =

2 i~k·(R~ j +~δ1 δn2 )
e
u~ksn
N

(A.3)

where N is the total number of atoms and, for each (~k, s), u~ks1 and u~ks2 form a
two-component column vector normalized to 1 such that |u~ks1 |2 + |u~ks2 |2 = 1. What
we need are the eigenvalues E~ks and the eigenvectors u~ksn . The eigenvalue equation
is

H|~ksi = E~ks |~ksi
⇒

X
hjn|H|j 0 n0 ihj 0 n0 |~ksi = E~ks hjn|~ksi

(A.4)

j 0 n0

Substituting equations A.2 and A.3 into equation A.4, we obtain for n = 1,
~ ~

~~

~

~

eik·Rj [−teik·δ1 (1 + e−ik·~a1 + eik·(~a2 −~a1 ) )u~ks2
~

~

~

~

~

− t0 (eik·~a1 + e−ik·~a1 + eik·~a2 + e−ik·~a2 + eik·(~a1 −~a2 )
~

~ ~

+ eik·(~a2 −~a1 ) )u~ks1 ] = E~ks eik·Rj u~ks1 (A.5)
and for n = 2,
~ ~

~

~

~~

eik·Rj [−t(1 + eik·~a1 + eik·(~a1 −~a2 ) )u~ks2 eik·δ1
~

~

~

~

~

− t0 (eik·~a1 + e−ik·~a1 + eik·~a2 + e−ik·~a2 + eik·(~a1 −~a2 )
~

~ ~

+ eik·(~a2 −~a1 ) )u~ks2 ] = E~ks eik·Rj u~ks2 (A.6)
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We can write equations A.5 and A.6 in the form






0 ~
0 ~
 t g(k) tg (k)  u~ks1
u
~
ks1

−
= E~ks

 u~
u~ks2
ks2
tg 0∗ (~k) t0 g(~k)

(A.7)

g(~k) = 2 [cos(~k · ~a1 ) + cos(~k · ~a2 ) + cos(~k · (~a1 − ~a2 ))]
√
√
3
3
ky a)
= 2 cos( 3ky a) + 4 cos( kx a) cos(
2
2

~~
~~
~~
g 0 (~k) = eik·δ1 + eik·δ2 + eik·δ3
√
3
kx
ky a) + cos(kx a)
= 2 cos( a) cos(
2
2 √
kx
3
+ i [2 sin( a) cos(
ky a) − sin(kx a)]
2
2

(A.8)
(A.9)

(A.10)

(A.11)

In anticipation of upcoming results, we also look at |ρ0 (~k)|. By equation A.10,
|g 0 (~k)|2 = 3 + 2 [cos(~k · (~δ1 − ~δ2 )) + cos(~k · (~δ2 − ~δ3 )) + cos(~k · (~δ3 − ~δ1 ))]
Since ~δ1 − ~δ2 = ~a1 − ~a2 , ~δ2 − ~δ3 = ~a2 , ~δ3 − ~δ1 = −~a1 ,
|g 0 (~k)|2 = 3 + g(~k)
So g (~k) =
0

φ(~k) = tan−1

(A.12)

q
~
3 + g(~k) eiφ(k)

√

3
k a)
2 y
√
3
kx
2 cos( 2 a) cos( 2 ky a)

2 sin( k2x a) cos(

− sin(kx a)
+ cos(kx a)

!
(A.13)
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A.2 Eigenvalues

We solve for the eigenvalues from equation A.7:

E + t0 g(~k)

tg 0 (~k)

tg (~k)

E + t g(~k)

=0
0∗

0

⇒ E = ±t|g 0 (~k)| − t0 g(~k)
We call the band label s = +, −. So

q
E~k± = ±t 3 + g(~k) − t0 g(~k)

(A.14)

A.3 Eigenvectors
(E~k,s + t0 g(~k))u~k,s,1 + tg 0 (~k) u~k,s,2 = 0
But E~k,s + t0 g(~k) = st|g 0 (~k)|

⇒

u~k,s,2 = −

st|g 0 (~k)|
~
u~k,s,1 = −se−iφ(k) u~k,s,1
0
~
tg (k)

So |u~k,s,2 | = |u~k,s,1 |
The normalized eigenvectors are




1
u~k,s,1
1
=√
~
u~k,s,2
2 −se−iφ(k)

(A.15)
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Overlap of the two lattice-periodic eigenvectors:
(u~∗k0 ,s0 ,1



u~∗k0 ,s0 ,2 )

u~k,s,1
u~k,s,2



1
~0
~
= hu~k0 ,s0 |u~k,s i = (1 + ss0 ei(φ(k )−φ(k)) )
2

1
|hu~k0 ,s0 |u~k,s i|2 = [1 + ss0 cos(φ(k~0 ) − φ(~k))]
2

(A.16)

(A.17)

which is different from equation (5) from Rana et al. 2007 [102].
~k is confined to the first Brillouin zone. From (5) and (6), one can see that for
~ in the reciprocal lattice,
G

E~k+G,s
~ = E~k,s



u~k+G,s,1
~
u~k+G,s,2
~




=

u~k,s,1



~ ~
δ1 u
e−iG·
~k,s,2

~ si = hj n|~k si
⇒ hj n|~k + G

A.4 Interband transition dipole
~ ~ |u~ i = − 1 5
~ ~ φ(~k)
~r+− (~k) = ihu~k+ |5
k k−
2 k

(A.18)
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From (A.13),

φ(~k) = tan

−1

 
S
C

~
~
~ ~ φ(~k) = (5~k S)C − (5~k C)S
5
k
C2 + S2

C 2 + S 2 = |g 0 (~k)|2 = 3 + g(~k)

∴

(by (12))

~
~
~ ~ φ(~k) = (5~k S)C − (5~k C)S
5
k
3 + g(~k)
"
!
√
√
3
a
3
=
cos( 3ky a) − cos( kx a)cos(
ky a) x̂
2
2
3 + g(~k)
#
√
√
3
3
− 3sin( kx a)sin(
ky a) ŷ
(A.19)
2
2

(18) is good for long-wavelength (λ  a) excitations at high enough energy.
The dipole transition matrix element should probably be re-examined from first
principles for very low-energy excitations around the Dirac points.

A.5 Screened exchange interactions

Now that we have the Bloch wave functions in graphene, we can find the corrections
to the electronic band structure due to an excited plasma. The screened 2D Coulomb
potential is [103] :
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V (~q) =

2πe2 1
b |~q| + κ

(A.20)

where κ is the screening length. For a distribution of electrons f (E), the screening
length is

2πe2
κ=−
b

Z
~k

d~k 2 ∂f (E)
(2π)2 ∂E

(A.21)

The electron distribution evolves in time, but we can examine the effects of a
hot thermal distribution. Therefore, we use

f (~k) =

1
e−(E(~k)−µ)/kB T
Z
no =

~k

+1

∂~k 2 ~
f (k)
(2π)2

(A.22)
(A.23)

no is the photo excited carrier density.
With this screened potential, we can calculate the exchange self energy

Σs (~k) = −

X
~
s0~k0 G

1
~ (~k 0 )
|gss0 G~ |2 V (~k 0 − ~k + G)f
υ

(A.24)

The |gss0 G~ |2 term originates from examining the matrix elements of the local
interaction in a Bloch basis. The result is an inclusion of the overlap from two
different eignenfunctions.
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gss0 G~ = hus~k |us0~k0 +G~ i
1
~ − φ(~k))]
|gss0 G~ |2 = [1 + ss0 cos(φ(~k 0 + G)
2

(A.25)
(A.26)
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J. P. Rabe, C. Ropers, A. Knorr, and T. Elsaesser, “Ultrafast
nonequilibrium carrier dynamics in a single graphene layer,” Phys.

159

Rev. B, vol. 83, p. 153410, Apr 2011. [Online]. Available:
//link.aps.org/doi/10.1103/PhysRevB.83.153410

http:

[80] S. Butscher, F. Milde, M. Hirtschulz, E. Malic, and A. Knorr, “Hot electron relaxation and phonon dynamics in graphene,” Applied Physics Letters, vol. 91,
no. 20, p. 203103, 2007.
[81] H. Choi, F. Borondics, D. A. Siegel, S. Y. Zhou, M. C. Martin, A. Lanzara, and
R. A. Kaindl, “Broadband electromagnetic response and ultrafast dynamics
of few-layer epitaxial graphene,” Applied Physics Letters, vol. 94, no. 17, p.
172102, 2009.
[82] J. M. Dawlaty, S. Shivaraman, M. Chandrashekhar, F. Rana, and M. G.
Spencer, “Measurement of ultrafast carrier dynamics in epitaxial graphene,”
Applied Physics Letters, vol. 92, no. 4, p. xxxxx, 2008.
[83] P. A. George, J. Strait, J. Dawlaty, S. Shivaraman, M. Chandrashekhar,
F. Rana, and M. G. Spencer, “Ultrafast optical-pump terahertz-probe spectroscopy of the carrier relaxation and recombination dynamics in epitaxial
graphene,” Nano Letters, vol. 8, no. 12, pp. 4248–4251, 2008.
[84] P. J. Hale, S. M. Hornett, J. Moger, D. W. Horsell, and E. Hendry, “Hot
phonon decay in supported and suspended exfoliated graphene,” Phys. Rev.
B, vol. 83, p. 121404, Mar 2011.
[85] L. Huang, G. V. Hartland, L.-Q. Chu, Luxmi, R. M. Feenstra, C. Lian,
K. Tahy, and H. Xing, “Ultrafast transient absorption microscopy studies
of carrier dynamics in epitaxial graphene,” Nano Letters, vol. 10, no. 4, pp.
1308–1313, 2010.
[86] L. Huang, B. Gao, G. Hartland, M. Kelly, and H. Xing, “Ultrafast relaxation
of hot optical phonons in monolayer and multilayer graphene on different substrates,” Surface Science, vol. 605, no. 17â“18, pp. 1657 – 1661, 2011.
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