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Abstract 

Single-walled carbon nanotubes (SWNTs) present an ideal system for study of one 

dimensional physics. Classically speaking, their long persistence lengths, i.e. the 

length over which they do not bend, result in rigid-rod-like behavior in the solution-

phase. Quantum mechanically speaking, extreme confinement in the radial direction 

result in interesting properties for optically excited correlated electron-hole pairs, or 

excitons. In addition, their hollow crystalline structure presents a controllable way 

to modify the circumferential boundary conditions on their electronic wavefunctions 

resulting in changes to the electronic band structure via threading a magnetic field 

through the diameter. An applied magnetic field also aligns SWNTs due to their 

magnetic susceptibility anisotropy. 

We have measured the dynamic alignment properties of single-walled carbon nan-

otube (SWNT) suspensions in pulsed high magnetic fields through linear dichroism 

spectroscopy. Millisecond-duration pulsed high magnetic fields up to 55 T as well as 

microsecond-duration pulsed ultrahigh magnetic fields up to 166 T were used. Due to 

their anisotropic magnetic properties, SWNTs align in an applied magnetic field, and 

due to their anisotropic optical properties, aligned SWNTs show linear dichroism. 

The characteristics of their overall alignment depend on several factors, including 

the viscosity and temperature of the suspending solvent, the degree of anisotropy 

of nanotube magnetic susceptibilities, the nanotube length distribution, the degree 

of nanotube bundling, and the strength and duration of the applied magnetic field. 



In order to explain our data, we have developed a theoretical model based on the 

time-dependent Smoluchowski equation for rigid rods that accurately reproduces the 

salient features of the experimental data. 

We have also investigated excitons in SWNTs in stretch aligned polyacrylic acid 

films, direction of stretch (h), through optical spectroscopy at low temperature (1.5 K) 

and high magnetic fields ( £ ) up to 55 T. The application of a magnetic field along 

the SWNT axis drastically increases the measured photoluminescence, by as much as 

a factor of 6, at low temperatures. To explain this we have developed a theoretical 

model based on field-dependent exciton band structure and the interplay of Coulomb 

interactions and the Aharonov-Bohm effect. This conclusively explains our data as the 

first experimental observation of dark excitons 5-10 meV below the bright excitons. 

In addition, utilizing two well-defined measurement geometries, h \\ B and h ± B, 

we provide unambiguous evidence that the photoluminescence energy and intensity 

are only sensitive to the B-component parallel to the tube axis. 
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Chapter 1 

Introduction 

1.1 Scope of thesis 

This dissertation work investigates the effects of temperature and magnetic field 

on the photoluminescence and absorption spectra of single-walled carbon nanotube 

(SWNT) suspended in aqueous solution and solid polymer films. The optical spectra 

of SWNTs is the result of strongly correlated electron hole pairs, or excitons. This 

strong Coulomb interaction paired with the very small diameter of SWNTs (~ 1 nm) 

make them an ideal system for the study of one dimensional physics. SWNTs are 

hollow crystals of sp2 bonded carbon, this added peculiarity offers the opportunity 

to interact with the circumferential electronic states through the Aharonov-Bohm 

effect. Applying a magnetic field aligns SWNTs and modifies their band structure 

in a predictable way, while temperature affects the energy distribution of optically 

excited carriers. The magnetic fields required to appreciably align SWNTs and to 

affect their band structure (> 50 T) are only available at a few places in the world, 

requiring travel to Los Alamos, NM; Toulouse, Prance; and Berlin, Germany for ex

periments. Chapter 2 will go into a theoretical background of SWNT properties such 

as their crystal-structure-dependent electronic bands, light interaction, and magnetic 

properties with a focus on their magneto-optical properties. Emphasizing the need 

for high quality samples for study of SWNT optical properties, Chapter 3 will cover 

sample production and preparation techniques. 

Specifically, this thesis aims to shed light on the solution phase dynamics in re

sponse to an applied, time-varying magnetic field and the excitonic fine-structure of 

SWNTs. The persistence length of an individual SWNT is longer than the typical 
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length present in most samples. This implies that SWNTs behave as rigid rods in 

solution, coupled with their anisotropic magnetic susceptibilities and polarized ab

sorption. As Chapter 2 shows, SWNTs predominantly absorb light polarized along 

their long axis, thus magnetic field (up to 166 T) dependent polarized absorption 

spectroscopy (at room temperature) presented an ideal method for determining the 

alignment dynamics of SWNT solutions. Experiments involving the solution phase 

dynamics of individualized SWNT suspensions will be discussed in detail in Chap

ter 4. The resulting theoretical model allows not only for prediction of the alignment 

response to an arbitrary time-varying magnetic field, but also for determination of the 

SWNT length distribution present in an aqueous sample by an all-optical method. 

More excitingly, the fine-structure of SWNT excitonic states is still unknown. 

Predictions of a rich manifold of excitonic states are in need of confirmation. Low-

lying optically inactive states could feasibly trap a large fraction of excitons leading 

to high non-radiative decay rates, and suppressing photoluminescence quantum yield. 

We used photoluminescence spectroscopy and the independent controls of tempera

ture (room-super-fluid He temperature) and magnetic field (up to 56 T) to "sweep 

out" the phase space of SWNT excitonic fine structure. These experiments led to 

the observation optically inactive states through "magnetic brightening" of SWNT 

photoluminescence-the phenomenon of restricting excitons to an optically inactive 

state, then "turning on" the state with a magnetic field. Chapter 5 will delve into 

this effect. 

The work is drawn back together and concluded with Chapter 6. The rest of 

this chapter will give a brief overview of one dimensional systems and interest in the 

Aharonov-Bohm effect from a basic physics perspective. 

1.2 One-dimensional excitons 

Elementary excitations in matter are strongly influenced by Coulomb interactions, 

especially when they are quantum-confined in low-dimensional structures [1, 2]. Ex

citons in ID systems are known to behave very differently from those in higher di-
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mensions [3, 4, 5, 6, 7, 8]. Some of these ways are a Sommerfeld factor (the ratio 

of excitonic continuum absorption to the above band edge free carrier absorption) 

less than 1 [7, 6], infinite binding energy [3, 4, 5], stability at high excitation den

sity [9, 10, 11], and long intrinsic radiative lifetimes [8]. Radiative decay rates are 

greatly influenced by the convolution of the density of states and a thermal distribu

tion of excitons [8]. Figure 1.1 shows the difference in exciton occupation (density of 

states multiplied by a Boltzmann distribution) near the band edge in 1, 2, and 3D 

systems and the resulting temperature (T)-dependent radiative decay rates [8, 12]. 

Figure 1.1 : Schematic of ther
mal population of excitons in 
systems of different dimension
ality (left) together with exciton 
energy dispersion (right). The 
occupation (density of states 
multiplied by a Boltzmann dis
tribution) is plotted vs. en
ergy. Only a small fraction are 
within the optically allowed re
gion | K | < K (corresponding en
ergy of F), where K is the wave 
vector associated with the exci
ton center-of-mass momentum. 

To satisfy longitudinal energy-momentum conservation in a ID system, only ex

citons with momentum near that of light can decay radiatively. This is due to the 

extremely small linear momentum of light. Taking into account a Boltzmann distribu

tion of excitons, Citrin calculated the radiative decay rate in semiconductor quantum 

wires, finding a l/y/T temperature scaling behavior [8]. The decay rate is enhanced 

by an order of magnitude over 2D and 3D systems due to thermal averaging over 

the density of states, as explained in Fig 1.1. This scaling behavior was observed by 
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Akiyama et al. in ID quantum wires and compared to 2D quantum wells [12]. 

1.3 Aharonov-Bohm effect 

The Aharonov-Bohm effect is a strictly quantum mechanical effect precipitated by 

interaction with a vector potential. It is manifest in the phase difference between two 

electron beams proportional to the flux enclosed between them [13, 14]. This phase 

difference is modulated by the units of the flux quantum, 0O, defined as h/e, where 

e is the electron charge and h is Planck's constant, threading the region between 

the two paths. As it is a purely quantum mechanical effect, the vector potential is 

more important when predicting a particle's behavior, as opposed to classical systems 

where the scalar fields are the dominating factor [15, 16]. In fact, the electrons need 

not pass through a region of space with a scalar field at all, it is the vector potential 

that is solely responsible for the Aharonov-Bohm effect. Figure 1.2, reproduced from 

Ref. [17], shows two methods for measuring the Aharonov-Bohm effect. Interference 

of two equivalent path electron beams threaded by a contained magnetic field in 

Fig. 1.2a, and magneto resistance of a meso- or nano-scopic tube or ring in Fig. 1.2b. 

i i i i 

Figure 1.2 : a) Electron interference method for measuring the Aharonov-Bohm ef
fect, b) Magneto resistance setup for measuring Aharonov-Bohm effect on a carbon 
nanotube. Reproduced from Coben [17]. 
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One of the most famous experiments proving the Aharonov-Bohm effect was per

formed by Tonomura et al. using electron holography [18]. Using small toroidal mag

nets to enclose magnetic flux, they passed an electron beam through the field free 

area around the toroid and interfered it with a reference beam shown through an 

electron biprism to produce a hologram. They observed fringes corresponding to the 

phase difference between the reference and experimental beams when passed through 

the field-free regions around the toroids. The measured phase differences verify the 

existence of the Aharonov-Bohm effect 

Another famous example of the Aharonov-Bohm effect is present in measurement 

of magneto-resistance of mesoscopic gold rings [19]. Figure 1.3a shows resistance as 

a function of inverse field. There are oscillations at a period of AH = .00759 T, 

corresponding to a unit of flux quantum, >̂o threaded through the center of the ring. 

The power spectrum in Fig. 1.3b shows a large peak at h/e. This was the first 

measurement of the Aharonov-Bohm effect on a mesoscopic system and paved the 

way for other nanoscale experiments. 

The Aharonov-Bohm effect is still a subject of active research, and many exper

imental groups are still investigating it in quantum dots [20], antidot lattices [21], 

ferromagnetic rings [22], and metallic rings in high frequency fields [23]. Carbon 

nanotubes also provide an ideal system for studying the Aharonov-Bohm effect, both 

electrically [24] and optically [25]. 
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Figure 1.3 : Low temperature (.001 K) a) magneto-resistance and b) power spectrum 
of a mesoscopic ring (pictured in part c) with a diameter ~785 nm. Reproduced from 

[19] 
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Chapter 2 

Theoretical Background for SWNTs 

2.1 Structure of SWNTs 

2.1.1 Crystal structure 

SWNTs are essentially rolled up sheets of graphene, produced by various methods of 

catalytic carbon decomposition on the surface of ferromagnetic nanoparticles [26, 27, 

28, 29]. Graphene is a single sheet of graphite, with a honeycomb lattice of sp2 bonded 

carbon atoms. The optical and electronic properties of these tubes are determined 

by their physical structure, that is, the precise way the graphene sheet is rolled (as 

in Fig. 2.1). To visualize this "roll-up" process, it may help to think of a length of 

chicken wire fencing. Now, imagine rolling up this length of fence, matching one row 

of hexagons on one edge to another row on the other side. If you rolled along the edge 

of the sheet that is in a "zig-zag" pattern, you would have a "zig-zag" nanotube and 

along the edge that resembles an "armchair," an "armchair" nanotube; a nanotube 

in between these two extremes is considered to be chiral (see Fig. 2.1). Each unique 

species, or chirality, of nanotube can be identified by its chiral vector. 

Ch = nai + ma2 => (n,m) (2.1) 

Its n and m indices, which will be used to refer to specific species of SWNTs through

out this work, are determined by counting the number of hexagons along each of the 

unit vectors defined 

v 3 a a\ -,'.-(v3 a a s'=AV'5j< S2 = l ^ ' - 2 j (2-2) 

shown in Fig. 2.1, where a = \ai\ = [ty = \ /3 (1.42 A) = 2.46 A is the distance 

between adjacent carbon atoms and the lattice constant of graphene. See Fig. 2.1 for 



8 

(12,0) 
24 

® :metal • -semiconductor armchair" 

Figure 2.1 : SWNT n and m indices are counted along the unit vectors a« of graphene 
to uniquely identify each species by its chiral vector, Ch- The metallicity of a SWNT 
can be determined by the relation of its indices as indicated. Reproduced from 
Ref. [27] 

graphical representations. 

The chiral angle, 0ch, can also be defined for each species of SWNT as the angle 

between Chand the zig-zag direction and is written as ^ = arctan jfL^ • An arm

chair nanotube has 9Ch = 30° and n = m while a zig-zag nanotube has 9Ch = 0° and 

n ^ m = 0. All other nanotubes fall between these two angles and have no such 

restrictions on their indices. 

SWNTs used in this dissertation, produced by the HiPco [30] and GoMoCAT [3.1] 

methods discussed in Section 3.1, are typically in the diameter range of 0.65 nm to 

1.3 nm (measured by AFM or TEM). This diameter, dt, is related to the chiral indices 

by 
Ch VHa / . 2 

7T 7T 
(2.3) 
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where C/j = | (7^ | and is the circumference of the tube. 

In addition to the ehiral vector, a translational vector is needed to define the 

SWNT unit cell in real space. This vector, along the SWNT axis, is defined as 

T = t1ai+t2a2 => (ti,t2) 

with the indices U = ^2±a and t2 = ^ k and length 

\f\ = 
V3Ch .-.s/S-ndi 

where'dr is the greatest common denominator defined as 

dr — gcd [(2n + ra), (n + 2m)] 

= < 
d, if n — m is not a multiple of 3d 

d = gcd [n, m] 

(2.4) 

(2.5) 

(2.6) 

(2.7) 
3d, if n — m is a multiple of 3d 

The number of hexagons in a unit cell is given by 

2 (m2 + nm + n2) 
N 

dr 
(2.8) 

2.1.2 Band structure 

The real space crystalline properties of SWNTs also define their electronic structure. 

As we have shown that the SWNT crystal structure is a rolled sheet of graphene, 

we can also use this to understand their electronic states by considering the rolling 

process as imposing additional boundary conditions on the band electronic states of 

graphene. Within a simple tight-binding approximation, we can start from the linear 

energy dispersion of graphene near the K and K' points. 

/3 
(2.9) 

with 70 as the carbon-carbon transfer energy (~3 eV) and \JC2D\ = 0 at the K point. 

The rolling of the graphene sheet imposes a circumferential boundary condition 

on the planar Bloch waves of graphene. 

^ndr + Ch) = ei^r(f) (2.10) 
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zig-zag 

arm chair 

10 
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Figure 2.2 : Graphene Brillouin zone is quantized depending on the chirality of the 
resulting SWNT. Quantization conditions for zig-zag tubes and armchair SWNTs 
with cutting lines are shown along with resulting band structures. Reproduced and 
modified from Refs. [27] and [32] 
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To make sure that the edge state of one side of the cylinder is equal to that of the 

other, the condition k2D • Ch = 2%j must be satisfied, where j is an integer. These 

boundary conditions give the ID dispersions 

E±(k1D)=E±Dl»Ki+k1D-^ 

(2.11) 

where kijD is the magnitude of a wave vector along the SWNT axis, and the reciprocal 

lattice vectors K\ (in the circumferential direction, quantized by p) and K2 (along 

the axis direction) are the compliments to real space Ch and T, respectively. They 

are given by (along with their magnitudes and reciprocal lattice vectors of graphene, 

-+ -i2bi + tib2 - mbi-nb2
 : • / o 10S 

Kl==
 N ' K2=

 N
 ; (2.12) 

l^ i | = | , \K2\ = ̂  (2.13) 

r ( 2TT 2TT\ T ( 2-K 27r\ ' , „ , ; , X ' 

This effectively "cuts" the 2D Brillouin zone of graphene into sections along yU-KY + 

^ I D ^ / I ^ I such as in Fig. 2.2. Therefore, the exact indices of a SWNT impose a 

"cutting line" (shown in red) on the band structure of 2D graphene and result in 

the varying band gaps of SWNTs. When a cutting line passes through (misses) the 

K point of the Brillouin zone, the resulting SWNT is a metal (semiconductor). In 

the limit of very large diameter SWNTs the rule for the metallicity of a SWNT is 

(n—m) mod 3 = 0 for metallic nanotubes, (n—m) mod 3 = 1 or 2 for semiconducting 

nanotubes. This can be shown by plugging the wave vector of either high symmetry 

K point, (0,47r/3o), into the quantization condition, k2D -Ch = 2TTJ. 

: k2D-Ch = 27rj^(n-rn) = 3j (2.15) 

For small diameter tubes, however, the band structure is slightly modified by the 

bending of the constituent hexagons of the graphene lattice. The only tubes that turn 
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zig-zag cutting line => narrow gap semiconductor 
arm chair cutting line => metal 

Dirac point at 
large dt:<§ 
small :dt:-o 

Figure 2.3 : When rolling a small diameter SWNT the Dirac point is shifted away from 
the K point in the Brillouin zone on a line through the M and K' points. This causes 
the opening of a small gap for small diameter zig-zag and chiral tubes. As armchair 
tubes' cutting line is always along the same line as Dirac point shift, however, they 
are unaffected. 

out to be true metals are armchair SWNTs with n = m. Chiral SWNTs that satisfy 

(n — m) mod 3 = 0 but are not armchairs have a small gap opened by this curvature 

induced symmetry breaking effect and become narrow-gap semiconductors [33, 34]. 

Figure 2.3 shows how the degeneracy (Dirac) points of the Brillouin zone are shifted 

under high curvature with cutting lines for both a metallic zig-zag (orange dashed) 

and armchair (green dashed) tube. The inset demonstrates how a small change in 

the Dirac point opens a gap in zig-zag tubes but leaves armchair tubes unaffected. 

This is because cutting lines of cutting lines always lay on a line between the K and 

M points of the Brillouin zone and, under curvature induced strain, the Dirac point 

is displaced along this line. 

These periodic boundary conditions imposed by the crystallinity of SWNTs thus 

sensitively change their electronic structure. Later in this chapter we will show that 

the phase of these Bloch waves is critical in considering the effects of an applied 
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magnetic field. 

2.2 Optical properties of SWNTs 

2.2.1 Selection rules 

The way light interacts with SWNTs depends on its polarization orientation with re

spect to the SWNT axes and mirror planes. These optical selection rules are depicted 

in Fig. 2.4 [35, 32]. First, only transitions between states with nearly equal linear mo

mentum along the tube axis, k, are allowed. As the linear momentum of light is nearly 

zero, it's conservation dictates that the change in linear momentum of the excited elec

tron must also be nearly zero, or Ak « 0. Next, valence and conduction subbands in 

SWNTs can be indexed by their angular momentum along the tube axis [35]. Bands 

in Fig. 2.4 of equal index, n, have the same value of angular momentum. As the 

angular momentum must be conserved in optical absorption and emission, and light 

polarized parallel to the tube axis does not have any angular momentum, therefore 

only transitions between states of equal angular momentum are allowed for this polar

ization. However, light polarized perpendicular to the tube axis can impart angular 

momentum to the circumference of the tube. This is best visualized by thinking of 

the equal mixture of right- and left-handed circularly polarized light that comprises 

this polarization configuration; left-handed (o\_) light changes angular momentum by 

-1 and right-handed (<r+) by +1 . The perpendicular polarization therefore allows for 

transitions between states with a change in angular momentum of ± 1 . 

Now for parity concerns; for light polarized parallel to the long axis, parity with 

respect to the vertical mirror plane (splitting the tube on its' long axis) of the SWNT 

is preserved, but reversed for the horizontal mirror plane (splitting the tube on its 

short axis). The opposite case is true when the polarization of the incident light is 

flipped to perpendicular to the SWNT long axis. This results in transitions that occur 

between bands of the same index, An = 0, for light polarized parallel to the SWNT 

long axis, and transitions between bands of An = ±1 for light polarized perpendic-
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Parallel Polarization 

Perpendicular Polarization v=0 v=+1 

Figure 2.4 : Top, left to right. Incident light polarized parallel to SWNT long axis 
for a metallic SWNT and a semiconducting SWNT with allowed transitions indicated 
(An = 0). Bottom, left to right. Incident light polarized perpendicular to SWNT 
axis for a metallic and semiconducting SWNT with allowed transitions indicated 
(An = ±1). Reproduced and modified from Ref. [32]. 

ular to the tube axis. The perpendicular case, however, is slightly complicated by 

the depolarization effect. There is a suppression of the absorption strength of these 

transitions by the induced electric field in the SWNT under excitation of perpendic

ularly polarized light in addition to a blue-shift of the absorption energy [32]. When 

considering Coulomb interactions between the excited electon and hole (as we will 

in Section 2.2.2), however, the depolarization effect is partially canceled out. This 

leads to a retention of optical absorption features and a lower than expected blue 

shift of the perpendicular transitions to only nearly to that of the second subband 

transition for parallel polarized light instead of into the UV [36]. These results have 

been verified experimentally by Miyauchi et al. [37] 
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2.2.2 Excitons in SWNTs 

As expected, the effect of correlations between electrons and holes, or excitons, is 

very important in SWNTs [38, 39, 40, 41, 42, 43]. Two-photon photoluminescence 

excitation measurements by Wang et al. [44] and Maultzsch et al. [45] showed binding 

energies in the ~300 meV range for ~ 1 nm diamter SWNTs. Nanotubes also have 

valley degeneracy, that is, there are two equivalent energy conduction and valence 

bands in fc-space in the vicinity of the K and K' points at the corners of the hexagonal 

Brillouin zone of graphene (see Fig. 2.2. Coulomb interactions between carriers in 

the two fc-space valleys influence the energy levels and selection rules of the excitonic 

transitions. 

Figure 2.5 : Relative energy of SWNT excitonic levels for the (10,0) nanotube deter
mined by ab initio calculations. The highest energy singlet state is two-fold degen
erate, while the lower energy triplet states are three-fold degenerate, and the higher 
energy triplet state is six-fold degenerate. (Reproduced from Spataru et al. [46]) 

A standing issue in SWNT optics has been their low photoluminescence quantum 

yield, that is, only a very small fraction (10~3 to 10-4) of absorbed photons are re-
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emitted in fluorescence while the vast majority seem to decay non-radiatively [47, 

48]. Though higher quality samples are being prepared with quantum yields up to 

~ 1 0 - 2 [49, 50], the exact source of the low quantum yield is still elusive. Possible 

sources include Auger recombination at high excitation density [48, 51, 52, 53], multi-

phonon processes [54, 55], sample purity [56, 57] and optically inactive excitons [58, 

59, 60, 46, 61]. Optically-inactive, or dark excitons, below the first optically-active 

excitoii state, can trap much of the exciton population at low temperature. This 

is due to the doubly-degenerate conduction and valence bands of SWNTs as well 

as the characteristic very strong Coulomb interactions among charge carriers in low-

dimensional systems. Recent magneto-optical measurements have conclusively proven 

the existence of dark excitons in SWNTs [62, 63], as fully described in Chapter 5. 

Figure 2.6 : Energy 
dispersions of the four 
singlet excitons plotted 
in relation to the bot
tom of the bright band 
for a (9,4) nanotube vs. 
center-of-mass momen
tum, calculated based 
on equations from Pere-
beiiios et al. [60]. Op
tically active bands are 
solid lines, and inactive 
bands are dashed. Two 
higher energy, finite an
gular momentum bands 
(a) are dark and dis
placed in A;-space by « 
± 0.05 nrn - 1 from K = 
0. The zero angular mo
mentum states of even 
(5) and odd {0) parity 
are dark and bright, re
spectively. 
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Theory predicts the existence of optically inactive excitons in SWNTs [58,: 59, 

60, 46, 61]. Four-fold valley degeneracy in combination with four-fold spin degener

acy gives rise to 16 electron-hole pair states in SWNTs. The short-range exchange 

Coulomb interaction partially lifts the degeneracy of these states. Of the four singlet 

states, the lowest energy state is even parity and zero angular momentum, and hence 

optically inactive, or dark. The next exciton is odd parity and zero angular momen

tum, making it optically active, or bright. The remaining two degenerate, higher 

energy states have non-zero angular momentum and are also dark. 

The Coulomb exchange interaction diverges in low dimensions [64, 65] and leads 

to a logarithmic singularity, K2logK, in the bright exciton dispersion [60]. Away 

from the bottom of the band, the dispersion can be approximated by a hyperbolic 

dispersion [66]. Figure 2.6 plots the dispersions of the zero angular momentum, dark 

(i = 8), bright (i = /?), and the finite angular momentum, dark (i = a), excitons, 

given by Ei(K) = \ /Af + Ai(hK)2/rrii. Here Aj is the energy at the bottom of the i-

th band, raj is the effective mass of the i-th band, and K is the wave vector associated 

with the exciton center-of-mass momentum. 

2.2.3 Radiative decay in SWNTs 

In a photoluminescence experiment on a nanotube without symmetry breaking inter

actions, excitons can radiatively decay only when they are in an odd parity singlet 

state. Using the same assumptions as Citrin [8], Spataru et al [46] performed ab 

initio calculations of radiative decay rates in SWNTs. To within an approximation 

that the allowed energy range is much less than the thermal energy (T <C &BT) they 

come to the same conclusion when including only the bright band, a l /x/T scaling 

behavior. 

As nanotubes have a complex exciton manifold, we must consider contributions 

from various states to radiative decay. The existence of a low-lying optically inactive 

band complicates this process. Spataru et al. [46] and Perebeinos et al. [60] calculated 

the temperature dependent radiative decay rate for SWNTs. Figure 2.7a-c show the 
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0 100 200 300 400 
T (K) 

Figure 2.7 : Calculated temperature dependent radiative decay rate for (a-c) three 
zigzag nanotubes with 1.0 nnl (dotted red), 1.5 nm (solid blue), and 2.0 nm (dashed 
green) diameters under different thermalization conditions, a) The case of thermal-
ization only within the optically active bands, b) Effect of thermalization within the 
entire singlet manifold, c) Thermalization between all spin and parity states. Part d) 
is the radiative decay rate including redistribution of oscillator strength due to dis
order induced symmetry breaking for a 1.0 nm diameter tube with the contribution 
of the low lying, even symmetry state (dotted green), the higher energy, odd symme
try state (solid blue), and the total (dashed red). (Reproduced from Perebeinos et 
at. [60]) 

effect of various mixing between bright and dark states for three different diameter 

tubes (1 nm - dotted red, 1.5 nm - solid blue, and 2 nm - dashed green), calculated 

by Perebeinos et al. [60]. Figure 2.7a shows radiative decay rate as a function of 

temperature for the case of thermalization only within the bright bands. As the tem-
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perature is decreased, so is the number of thermally populated states with momentum 

> K, increasing the relative population in the optically allowed momentum states and, 

therefore, the overall photoluminescence intensity. 

Figure 2.7b demonstrates the case of complete thermalization between different 

parity states within the singlet manifold. In this case, excitons are allowed to scatter 

into the even parity, optically forbidden band. This captures a large portion of the 

exciton population at low temperature, resulting in a downturn of radiative decay 

rate and photoluminescence intensity. Figure 2.7c includes singlet and triplet states 

of even and odd parity, the full 16 states of the first exciton manifold, In this case, 

the peak in radiative decay rate is shifted to a higher relative temperature. This is 

due to the large induced exchange splitting between the singlet and triplet states (a 

factor of five larger than the even-odd parity splittings in this calculation) that results 

in a trapping of the exciton population in dark states at a higher temperature. 

2.3 Magnetic properties of SWNTs 

2.3.1 Influence of the Aharonov-Bohm effecton SWNT bandstructure 

Arising from the interplay of the Aharonov-Bohm effect and the Bloch theorem, 

the band structure of a SWNT can be modified by an applied magnetic field [67, 

68, 69, 70, 71]. When a nanotube is threaded by an amount of magnetic flux, (j), 

an Aharonov-Bohm phase modifies the circumferential boundary conditions on the 

electron wavefunctions as described in Chapter 1 resulting in the new condition: 

^ r f ' ^ + ^ - ^ O c ^ ^ * ^ :=• ^ = 2 ^ + £ ) > (2-16) 

This in turn affects the cutting line on the graphene Brillioun zone (see Fig. 2.8). 

This change in periodic boundary conditions through the addition of an Aharonov-

Bohm phase modifies the allowed states in Fig. 2.8 from the zero field cutting lines 

in red to the non-zero field cutting lines in blue. This phase factor will continuously 

modify the cutting lines of the SWNT, pushing them through the K-point as the 
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Figure 2.8 : SWNT Brillouin zone cutting lines in a parallel magnetic field. Red lines 
are zero magnetic field cutting lines, blue are non-zero field cutting lines. 

field increases. The rules dictating the metallicity of the tube are now obtained by 

using the boundary condition in Eq. 2.16 instead of that provided in Section 2.1.2. 

The resulting band structure oscillates with a period of the flux quantum, 0o = e/h, 

where e is the electron charge and h is Planck's constant. The field required for a 

full oscillation (<j> — fa) in a 1 nm diameter nanotube is on the order of 5000 T. 

In the region of readily accessible fields (<60 T) the band gap of a semiconducting 

(metallic) SWNT will shrink (open) with applied field as the K and K' valleys split 

in energy (as in Fig. 2.9), resulting in peak sphttings and shifts in optical spectra [72] 

and oscillations in magneto-resistance [24]. 

A magnetic field applied perpendicular to a SWNT also affects its band struc

ture [67, 73, 71]. In this configuration there are four important regimes to con

sider, all dictated by the radius of the smallest cyclotron orbit, or magnetic length 

(lm = v "!?')• ^n §eneral> o n e waY to think of this is when the orbit an electron 
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Figure 2.9 : Lifting of valley degeneracy by a parallel magnetic field for (left to right) 
a metallic tube, and semiconducting tubes of type I and type II. The applied magnetic 
field splits the K and K' valleys of semiconducting SWNTs and induces band structure 
oscillations with a period of (j)0. 

experiences in an applied magnetic field is close to the same size as another compet

ing confinement (crystallographic, atomic, e t c . ) , interesting things happen to the 

resulting band structure of the material in question. This is in contrast to the par

allel SWNT configuration in which the amount of flux threading the diameter of the 

tube is the only critical quantity. When lm is much larger than the diameter of the 

SWNT, the magnetic field is a very small perturbation on the band structure of the 

SWNT. The main potential that the electrons "see" is the physical confinement of 

the tube diameter. As the magnetic field increases and the magnetic length becomes 

comparable to the diameter of the SWNT, both boundary conditions are important, 

complicating calculations. As the field continues to increase to the point where the 

magnetic length is much smaller than the SWNT diameter, circumferential boundary 

conditions eventually become irrelevant. In this regime, the electrons are localized to 

the top and bottom of the tube and oscillate about a cyclotron orbit. The resulting 

band structure recovers that of graphene in a high magnetic field, i.e., it is dominated 
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by Landau level subbands and hence identical regardless of the metallicity of the tube 

at zero-field. 

The final important regime is when the magnetic length is on the order of the 

radius of a single hexagon, ~ 3y/3/l(lA2 A) on the SWNT surface [73]. This is the 

regime of the famous Hofstadter's Butterfly, and corresponds to very high magnetic 

fields (~tens of thousands of tesla) [74]. When a flux quantum threads an individual 

hexagon, the smallest periodic structure of the SWNT in which an electron could un

dergo a cyclotron orbit, the effective mass approximation breaks down and one has to 

take into account the periodic lattice potential explicitly. The rationality of the ratio 

of flux quantum to the flux penetrating one hexagon, (f>o/Bj_Anex, controls whether 

or not the Bloch theorem applies and the wave function is defined. If (f>o/B±Anex is 

a rational number, there will at least be some larger, effective unit cell upon which 

an electron can orbit. If 4>o/B_[_A^ex is irrational, however, there is no closed orbit 

that is available, leading to a fractal behavior of the available states. Figure 2.10 

shows the calculated oscillations of the density of states with applied magnetic field 

in the parallel and perpendicular configurations [73]. The units are of each configura

tions critical value, BQ = 4(f>o/ird% for parallel and BQ = <fo/̂ Hex for perpendicular. 

The perpendicular field produces a plot similar to Hofstadter's Butteryfly [74], but 

is "smeared" in field axis. This is the result of the projection of flux through each 

hexagon on the surface of the SWNT. Since the SWNT is a rolled sheet of hexagons, 

those on the sides (in the plane of the magnetic field) will have less flux threading 

them than those on the top and bottom (perpendicular to the magnetic field). 

2.3.2 Influence of the Aharonov-Bohm effecton radiative decay 

A magnetic field applied along the SWNT axis lifts the K-K' degeneracy and thus 

lowers the amount of short-range Coulomb mixing between the valleys. Within the 

singlet states, this mixes the even and odd parity excitons of zero angular momentum 

resulting in spectral weight and effective mass redistribution. At very high fields this 

results in the recovery of the direct K and K' excitons with similar spectral weights 
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Figure 2.10 : Butterfly plot of a (6,6) SWNT in a parallel (left) and perpendicular 
(right) field. The field is scaled so the applied physical field is proportional to the 
plot size. Units are BQ — 40O/TTC^ for parallel and BQ = 0oMHex for perpendicular. 
Reproduced from Ref. [73] 

and effective masses. Thus, the Aharonov-Bohm effect is expected to have three 

main observable conditions in optical spectroscopy of semiconducting SWNTs in a 

parallel magnetic field: peak position shift [67], spectral weight redistribution [75], 

and effective mass redistribution [63]. 

Figure 2.11 shows interband optical absorption spectra, calculated by Ando [75], 

using a k • p model in the presence of Coulomb mixing at various values of nanotube 

threading flux. At zero field, there is a single absorption peak originating from the 

optically active, odd parity, singlet state. As the magnetic field is increased, and the 

states are mixed, the absorption peak splits into two, and the spectral weight is redis

tributed between them. The originally dark exciton's oscillator strength is increased 

through magnetic brightening. For these effects to be observable the strength of the 
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Figure 2.11 : Magnetic field de
pendent dynamical conductivity 
for a semiconducting nanotube, 
analogous to absorption spectra, 
at flux intervals of .001 from 0 
to 0.02 <p/(f)0. When there is 
no threading flux, only the peak 
originating from the bright sin
glet exciton is visible. As the 
amount of threading flux is in
creased, spectral weight redis
tributes between the two peaks 
in such a way that the (orig
inally) dark exciton state in
creases in intensity at the ex
pense of the (originally) bright 
exciton as their positions shift 
apart. The peak positions of the 
two zero angular momentum sin
glet excitons are represented by 
the solid lines in the presence of 
exchange mixing and by dashed 
lines with no mixing. Traces are 
vertically offset for clarity. (Re
produced from Ando [75]) 

exciton mixing must be comparable to the zero field exchange energy splitting, Ax. 

The magnetic-field-induced mixing is proportional to the nanotube threading mag

netic flux {4> = irBd2/4), such that the Aharonov-Bohm mixing is AAB = £^> where 

B is the magnetic field strength, d is the nanotube diameter, and ^ is a proportional

ity constant. It is also important to note that fj, is dependent on the alignment of the 

nanotubes with respect to the magnetic field [76]. Certain nanotube impurities are 

also expected to break time reversal symmetry, resulting in wavefunction mixing and 

finite brightening of the dark exciton at zero magnetic field. Thus, a finite amount of 

disorder-induced mixing, Adis, can be added to AAB [63]. 

Using a simplified two-level model, the exciton dispersions in the presence of 
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Figure 2.12 : Relative oscil
lator strength (a) and rela
tive peak position shift (b) for 
the low lying bright (/?) and 
dark (6) bands of the (9,4) 
nanotube. Relative oscillator 
strength equalizes at high fields 
due to A A B induced wavefunc-
tion mixing. Peak postion shifts 
were determined from the K=0 
values of the dispersions calcu
lated in Eq. (2.17). 

mixing (AAB ^ 0) are given by [63] 

esAK) = 2 E5(K) + -Eff{K) =F-y/[Et(K) -Ep{K)Y + AAB
2 (2.17) 

where Ep{K) and Ep(K) are the zero field dispersions of the lowest energy dark 

and bright bands (Fig. 2.6). The relative oscillator strengths of the dark and bright 
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excitons axe given by 

r l l 

U,0= o =F 
2 ' 2 V A X 2 + A A B 2 

(2.18) 

where Ax = Ap — As is the dark-bright energy splitting in zero magnetic field. In the 

absence of a magnetic field, the effective mass of the bright exciton is predicted to be 

much less than that of the dark exciton [60]. The magnetic field dependence of the 

effective mass m*(B) is 
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Figure 2.13 : Calculated disper
sions for the lowest energy bright 
and dark exciton bands of a (9,4) 
nanotube at 0 T and 60 T from 
Equation (2.17). 

Figure 2.12a plots the magnetic field, and hence AAB, dependence of the relative 

oscillator strengths of the dark and bright bands for a (9,4) nanotube in a parallel 

magnetic field with zero non-magnetic field induced symmetry breaking (Adis = 0). 

At zero field, the bright state has 100% of the total spectral weight. As the time 

reversal symmetry of the system is broken by finite amounts of AAB > the oscillator 
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strength redistributes between the bright and dark states. At high values of magnetic 

field, the states approach similar spectral weights and effective masses. Figure 2.13 

shows the dispersions of the bright and dark states at zero field and at high field for 

the same (9,4) nanotube. The evolution of the peak positions with field is plotted in 

Fig. 2.12b. 

The effect of symmetry breaking on the temperature dependence of the radiative 

decay rate can now be considered. In order for phonons to effectively scatter excitons 

between bands, there must be finite symmetry breaking. Figure 2.7d plots a partial 

mixing (5%) of even and odd parity states within the singlet bands for a 1.5 nm 

diameter tube [60]. The individual traces show the contributions from the lower 

energy dark state of even parity (dotted green), from the bright state of Odd parity 

(solid blue), and the combination of the two (dashed red). Even this amount of mixing 

greatly modifies the ideal picture of Fig. 2.7b. This behavior should manifest in 

measured spectra as a satellite peak with lower emission energy of negligible intensity 

at high temperature, but becoming dominant at lower temperature. 

Application of a magnetic field redistributes the spectral weight according to 

Eq. (2.18). At low temperature, when excitons are trapped in the optically inac

tive state, this will result in a dramatic increase in photoluminescence intensity. This 

process of magnetic brightening was recently independently observed by two groups 

[62, 63]. Starting from our calculated dispersions of the the two lowest lying bands, 

we can get the temperature and magnetic field dependence of the measured photolu

minescence intensity. 
-y±P +A AB 

i Wi+e ^ 
7 K ^ f^i' z^S. (2-20) 

m£(B) 

Equation (2.20) reproduces the peak behavior as a function of T predicted by Pere-

beinos et al. at finite temperature in the absence Of symmetry breaking, at zero 

magnetic field [60] (see Fig. 2.7). Once the field is applied, the peak behavior dis

appears, eventually recovering the single band temperature dependence, <X!/VT, at 
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very high fields. 

These calculations show that the optical properties of SWNTs are highly sensitive 

to symmetry affecting phenomena. In particular, any effects that break time rever

sal symmetry in nanotubes result in both thermalization between typically forbidden 

bands and redistribution of the oscillator strength. As we have shown, a controllable 

way to break symmetry is by the Aharonov-Bohm effect via an applied parallel mag

netic field. The direct control of both temperature and magnetic field should reveal 

the nature of the excitonic structure in SWNTs. 

2.3.3 Magnetic susceptibility 

Under zero magnetic field conditions occupied energy states in graphene are filled 

from lowest energy up. In the presence of a magnetic field, however, states are 

quantized to the average value of the group of states, raising the overall free energy 

of the electrons, and causing the diamagnetism of the system [77]. Graphene has 

a large diamagnetic susceptibility (% « 100 x 10 - 6 e.m.u/mol) due to the induced 

currents around individual benzene rings that oppose an applied magnetic field and 

raise the energy of the electrons [78]. As in graphene, the magnetic susceptibilities 

of SWNTs [79, 80, 81, 71] also follow directly from the magnetic field dependence of 

the band structure shown in the previous section. 

Prom the band dispersion presented in Section 2.1.2, Lu used the second deriva

tive, with respect to magnetic field, of the free energy to calculate the magnetic 

susceptibility as 

V n,k L J ) 

where ^chem is the chemical potential, E(k, B) is the electron energy as a function of 

magnetic field and wave vector, and the sum is taken over the states of the entire band. 

Carrying out these calculations for intrinsic SWNTs (that is, with the Fermi level 

at the charge neutrality point) shows that metallic tubes are paramagnetic parallel 

to their long axis and diamagnetic perpendicular, while semiconducting tubes are 

(2.21) 
B=0 
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diamagnetic on both axes with the perpendicular magnitude being larger. Because 

the electron energy decreases proportional to increasing diameter, % increases with 

increasing diameter. 

Since the free energy is influenced by the carrier density, or Fermi energy, so 

does the magnetic susceptibility. The top of Fig. 2.14 shows the band structure for 

a metallic and semiconducting tube and bottom their susceptibilities perpendicular 

and parallel to the long axis as a function of Fermi energy [32, 80]. When the 

Fermi energy is at the charge neutrality point, metallic tubes are strongly paramag

netic for an applied parallel field. As the Fermi energy moves away from the charge 

neutrality point by a small amount, however, metallic SWNTs become diamagnetic, 

hence a small amount of doping can strongly effect their susceptibility parallel to 

their axis (Fig. 2.14). The parallel susceptibility of semiconducting SWNTs, on the 

other hand, is insensitive to small doping levels, but oscillates strongly at high levels 

(Fig. 2.14). Semiconducting SWNTs are diamagnetic for a parallel field at zero Fermi 

energy. When the energy moves away from the charge neutrality point, towards either 

band edge, there is no change in the susceptibility. Once the Fermi energy is at the 

band edge, the availability states to occupy causes a dramatic jump, changing the 

SWNT to paramagnetic. As it increases further, the system swings back diamagnetic. 

The perpendicular susceptibilities of both metallic and semiconducting SWNTs are 

diamagnetic and depend less strongly on the Fermi energy (Fig. 2.14b). For semi

conductors, there is again no change as a function of Fermi energy until reaching 

the band edge and only increasing moderately until, at high levels of doping, eventu

ally becoming paramagnetic. Metallic tubes increase gradually and continuously as 

a function of Fermi energy and remain diamagnetic. 

Paramagnetic materials align to field lines and diamagnetic materials perpendic

ular to thehi. The magnetic susceptibility anisotropy for both metallic and semicon

ducting SWNTs favor alignment of their long axes parallel to an applied magnetic 

field in order to reduce their energy. Such alignment effects have been observed in 

various experiments [82, 83, 84, 85, 86]. More recent experiments have explored the 
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Figure 2.14 : Band structure (top) for a metallic and semiconducting SWNT as a 
function of Fermi energy/Susceptibilities (scaled to SWNT radius, %/i?) for B\\ (black 
labels) Bx (blue labels) for metallic (green labels) and semiconducting (orange labels) 
SWNTs as a function of scaled Fermi energy, eF/A0. A0 is the characteristic energy 
for a SWNT of 2y0a/y/3dt. Reproduced from Refs. [32] and [80]. 
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chirality dependence of SWNT alignment to extract the SWNT species specific mag

netic susceptibilities [87]. The alignment in response to a pulsed magnetic field is the 

topic of Chapter 4 of this thesis. 

2.4 Magnetic alignment of SWNTs 

2.4.1 Static alignment 

In water-surfactant suspensions, nanotubes are free to undergo Brownian motion, 

or thermally activated random motion. Carbon nanotubes have anisotropic mag

netic susceptibilities [79, 80]. As we have shown in Section 2.3.3, metallic tubes are 

paramagnetic parallel to their long axis and diamagnetic perpendicular, while semi

conducting tubes are diamagnetic on both axes with the perpendicular magnitude 

being larger, hence both types of nanotubes will align in a magnetic field. The com

petition between these two energies defines the overall amount of alignment for one 

tube [Eq. (2.23)]. These alignment effects have been observed in various experiments 

[82, 83, 84, 86]. This complicates analysis of magnetic field dependent spectra as the 

nanotubes have a varying amount of alignment energy at different fields, which leads 

to a varying amount of threading flux. 

An alignment distribution function [83] (P(0)) based on the applied magnetic field 

(B), the angle of the tube with respect to the magnetic field (0), the moles of carbon 

atoms in the tube (JV), and the magnetic susceptibility anisotropy (A%) [85] can be 

calculated as 
dP{6) _ e-?sin2esme 

de ~ ^l2e-e^eshi6de' 

where u is the alignment energy 

(2.22) 

•y ;: H^- f (2-23) 
S is the nematic order parameter, a dimensionless quantity that scales from 0 for 

an isotropic sample to 1 for a perfectly aligned sample and is defined as 

•• S:_ s j o o s ^ - i ••:•; ^ 



32 

where (cos20) is the average over the angular distribution function and 6 is the 

microscopic angle made between a SWNTs long axis and the alignment director of 

the system, in this case, the magnetic field direction. 

To show the importance of fitting the data with the correct alignment energy and 

hence angular distribution, Zaric et al. [72] used Eq. (2.22) and Eq. (2.23) are used to 

reproduce the spectra at 45 T in Fig. 2.15. Both dashed lines are modeled with the 

same amount of Aharonov-Bohm-effect-induced splitting. The isotropic distribution, 

not accounting for alignment factors, does not correctly reproduce the experimental 

result. 

Figure 2.15 : Magneto-photoluminescence spectra of an aqueous suspension of 
SWNTs taken at 0 T and 45 T and room temperature (solid lines). A large spectral 
red shift (~1 meV/T) is observed. Accompanying simulated spectra (dashed lines) 
are shown at 0 T and 45 T with red shifts and both with and without alignment at 
45 T. Diameter dependent, dimensionless alignment energies u (£ in our notation) 
[Eq. (2.23)] used to simulate the four main peaks in the 45 T spectra are shown in 
the inset. (Reproduced from Ref. [85]) 
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2.4.2 Dynamic alignment 

The competition between thermal molecular motion, or Brownian motion, of individ

ual SWNTs and the torque applied by a magnetic field governs their alignment in 

solution. To study the dynamic response, that is the response to a transient mag

netic field, we treat SWNTs as non-interacting rigid rods. Their persistence lengths 

(~10-100 pm) [88] are much greater than the length of a typical SWNT (0.1-2 fj,m). 

Also, concentrations of typical suspensions (mg/L) are low enough that an individual 

SWNT can be taken to sweep out an entire sphere without hitting another. 

Figure 2.16 : A SWNT with a di
rection defined by the vector u at 
an angle 8 to the magnetic field 
B; the magnetic properties of the 
SWNT creates a torque iVmos forc
ing the SWNT to align with the 
magnetic field. Its direction changes 
as u, defining an angular velocity 
u; = u x u 

Figure 2.16 shows a SWNT pointing along u at an angle $ relative to an applied 

magnetic field, B. The orientation of the SWNT depends on the total torque, Nrot, 

which consists of a Brownian term, NBrown, and a magnetic field term Nmag. The 

probability distribution function for the orientation of an individual SWNT of length 

L, pointed along u is ^(L; u;i) . The external potential on the SWNT is represented 

as U(L;u;t), and the Brownian potential by fcsTln^. Now we can calculate the 

angular velocity, u, resulting from the total torque [89] as 

co = -NTat = --{kBTmnV + mj), (2.25) 
Cr 'ir 

where the rotational operator 3? is 

SR = u x — (2.26) 
on 
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and the rotational friction constant <;r [90] is 

7T%L3 

where 

and 

Sr = 

e = 

ef(e) , 

1 

mi' 
m = i±^£ + 1.659e2 

(2.27) 

(2.28) 

(2.29) 
1 - 1.5c 

The equation for the conservation of the probability distribution \&, the Smoluchowski 

equation for rotational diffusion [89] is 

at KB! 
(2.30) 

where the rotational diffusion coefficient [89] is 

(2.31) 

Our external potential is the numerator of the alignment energy described in 

Eqn. 2.23 as a function of angle 0(.u), with the number of carbon atoms N taken as 

being linear in SWNT length, L, and our magnetic field is time dependent. 

f/(L;u;t) = AxN(L)B(t)2cos2 (0(u)) (2.32) 

In order to track the time evolution of the hematic order parameter S(t) of the 

solution of SWNTs in response to a transient magnetic field we must solve the Smolu

chowski equation [Eqn. 2.30]. First we expand $! as a sum of spherical harmonics!^71, 

N n 

*(L;u;4 = X E ^n(^)^(u), (2.33) 
n=0,2m=—n,2 

as they are eigenfunctions of ^ — Dr$l- (9MJ). Since the system is symmetric about 

the z axis, only the even values of n are taken. Only the even values of m are taken 

because SWNTs respond to applied field strength (they have no permanent magnetic 

dipole moment), i.e. W(u) = ^ ( - u ) [91]. 
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The energy can be expressed simply in terms of the second spherical harmonic 

U = AXNB* cos2 6 = AXNB2 ( | ^ (Y° + 0 ) 

where a(L;t) = jJ^AXN(L)B(t)2 (2.35) 

To convert Eqn. (2.30), into a system of ordinary differential equations (ODEs) 

for A™ we employ Galerkin's method. The time evolution of each corresponding 

coefficient, J§J4|, can be determined by multiplying Eqn. (2.30) by each basis function, 

Y£, and integrating over all space, 

fsmedd fd^Y^= '[m0d$[d<l>.Y*± £ J2 AnYr = jAp
q 

. n=0,2 m=-n ,2 

(2.36) 
N n 

n=0,2 m=—n,2 

- a ^ E E K)fyn + rn)(^-
n=2,2 m=—ri,2 

• . ' • " ( 2 . 3 7 ) 

The integrals of the multiplication of three spherical harmonics, i.e. 

/ sin 6d6 f #l^yn
m + 1 'm 'm-1y2~1 '0 , 1 , are nonzero only when m = p = 0 or p = -m [92]. 

The initial conditions are considered to be a random distribution giving all values of 

A™ = 0 except for A® = 1. As the magnetic field varies, the coefficients,^™, can be 

solved for at each time step by numerical integration in MATLAB. Specifically, we 

use the third order Runga-Kutta technique, ODE23. 
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Next, we relate S with A™ by calculating < cos2 6 >, 

J J \° V ° °/ n=0,2 m=-n,2 

= | A / ^ - ^ 2 / / V 2 T sin 0 .<# # + ]-A° J f sin 0 d6 d(f> 

Combining Eqn. (2.38) and Eqn. (2.24) yields 

:.-..'; 5(L;t) = 2 y / | ^ ( L ; i ) . 

(2.38) 

(2.39) 

To get the order parameter for the bulk solution of varying lengths, we can integrate 

the contribution for each length of SWNT in solution 

S(t) =>m A°2(L,t)n(L)dL. (2.40) 

(lnL-n) - , as suggested where a log-normal length distribution, Q(L) = ^ - e x p i ^-

by experimental measurements [93]. The mean and standard deviation of log L are ii 

and a, respectively. 
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Chapter 3 

Sample Preparation 

3.1 SWNT production 

Choice of sample is important in any optical experiment on carbon nanotubes because 

they are 100% surface and easily influenced by environmental factors. Nanotubes can 

be produced in small amounts on surfaces via chemical vapor deposition with localized 

catalysts for use in individual nanotube experiments, or in bulk quantities in gas phase 

reactors such as the High Pressure CO (HiPco) process [30] or on a zeolite supported 

catalyst like CoMoCAT [31]. These fabrication techniques involve decomposition of 

a carbon rich feedstock gas (carbon monoxide, methane, ethanol, etc.) on the surface 

of nano-sized catalyst particles such as Fe, Mo, and Co* 

While both bulk materials and individually grown nanotubes have the potential 

to be used in optical experiments, there are many factors that must be considered. 

When produced on surfaces, unless special steps such as growing over trenches, be

tween pillars [94], or use of non-pertubative substrates are taken, surface interactions 

strongly quench observable photoluminescence. In bulk samples, nanotubes are pro

duced in large bundles, or ropes, where they are in van der Waals contact, and must 

be liberated from them in order to observe photoluminescence. Samples often con

tain high amounts of residual catalyst particles as well. Purification procedures often 

involve harsh acids which can damage nanotubes and quench optical properties. 

As SWNTs' band structure depends not only on their diameter but also their 

chiral angle, a bulk sample containing many species of SWNTs shows a number of 

spectral features. In a typical HiPco batch, there are >30 different species of nan

otubes present [95]. Though this heterogeneity helped in the initial assignment of 
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spectral features to specific chiralities of nanotube [96], it complicates spectroscopic 

measurements where it is desirable to focus on one species of tube. Different methods 

of production can harrow the distribution of produced chiralities. Under certain reac

tor conditions, CoMoCAT produces mainly four types of semiconducting nanotubes 

[97], but there is not yet any method to produce a single species in bulk quantities. 

Recent studies have utilized density gradients to achieve limited quantities of single 

species samples [49, 50]. This mechanism also removes a larger fraction of resid

ual non-nanotube material and bundles, allowing for more detailed studies of species 

specific properties [56, 57]. 

3.2 Optical quality SWNT samples 

Due to the strong van der Waals interactions between nanotubes, and efficient quench

ing mechanisms that result, it was more than 10 years after the first identification 

of SWNTs [98] until the first observation of photoluminescence [47]. Individualiza

tion through surfactant stabilization opened the field of nanotube optics and nano-

spectroscopy, which has been the focus of intense study in recent years [99, 100]. Pho

toluminescence excitation spectroscopy enabled the assignment of spectral features to 

specific (n,ra) species [96, 95, 101, 102]. Time-resolved optical spectroscopy [103, 104, 

48, 105, 106, 107, 108, 109] revealed details of decay processes of photo-excited car

riers, excitons, and phonons. Various microscopies [110, 111, 112, 113, 114] have col

lected signals from individual nanotubes. Magneto-optical studies [72, 85, 76, 62, 63] 

have begun to reveal details of the excitonic structure. 

3.2.1 Surfactant suspension 

To date, the most efficient way to separate nanotubes from their large ropes is a 

sonication in surfactant solution followed by ultra-centrifugation [47]. In this proce

dure, nanotubes are initially dispersed in any one of a number of surfactant solutions 

[115], mixed at high sheer, sonicated at high power, and ultra-centrifuged. High sheer 
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mixing breaks up macroscopic aggregates, and sonication exfoliates roped nanotubes, 

resulting in a mixture of bundles and individualized nanotubes covered in surfactant. 

In the centrifugation step, as the density of a bundle of nanotubes covered in sur

factant is higher than that of an individual nanotube, the bundles aggregate into a 

pellet at the bottom of the centrifuge tube. The resulting supernatant can be readily-

decanted and shows sharp absorption features and strong photoluminescence. 

3.2.2 Gelatin stabilization 

As discussed in Chapter 2, SWNTs align in a magnetic field when they are free to 

undergo Brownian motion. Use of solid, non-dynamic, temperature-stable samples 

is vital for magneto-optical and polarized spectroscopic studies. It is important to 

select a dispersion medium that will not affect the optical properties of the SWNTs 

themselves. 

Gelatin from bovine protein has been used by various groups to stabilize SWNT 

suspensions [116,117, 118, 119, 63].. To prepare a gelatin film of SWNTs we start with 

a decanted sample as described in the previous section. Three methods for aligning 

samples will be described based on the methods described in Refs. [116, 117, 63]. 

First, the details for preparing the stock SWNT-gelatin mixture are given. 

Procedure to make unaligned SWNT-gelatin stock (from Ref. [116] 

1. Make a 10% wt solution of gelatin from bovine protein (Sigma Aldrich CAS# 

9000-70-8) in a small vial with a magnetic stir bar using a stock solution of 

the same surfactant concentration of the decanted SWNT solution you wish to 

solidify. 

2. Stir the solution at ~40°C in a water bath for 1 hour or until completely dis

solved, the solution should be clear with no particles. In general, longer stirring 

time is better as it gives the gelatin ample opportunity to relax and completely 

hydrolyze. It is important to not allow the temperature of the gelatin to rise 
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above ~60-70°C as it will denature and will no longer solidify. 

3. Add a small amount of your of decanted SWNT solution to a similar sized small 

vial with a magnetic stir rod and heat to ~40°C. The volume of this alloquat 

should be approximately half of your ending desired volume. 

4. Separate the same amount of gelatin solution to another small vial kept at 

~40°C while being stirred. 

5. Add the decanted alloquat to the gelatin while stirring using a pipet. Stir 

several minutes or until completely mixed and uniform in color and clarity. 

6. At this point, the stock sample may be removed from heat and stored at room 

temperature in its vial with the stir bar sealed inside. 

This sample may be stored at or below room temperature for months and used 

cast many films as long as it is NOT heated above ~ 60°C.Tf the gelatin is heated 

too high, it will no longer set when cooled due to heat damage. Prom this point, one 

can cast an unaligned sample, and stretch align it if desired, or align the film during 

casting. Next we cover how to cast an unaligned film. 

Procedure to cast unaligned SWNT-gelatin film 

1. Prepare a suitable substrate for your application. Often glass coverslips, slides, 

quartz, or acetate film is appropriate. Clean the substrate with ethanol, iso-

propyl alcohol, or acetone. 

2. Insert a pipet to the stock solution (stirred and heated to ~40°C) and allow it 

to warm to solution temperature. This step prevents premature gelation while 

attempting to cast the film. 

3. By the time the pipet is warmed to solution temperature a small amount of 

stock solution will have risen up the tip by capillary action. Cover the end of 
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the pipet with your thumb to trap some solution and bring to your substrate. 

Use of a pipet bulb is unnecessary. 

4. Touch the tip of the pipet to your substrate and press with your thumb on 

the open end of the pipet. This will cast the SWNT-gelatin solution onto your 

substrate. Be careful to minimize bubbles. The film should be clear and dark 

in color. 

5. While the solution is not yet set, you may repeat the previous step to add 

volume. The film will set within several minutes as the gelation point is < 38°C. 

6. Cover substrate to prevent dust from settling oh it and dry overnight. A thinner 

film will dry more evenly, resulting in a smoother surface more appropriate for 

optical experiments. 

7. If a free standing film is desired, removal is facilitated by use of a razor blade 

and, if needed, a short ethanol soak (<10 mins) will loosen the film. Use of a 

flexible substrate is beneficial to removal. 

This solid sample can be stored in a stable condition for months as long as it is 

kept below the gelation point. It is also helpful to keep the sample in a desiccated 

environment (especially in Houston, TX), as any residual water during cool down will 

freeze, straining SWNTs and shifting peak positions and intensities. We now move 

on to how to stretch a free standing film. 

Procedure to stretch-align free-standing SWNT-gelatin film (modified from 

Ref.. [117]) ':'.'.' 

1. Transfer a dry free-standing film, made in Proc. 3.2.2, to a 2/3 ethanol/water 

bath for 10 mins. This rehydration step is crucial in softening the film for 

stretching. 

2. Fix a glass slide to a sturdy surface such as a lab bench with double sticky tape 

and prepare a cover slip and a few extra pieces of tape. 



42 

3. Remove the swelled film from the bath and allow surface to dry several minutes 

to make for better adhesion. 

4. Once the surface of the film is dry enough to be tacky to the touch, lay it half 

on the glass slide and half on the cover slip. 

5. Attach the edges to each surface (the cover slip and the glass slide with a piece 

of sticky tape. PVC (electric) tape works ok for this. You should now have an 

extendable substrate with which to pull the film. 

6. Carefully pull the cover slip until the film is at an extension ratio of ~2-3:l . 

This step is very sensitive to particular film. Some films rip easier than others. 

Pull the film Until just before it begins to tear. (While mechanical control of 

this step is useful, it is not necessary.) 

7. Affix the exposed edge of the cover slip to the glass slide with another piece of 

tape. 

8. Place film in desiccator to dry overnight in stretched configuration. 

9. After drying several hours the sample will retain stretch and may be stored the 

same way as any other film. 

This procedure could be standardized by constructing a device with mechanical 

clamps to fix the film and a more controlled (micrometer based) stretching system. 

This method takes at least two days to complete as the unaligned film must first be 

dried twice, but gives a fairly decent amount of absorbance anisotropy. Kim et al.'s 

spectra indicate an alignment parameter S ~ 0.3 [117]. 

Procedure to cast-align SWNT-gelatin with stretchable substrate (from 

Ref. [63]) 
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1. Prepare to cast a film as in Proc. 3.2.2. 

2. Gently lay a piece of PVC tape (electric tape), or some other high extension 

ratio material, on a surface. Tape is useful as it provides its own adhesion. If 

you use tape, be careful not to affix it yet. 

3. Cast a film onto the tape and allow to gel for several minutes. This may be 

sped up by placing on a cold plate or in a refrigerator briefly. 

4. After the sample has gelled, carefully pull the sample to an extension ratio of 

~2-3:l . Take care not to rip the gel or the substrate. Note that the timing 

of when to pull is critical. If the sample is too set, it will not flow enough to 

elongate to a high extension ratio. If the sample is not set enough, it will not 

align the tubes as the gel is not yet solid enough to sheer the tubes. 

5. Affix the tape or edges of stretchy substrate to a sturdy surface and dry and 

store, similarly to previous procedures. 

This procedure is the quickest to produce an appreciably aligned sample and was used 

in Ref. [63]. The timing of step 4 is tricky but not prohibitive in making films with 

an alignment parameter ~ 0.2. 

Procedure cast-align SWNT-gelatin film with a wire bar 

(from Ref. [116]) 

1. Prepare a solid, clear, substrate on a cold plate or the cold side of a Peltier 

device set to ~ 20°C. 

2. Place a wire wrapped bar (source: www.rdspecialities.com) on one edge of the 

substrate on top of the cold plate. 

3. Make a bead of gel stock along the substrate and edge of the bar. 

http://www.rdspecialities.com
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4. Wait several seconds to allow the film to set, then pull the bar across the surface. 

Again, timing of this step is critical as to not rip the gel, but to sheer it enough 

for alignment. 

5. Dry and store similarly to other procedures. 

Using a wire bar gives a more highly aligned sample at the expense of optical 

density. The thickness of the sample is defined by the spacing between the wires 

wrapped around the bar. The tighter the wrapping, the more surface interaction 

to sheer align the tubes, but the thinner the sample. It also has the drawback of 

requiring a cold plate or Peltier device to produce quality films and is sensitive to the 

timing of gelation process like Proc. 3,2.2. An example of a sample prepared in this 

method is shown in Fig. 3.1 along with polarized absorbance (S ~ 0.17). 
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Figure 3.1 : Wire-bar aligned SWNT-gelatin film on quartz and accompanying po
larized absorption spectra (blue) parallel (red) perpendicular (A is wavelength). 
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3.3 Alignment characterization 

Characterization of the alignment of SWNT films is important for analysis of polar

ized spectroscopy and of special importance for magneto-optics. Absorbance linear 

dichroism (LD) spectroscopy is an ideal way to characterize thin film samples with 

relatively low optical density. Defined as the difference between the absorbance of 

light polarized parallel (A\\) and perpendicular (A±) to the orientational director of a 

system, h, linear dichroism spectroscopy is an excellent tool to investigate the degree 

of alignment of any solution of anisotropic molecules [120]. Experimentally, the sign 

of LD gives qualitative information about the relative orientation of molecules, pos

itive for alignment parallel to n and negative for perpendicular. Reduced LD, LDr, 

is normalized by the unpolarized, isotropic absorbance (A) of the system, and gives 

a quantitative measure of the alignment: 

where a is the angle between the transition moment and the long axis of the molecule 

and S is the nematic order parameter [121], a dimensionless quantity that scales from 

0 for an isotropic sample to 1 for a perfectly aligned sample and is defined as: 

S = 3 ( c ° ^ ) - l (3.2) 

where (cos2 6) is the average over the angular distribution function and 9 is the 

microscopic angle made between a SWNTs long axis and the alignment director of 

the system. A measured LDr spectrum is related to the polarization of the transition 

moment being probed and the overall degree of alignment of the molecules being 

investigated [120]. 

For SWNTs, optical selection rules discussed in Chapter 2, Section 2.2 result in 

appreciable absorption features observed only when light is polarized parallel to the 

tube axis. Hence, we can simplify Eq. 3.1 using a = 0, to LDr = 3S, giving a direct 

link between the measured LDr and the orientation of the SWNTs. 

Figure 3.2 shows polarized absorbance of a polyacrylie acid, stretch-aligned film 
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of SWNTs [122]. The resulting order parameter using the peak absorbance in the 

near infrared (~1 eV) and Eq. 3.1 is 0.6. 

Wavelength (nm) 
1240 826 620 496 413 354 310 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Energy (eV) 

Figure 3.2 : Absorp
tion spectra of stretch-
aligned poly acryUc acid 
film as a function of 
polarization angle rel
ative to stretch direc
tion. Reproduced from 
Ref. [122] 
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Chapter 4 

Alignment Dynamics of Single-Walled Carbon 
Nanotubes in Magnetic Fields 

This chapter explores the dynamic response of SWNT alignment to a pulsed magnetic 

field. As Section 2.4 showed, the magnetic susceptibility anisotropy of SWNTs causes 

them to align to magnetic fields. Fields of sufficient strength to observe interesting 

changes in their optical spectra are often generated by pulsed methods, thus under

standing the dynamic response of SWNT alignment is useful in the interpretation of 

other data and as a model system for rigid rods undergoing Brownian motion. 

4.1 Introduction 

The steady state alignment of SWNTs has been characterized in many publications. 

The steady state effects of magnetic [123, 72, 85, 76, 86, 124, 87], electric [125], flow 

fields [93, 121], and polymer matricies [122] have been extensively covered. Linear 

dichroism spectroscopy [120] (discussed in Section 3.3) has a well developed history 

of application to both steady state and dynamic situations for determining molecular 

alignment, such as the flow-induced alignment of fibrils [126], and the magnetic field 

induced alignment of polyethylene and carbon fibers [127]. 

In this chapter we describe work on the dynamic effects of SWNT solution align

ment in pulsed magnetic fields. We measure time-dependent transmittance in the 

Voigt geometry (light propagation perpendicular to the applied magnetic field) in 

two polarization configurations, parallel and perpendicular to the applied magnetic 

field. From this we calculate the normalized dynamic linear dichroism induced in 

both ms-pulse and //s-pulse magnetic fields. A theoretical model based on the time 

dependent Smoluchowski equation was developed to explain the qualitative features 
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of the alignment process and allows for the extraction of the distribution of SWNT 

lengths present based on a fit to the dynamic linear dichroism data from the sample. 

These results pave the way to the further study of SWNT dynamics as rigid rods in 

solution. 

4.2 Experimental methods 

HiPco SWNTs were suspended in aqueous surfactant solutions of sodium dodecylben-

zene sulfonate (SDBS) using standard techniques as described in Section 3.2.1 [47]. 

It is noted that the ultra-centrifugation step in our preparation procedure minimizes 

the presence of ferromagnetic catalyst particles, which have been shown to have a 

strong effect on SWNT alignment in static fields [124]. These samples were loaded 

into home-built cuvettes with path lengths of ~1 to 2 mm before being inserted into 

one of three experimental transmittance setups. 

Short pulse magnetic field (56 T, ms pulse) data was obtained at the Labora-

toire National des Champs Magnetiques Pulses in Toulouse, France. A broad band, 

quartz tungsten halogen lamp was used with a fiber-coupled, Voigt geometry, trans

mittance probe with an adjustable polarizer. Light transmitted through the polarizer 

(in either parallel or perpendicular to the magnetic field configuration) and sample 

was dispersed on a fiber coupled 300 mm monochromator and detected with a liquid 

nitrogen cooled InGaAs diode array with a typical exposure time of ~1 ms. The 

magnetic field was generated by a ~150 ms current pulse from a 5 MJ capacitor bank 

discharged into a ~8 mm inner diameter reinforced copper coil cooled to liquid nitro

gen temperature designed for 60 T pulses. As the coil was at cryogenic temperature 

before each experiment, an anticyrostat was utilized to keep the samples maintained 

at room temperature. 

Megagauss measurements (/is-pulse) were performed at two installations: the 

Megagauss Generator [128, 129] (~140 T) at Humboldt-Universitat zu Berlin and 

the Single Turn Coil Project (STP) magnfet[130] (~166 T) at the National High Mag

netic Field Laboratory (NHMFL) in Los Alamos. The Megagauss Generator and the 
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STP magnet are single-turn coil magnets of similar design. They each utilize low 

inductance capacitor banks (~225 kJ in Berlin and 259 kJ in Los Alamos) capable of 

discharging ~3.8 MA on a /is time-scale through a 15 mm or 10 mm single-turn cop

per coil. These experiments are deemed "semi-destructive," as the massive amount 

of current and huge Lorentz force on the conductor causes an outward expansion 

followed by explosion of the coil, ideally preserving the sample and sample holder for 

repeated use. Oscillating fields were realized by preventing coil expansion through 

reinforcement. Since the duration of the field in megagauss experiments was « 10 - 4 

that of a long-pulse experiment, transmittance data was collected with higher inten

sity, single wavelength lasers. An Ar+ ion laser at 488 nm was utilized in Berlin and 

a diode laser at 635 nm was used in Los Alamos. Light transmitted through a fiber 

coupled sample holder, cuvette, and polarizer, with similar geometries to the long 

pulse experiment, was collected on a Si photodiode (3 ns rise-time) connected to a 

fast oscilloscope using the sophisticated setup of reference [131]. The measurements 

were done at room temperature, without the need of a cryostat. 

4.3 Experimental results 

4.3.1 Measured transmittance 

All ms-pulse data was taken using a spectrally resolved, near-infrared setup. To avoid 

any convolution with spectral lineshape broadening and splitting [72, 85, 76, 132], the 

data was integrated over the entire InGaAs range (~900 nm to 1800 nm). The benefit 

of removing ambiguity associated with spectral changes induced by the Aharonov-

Bohm [75] effect coupled with the large number of nanotube chiralities present in our 

sample outweighs the possibility of any chirality selective analysis (which has been 

performed at low magnetic fields [87]). 

Figure 4.1a displays the time dependent transmittance (Eq. 4.1, T^±(t)) through 

the sample and polarizer (in parallel (blue) and perpendicular (red) configurations) 

and the accompanying 56 T magnetic field trace (green). Starting at time zero, before 
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0.96 k 

Figure 4.1 : Time-dependent 
traces of transmittance of light 
polarized parallel (red, left axis) 
and perpendicular (blue, left 
axis) to the applied magnetic 
field (green, right axis) for (a) a 
56 T, 50-ms-rise-time pulse, (b) 
a 140 T, 2.5-/iS-rise-time pulse 
(Megagauss), (c) a 166 T, 2.5-
^s-rise-time pulse (STP) in the 
perpendicular polarization ge
ometry, and (d) 65 T oscillating 
//s-field pulse and transmittance 
in parallel polarization geome
try. At zero magnetic field, the 
transmittances are equal. As the 
field strength grows, the SWNTs 
align and decrease (parallel) or 
increase (perpendicular) the in
tensity of transmitted light. 

10 20 30 
Time (us) 

the field pulse, the transmittance in both polarization configurations is equal. As the 

field increases, and the SWNTs start to align with the field, light polarized parallel 

(perpendicular) to the magnetic field decreases (increases) in overall transmittance. 

Similarly, Fig. 4.1b shows the response for a //s-pulse single turn coil experiment. 

This data was collected with an Ar+ ion laser at 514 nm, which is in the second 
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subband region of semiconducting SWNTs, thus the Aharonov-Bohm effect induced 

changes are small in relation to the linewidth, negating the need for spectral inte

gration. As the field rises to 140 T (~2.5 /zs rise time), the nanotubes align to their 

maximum value, which lags the peak field by ~2 /js. The alignment energy of the 

nanotubes is dependent on the square of the magnetic field, so the transmittance 

peaks again at ~10 /is, as the field begins to sweep to —50 T, lagging the most neg

ative magnetic field approximately the same amount of time. The magnitude of the 

change is also less than the ms pulse experiment due to the shorter field duration. 

Figure 4.1 (a) displays spectrally-integrated, time-dependent transmittance through 

the sample and polarizer [in parallel (blue) and perpendicular (red) configurations] 

and the accompanying 56 T magnetic field trace (green). The raw transmittance data 

is normalized to the zero-field value as 

.: ^M- .$£§ : (4.i) 
where T\\t±(t) denotes the raw transmittance as a function of time with the respective 

polarization configuration. Starting at time zero, before the field pulse, the transmit

tance in both polarization configurations is equal. As the field increases, and the 

SWNTs start to align with the field, light polarized parallel (perpendicular) to the 

magnetic field decreases (increases) in overall transmittance. 

Similarly, Fig. 4.1(b) shows the optical response of suspended SWNTs to a /im

pulse magnetic field produced by the Megagauss Generator in Berlin [129]. This data 

was collected with an Ar+ ion laser at 488 nm, which is in the second subband 

region of the SWNT optical spectra, and thus the Aharonov-Bohm-effect-induced 

spectral changes are small in relation to the linewidth, negating the need for spectral 

integration. As the field rises to 140 T (~2.5 /us rise time), the nanotubes align 

to their maximum value, which lags the peak field by ~2 fis. It should be noted 

that in this experiment the field returns to zero at ~ 6 /xs and then increases in the 

negative direction, reaching a minimum of ~ —50 T at ~ 9;//s.' However, since only 

the magnitude of the magnetic field (|-B|) is important in aligning the nanotubes, the 
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transmittance shows a secondary peak at ~10 fis. This is also clearly demonstrated by 

the parallel configuration data in Fig. 4.1(d) where we used the Megagauss Generator 

to produce a rapidly oscillating field of «65 T. Figure 4.1 (c) shows results from the Los 

Alamos Single Turn Coil Project (STP) magnet [133] in a perpendicular configuration 

with a 635 nm laser and a different sample. At approximately 6 /is, when magnitude 

of the field was low, in part (c) the detector overloaded due to the arc flash from 

the routine disintegration of the coil, this does not affect the data collected before 

the coil break. This data confirms our results from the Megagauss Generator with 

a different magnet of similar design, different excitation wavelength, and different 

sample. Overall, the magnitude of the change in transmittance is less than the ms 

pulse experiment due to the shorter field duration. Figures 4.1(a) and 4.1(d) are 

nearly the same magnitude, but the ^s-pulse in 4.1(d) shows an order of magnitude 

smaller response than the ms-pulse in 4.1(a). For our qualitative analysis we use 

ms-pulse data from Toulouse and /us-pulse data from Berlin. 

4.3.2 Calculated dynamic linear dichroism 

The time-dependent (or dynamic) linear dichroism, LD(t), of SWNT alignment is 

calculated directly from the normalized transmittances. Using the relationship be

tween transmittance (T) and absorbance (A), LD(t) can be related to the measured 

transmittances, T||(£) and T]_(i), as 

LD(t) = A^t)-A±(t) 

=.:- In -^- + In - ^ (4-2) 

w i n 

T o - - . - To 

w> .:•... 

where the transmittance of the background medium, T0, cancels out. This is of 

particular advantage in pulsed field experiments, where the induced change in trans

mittance is very straightforward to collect, but the background signal can be cum

bersome. As we are studying the dynamics of SWNT alignment in pulsed fields, and 
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Figure 4.2 : Time dependent 
traces of calculated normal
ized linear dichroism (purple, 
left axis) and applied mag
netic magnetic field (green, 
right axis). As the sample 
is isotropic at zero magnetic 
field, the linear dichroism is 
zero. As the field strength 
grows in time and the SWNTs 
align with the magnetic field, 
the dichroism increases, peak
ing at a time slightly lagged 
to the maximum of the mag
netic field. After the mag
netic field pulse, the sample 
gradually relaxes to its un
aligned state. Part a) shows 
a 56 T pulse and b) shows 
a 140 T pulse. Comparison 
to normalized linear dichro
ism computed from our model 
is shown in solid black. 

not the magnitude of alignment, we can utilize LD{t) normalized to its maximum 

value (LD(t) = LD(t)/LDmax). Although this procedure washes out the quantitative 

measure of the alignment as opposed to normalizing by isotropic absorption as in 

LDr"••= 3S, it retains the dynamics of the SWNTs in response to the magnetic field 

pulse. 

Figure 4.2 shows LD(t) (purple) for (a) ms and (b) ^s pulses calculated from the 

transmittances of Fig. 4.1. The relationship of LD and LDr is such that they share 

the same dynamic features. The positive sign of the signal indicates that the SWNTs 

are aligning with the magnetic field. As the magnetic field increases to a strength 

greater than the randomization of the Brownian potential, the SWNTs feel a strong 

force to align. However, there is a lag due to viscous drag, thus they always have 
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a torque to align to the direction of the applied magnetic field. As the magnetic 

field decreases, there is a point where the tubes will no longer increase in alignment 

(the point of maximum LD). As the field decreases further, and the Brownian term 

becomes more significant, eventually the SWNTs randomize, slowed by viscous drag. 

When the magnetic field is back to zero, starting from any residual alignment present 

in the sample, there is a competition between Brownian motion and the viscosity of 

the solution; this gives the characteristic relaxation time of the SWNTs. 

4.3.3 Simulated dynamic linear dichroism 

Using the model described in Section 2.4.2 we can simulate the dynamic response of 

a SWNT of a discrete length. Figure 4.3 compiles simulated LD for several lengths. 

Each simulated LD trace (dotted black) is offset vertically and plotted along side 

its applied magnetic field (green) and experimental LD (purple). In general, shorter 

tubes have less viscous drag, and hence, align to the field pulse faster, but also 

randomize faster as they have less atoms and, hence, smaller A%. Longer tubes take 

longer to respond to the field, as they have more viscous drag in solution, but their 

overall alignment is larger due to their larger A% • These effects are also convolved 

with the duration and strength of the field impulse. A shorter impulse will more 

readily align short tubes than long tubes during the pulse duration. Figure 4.3a 

shows the ms-pulse data while Fig. 4.3b displays the/Lis-pulse. 

Due to the fact we have a sample that is polydisperse in length, as expected, no 

individual simulated length is able to reproduce all the features of the experimental 

data, as shown in Fig. 4.3. To describe a typical SWNT length distribution, we use 

a log-normal form, which has been measured and confirmed by AFM and rheology 

measurements on similarly prepared samples. [93] In Fig. 4.5 the lengths indicated 

by symbols are those that were explicitly calculated to determine the overall LD 

that best fit our experiment. Figure 4.4 compares the experimental LD signal with 

that obtained from our simulation as a function of magnetic field. Our model shows 

a good overall match to the measured data using published values [85] for A%, the 
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Figure 4.3 : The con
tributions from each 
length in the distri
bution normalized 
to their maximum 
value (dotted black), 
the experimental 
LD(purple), and 
the accompanying 
magnetic field pulses 
(green). Traces are 
offset for clarity, 
and the field and 
experimental traces 
are reproduced at 
each offset for ease 
of comparison. Note 
that no single dotted 
trace can successfully 
reproduce the exper
imental LD. Part 
a) ms-pulse, part b) 
fis-pulse. 
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corresponding alignment potential from Eq. (2.32), and the length distribution, Cl(L) 

from Section (2.4.2). These results were obtained by varying average, /J,, and standard 

deviation, a, of the natural log of L in a log-normal distribution (Fig. 4 .5)— 

The comparisons in Fig. 4.2 are fit by the length distributions of Fig. 4.5. Fig

ure 4.3 gives an indication of which population of SWNTs is responsible for each part 

of the simulated LD. Shorter nanotubes are the predominant source of signal during 



56 

the upsweep of the field and longer nanotubes for the down sweep (and lag). As 

the samples were not from the same batch for the different time duration pulses, a 

rigorous comparison between these effects cannot be made. Nonetheless, it is feasible 

to conclude that a shorter duration pulse will be moving predominantly individual 

nanotubes as our fit length distribution [93] is close to published values. The /xs-pulse 

experiment is of too short duration to appreciably align very long SWNTs, so it is not 

sensitive to possible bundles in solution. The ms-pulse experiment on the other hand 

is long enough to move large nanotubes but shows a slight mismatch on the upsweep 

of the magnetic field (Fig. 4.4). It is possible that a bi-modal length distribution 

exists in solution, a population of shorter individualized nanotubes and one of longer 
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Figure 4.4 : Magnetic field depen
dent traces of calculated (purple) 
and simulated (black) normalized 
linear dichroism vs. applied mag
netic magnetic field. The hystere
sis is indicative of the lag to the 
magnetic field produced by our 
poly-disperse length sample. Part 
(a) shows a 56 T pulse and (b) 
shows a 140 T pulse. Compar
ison to normalized linear dichro
ism computed from our model is 
shown in solid black. 
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bundles of nanotubes. Further experiments on samples of known length distribution, 

measuring LDr, are needed to investigate this hypothesis. 

Figure 4.5 : Histograms of log-
normal length distributions used 
to compute the simulated linear 
dichroism for each magnetic field 
pulse. Selected lengths in the cal
culations are noted by filled cir
cles. 

4.4 Conclusion 

We have measured the magnetic-field-induced dynamic linear dichroism of SWNT 

solutions [134]. Our presented technique establishes a method for the extraction of 

the length distribution of the SWNTs present in solution based on the Smoluchowski 

equation [134]. However, future work is needed, specifically comparison with other 

techniques for determining length distributions, such as rheology and AFM measure

ments, allowing for refinement of published values of SWNT magnetic susceptibility 

and chirality dependence. It is also possible from this work to design experiments 

that will predominantly probe certain lengths of SWNTs in solution, and investigate 

the possibility of varying length distributions with chirality. 
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Chapter 5 

Temperature-Dependent 
Magneto-photoluminescence Spectroscopy of 

Single-Walled Carbon Nanotubes 

This chapter covers the most significant work of this thesis; the observation of mag

netic brightening of SWNT photoluminescence. This result was among the first exper

imental confirmations of dark excitons in SWNTs. Here we describe how temperature 

and magnetic field offer two independent controls on SWNT photoluminescence in

tensity. Brightening occurs when excitons trapped in a low lying optically inactive 

state are given a radiative recombination pathway by the application of a magnetic 

field. The intensity increases and peak position red shifts is analyzed and the zero 

field splitting between the dark and bright states is determined. 

5.1 Introduction 

Both temperature and magnetic field have a dramatic effect on the photolumines

cence of SWNTs. Temperature offers a control on the thermal distribution of excitons 

within their 1-D bands, while magnetic fields (B) offer a controllable way to mix dark 

and bright exciton wavefunctions and redistribute oscillator strengths [75, 63, 135]. 

The combination of temperature and magnetic field dependent measurements thus 

allows for control of population and oscillator strengths and enables unambiguous 

identification of predicted dark and bright excitonic levels. The phenomenon of mag

netic brightening, restricting excitons to the lower lying, dark exciton band and then 

activating that level with a magnetic field, conclusively proves the existence of dark 

excitons and demonstrates their influence on the photoluminescence properties of 

semiconducting SWNTs. 
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5,1.1 Previous work - magnetic field dependence 

0.90 0.95 1.00 1.05 1.10 
Energy (eV) 

Figure 5.1: Magnetcn photoluminescence spectra of an aqueous suspension of SWNTs 
taken at 0 T and 45 T and room temperature (solid lines). A large spectral red shift 
(~1 meV/T) is observed. (Reproduced and modified from Zaric et al. [85]). 

When a nanotube is threaded by an amount of magnetic flux, its band gap is mod

ified by an Aharonov-Bohm phase as described by Ajiki and Ando [67] and observed 

by Zaric et al. [72]. Figure 5.1 shows magneto-photoluminescence spectra using the 

45 T hybrid magnet at the National High Magnetic Field Laboratory in Tallahassee, 

FL, collected from an aqueous surfactant suspension of HiPco SWNTs at room tem

perature [72, 85]. Photoluminescence was excited with a CW Ti:Sapphire laser tuned 

to 795 nm (1.56 eV) to be resonant with the main peaks (with indicated chiralities) in 

the spectra. At high field all the peaks are red-shifted, demonstrating the predicted 

bandgap shrinkage due to an Aharonov-Bohm phase (see Section 2.3.1. 

This data is optical proof of the influence of the Aharonov-Bohm phase on the 

band structure of SWNTs. As photoluminescence experiments are influenced by exci-

tonic population as well as oscillator strength, the observed band gap shift in Fig. 5.1 

is dominated by the lower energy peak. Absorption spectroscopy, on the other hand, 
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can directly observe the change in oscillator strength and peak position shift as a 

function of magnetic field, as demonstrated by a recent study by Zaric et al. using 

magnetic fields up to 75 T [76]. However, absorption measurements include contri

butions from all species present in the sample, leading to significant inhomogeneous 

broadening. Careful choice of excitation wavelength or use of full photoluminescence 

excitation spectroscopy has the advantage of allowing for selection of a limited num

ber of species, To further the study of the excitonic fine structure of SWNTs through 

photoluminescence, we must also control the exciton state population through tem

perature dependent studies. 

5.1.2 Previous work — temperature dependence 

At low temperature, various techniques can be used to compensate for local envi

ronmental changes. This is a sensitive issue as SWNTs are 100% surface atoms and 

can be influenced by variations in their surroundings. In this section, we will review 

results by other groups on frozen suspensions, gelatin films, pillar suspended indi

vidual nanotubes, and individual nanotubes spun coat from suspensions onto glass 

substrates. The factors influencing nanotubes in each of these environments must be 

taken into consideration when interpreting results. 

When bulk suspensions are used, micelle integrity and strain induced by freezing 

water can be an issue. Flash freezing [62], addition of materials to suppress the freez

ing point of water [136], or use of a solid matrix such as gelatin [63, 119, 137, 116] are 

viable techniques for accessing low temperature ranges. While freezing the solution 

quickly circumvents the destabilization of the micelle at intermediate temperatures, 

it also induces ice phase dependent strain on the nanotubes that result in bandgap 

shifting [138]. Ice also affects the opacity of the solution, hindering signal collec

tion. Additives such as glycol will suppress the freezing point of water, extending the 

available range of measurement down to ~200 K, avoiding possible strain-induced 

complications, but only down to ~200 K. Use of solidified samples that preserve the 

local environment of the nanotube are therefore a more ideal approach. Gelatin with 
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a low melting point (~40° C) can be added to a gently heated nanotube solution 

before casting it on a surface. This technique has the benefit of minimally disturb

ing the micelle, while maintaining sharp absorption features and strong luminescence 

intensity. 
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Figure 5.2 : Mea
sured temperature 
dependence of pho-
toluminescence 
intensity of eight 
semiconducting 
SWNT chiralities 
(solid markers). 
To ensure on reso
nance measurement, 
intensities were 
extracted from 
photoluminescence 
excitation maps 
in the Ti: Sapphire 
excitation range 
(typical map at 5 K 
shown in inset). As 
the temperature 
is decreased, the 
photoluminescence 
intensity increases 
and peaks in the 
range of 20 K to 
50 K before falling 
off sharply. Fits to 
the data are rep
resented by solid 
lines. (Reproduced 
from Mortimer and 
Nicholas [62]) 
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The inset of Fig. 5.2 shows a typical photoluminescence excitation map at low 

temperature with a GW Ti:Sapphire laser as an excitation source taken by Mortimer 

and Nicholas [62]. The eight traces in Fig. 5.2 show the temperature dependence 

of different species extracted from several maps. As the temperature is decreased 

to 40 K, the overall intensity of photoluminescence increases. Matching with theory 

we have reviewed, this is due to the concentration of excitons in K < K states (see 

Section 2.2.2). When the temperature is further decreased from 40 K to 4 K, however, 

the overall intensity decreases. This deviation from the expected 1/y/T dependence 

for simple ID systems is indicative of a low energy trap state influencing the radiative 

decay process. Each nanotube species has a different peak temperature. This is 

expected as the splitting between the lowest energy, dark state and the higher energy, 

bright state is predicted to depend on the nanotube chirality [60, 46]. 

Utilizing a gelatin stabilized sample, Berger et al. measured time-resolved photo

luminescence from predominately (9,4) nanotubes [119]. Ti:Sapphire laser pulses of 

1.4 ps tuned to 730 nm (1.7 eV) were chosen as an excitation source to be resonant 

with the (9,4) nanotube. The photoluminescence signal was dispersed on a monochro-

mator for detection with an infrared sensitive streak camera. They collected spectrally 

integrated (from 1.08 to 1.165 eV) time-resolved photoluminescence from room tem

perature to 10 K, displayed in Fig. 5.3a. The minimum time resolution of the setup 

was ~25 ps. The excitation fluence was maintained both in the linear regime and low 

enough to preclude any effects resulting from heating the nanotubes. Two decays are 

observed: the initial fast decay is temperature independent and likely non-radiative 

in origin, while the longer decay at times >100 ps is due to a combination of radiative 

and non-radiative lifetime. There is a dramatic change in the measured signal as a 

function of temperature. At high temperatures, the photoluminescence decays quickly 

due to the presence of non-radiative channels as shown by the overall low intensity of 

photoluminescence at high temperatures. As the temperature is decreased, the long 

decay component increases. Figure 5.3b shows both GW and temporally integrated 

temperature-dependent normalized photoluminescence intensity. There is a peak at 
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Figure 5.3 : a) Time-resolved photoluminescence at various indicated temperatures 
from an ensemble of individualized semiconducting SWNTs suspended in a gelatin 
film. The excitation energy of 1.7 eV (729.5 nm) was chosen to be in resonance with 
the (9,4) nanotube. The measured signal was spectrally integrated over the emission 
range of the (9,4) nanotube to exclude other chiralities. b) CW (white circles)and 
temporally integrated (black squares) temperature dependent photoluminescence in
tensity showing a peak behavior at finite temperature (Reproduced from Berger et 
al. [119]). 

finite temperature, ~40 K, similar to Mortimer and Nicholas [62]. 

In order to mitigate environmental interactions, Lefebvre and coworkers chose to 

use nanotubes suspended from pillars for their temperature-dependent photolumi

nescence studies [112]. Samples were grown using methane chemical vapor deposi-
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Figure 5.4 : Integrated 
normalized photolumi-
nescence intensity of 
5 chiralities of semi
conducting SWNTs, 
extracted from ensem
ble measurements, as a 
function of temperature. 
Showing peak behavior 
in temperature. (Repro
duced and reformatted 
from Lefebrev et al. 
[112]) 

tion on patterned Si/SiC>2 substrates [94]. These samples are individuals that show 

strong photoluminescence, yet are free from surfactant and exposed to atmosphere. 

In Fig. 5.4 the temperature dependent photoluminescence of five nanotube species 

extracted from ensemble measurements on a pillar suspended sample is shown. The 

photoluminescence intensity shows an increase when the temperature is decreased to 

40 K followed by a decrease when the temperature is lowered to 4 K, matching with 

predictions and other observations. Adding a microscope objective to their setup and 

zooming in on a single tube, spectra such as Fig. 5.5a can be collected. As the tem

perature is reduced from 18 K to 5 K, multiple peaks suddenly appear below 10 K. 

These extra peaks could be due to phonon replicas, excitonic levels, or various exciton 

localization effects such as trapping at ends or defects. In order to investigate the 

nature of these peaks, one needs an independent control of the valley degeneracy. If 

any of these peaks respond to a symmetry breaking magnetic field, it is an indication 

that they are related to dark excitonic levels. 

Another example of multiple peaks in single SWNTs can be seen in Fig. 5.5b [108]. 

Collected from a (6,4) nanotube spun from solution onto glass, these temperature 

dependent spectra show two peaks at all temperatures measured, with a transfer 



65 

c 
u 
c 

880 890 900 910 920 
Emission energy (meV) 

(b) tubel 

17S K lJ®&$^ % 

119 K ' ; -

75 K 

60 K 

53 K 

i i i i 

1.38 1.40 1.42 1.44 
Energy (eV) 

Figure 5.5 : a) Photoluminescence (Aex = 796 nm, 1.557 eV) from an individual (9,8) 
nanotube at low temperature. Below 14 K multiple peaks appear in the spectra. (Re
produced from Lefebrev et al. [112]) b) Photoluminescence spectra for an individual 
(6,4) tube from 53 K to 175 K (Aex = 800 nm, 1.55 eV). Two peaks are clearly visible 
from an individual semiconducting SWNT. As the temperature is reduced, the higher 
energy peak loses intensity. (Reproduced from Hagen et al. [108]) 
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of population to the lower energy peak as the temperature decreases. This data is 

consistent with predictions made by Perebeinos et al. [60] about lower energy states 

being related to excitonic levels. However, in order to completely determine this, 

additional measurements are required, specifically the application of a magnetic field. 

5.1.3 Previous work — temperature and magnetic field dependence: mag

netic brightening 

Two studies of magnetic brightening have recently been performed, up to 19.5 T [62] 

and up to 56 T [63] in DC and pulsed magnetic fields, respectively. They utilized solid 

samples discussed in the sample preparation section [3.2]. Mortimer and Nicholas [62] 

Used frozen decanted solutions with isotropic alignment distributions while Shaver et 

al. [63] used stretch-aligned gelatin films. Solidified samples are imperative when 

measuring magnetic field dependent photoluminescence intensity as they eliminate 

the need for de-convolution of dynamic magnetic alignment [139]. When a gelatin 

film is used, it is possible to stretch it, aligning the nanotubes as the film is pulled. 

The overall alignment is characterized by the nematic order parameter, which can 

be measured through polarized absorption [140]. Aligned samples sharpen the distri

bution function [Eq. (2.22)], maximizing the total flux threading all the nanotubes. 

Other polymers such as poly-acrylic acid have recently been used to disperse and align 

nanotubes to a very high degree [122]; these also permit the accurate measurement 

of perpendicular-field effects [132]. > ". . 

Mortimer and Nicholas [62] used DC fields up to 19.5 T to perform temperature-

dependent magneto-photoluminescence measurements. Their samples were frozen 

aqueous suspensions with strain-induced band gap shifts [138]. To ensure on-resonance 

excitation over a large temperature and magnetic field range, they measured photo-

luminescence excitation maps. Figure 5.6 shows temperature dependent intensity of 

the (9,4) and (10,5) nanotubes at 0 T and 19.5 T. The solid lines are best fit lines 

deducing the amount of Ax for each tube, utilizing a similar two-level model to that 

described hi Section 2.3.2. 
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tensity measured at 0 T and 
19.5 T for (9,4) and (10,5) nan-
otubes (extracted from excita
tion maps). The solid lines are 
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5.2 Experimental methods 

5.2.1 Sample holders 

The relatively small bore of high field magnets (as low as 5 mm in s6me pulsed 

magnets) require carefully designed sample holders with optical fibers. Often, use of 

polarizers and collimating optics is difficult or impossible, complicating the traditional 

measurement geometries. The Faraday geometry (light propagation vector parallel to 

the magnetic field and polarization vector perpendicular to it) and the Voigt geometry 

(light propagation vector perpendicular to the magnetic field and polarization vector 

parallel or perpendicular to it) can only be defined when the light is collimated and 
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properly polarized. As nanotubes strongly absorb light polarized along their long 

axis [68], and the Aharonov-Bohm phase only modifies the band structure of a SWNT 

that is threaded with flux, use of a pseudo-Voigt geometry is necessary for observation 

of magnetic brightening. In this case, the nanotube alignment is placed parallel to 

the magnetic field and with the laser light (turned by a prism or mirror) incident 

perpendicular to the magnetic field. 

5.2.2 Samples used 

Gelatin films 

In previous magneto-optical studies of carbon nanotubes in aqueous suspensions [85, 

72, 76] it was necessary to account for the magnetic alignment dynamics of SWNTs in 

data analysis. Although magnetic alignment was advantageous for achieving higher 

amounts of magnetic flux threading the tubes at high magnetic fields, in this study we 

are Closely following the photoluminescence intensity as a function of magnetic field 

and any alignment effects would greatly complicate data analysis. In order to avoid 

this issue, we have made samples that are both static and aligned. Samples measured 

in this study were High Pressure CO (HiPco) process SWNTs (batch HPR 104). The 

SWNTs were first suspended in sodium dodecyl benzene sulfonate using standard 

techniques before dispersion in bovine protein gelatin [137, 116]. The gelatin was 

then cast onto an adhesive polyvinyl chloride substrate, stretched, and stuck to a flat 

surface while the gelatin set and water evaporated as descirbed in Chapter 3. Linear 

dichroism measurements show the minimum order parameter [140] to be S ~ 0.18. 

The samples show high photoluminescence signal and well-defined absorption peaks. 

Polyacrylic acid films 

We also studied DNA-wrapped CoMoCAT SWNTs dispersed in a polyacrylic acid 

(PAA) matrix. Provided by Erik Hobbie and Jeff Fagan of the National Insti

tute of Standards and Technology (NIST), these samples have strong photolumines-
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cence signal, sharp absorption features, are temperature stable, and can be stretch-

aligned [122]. As the PA A film is stretched, the embedded nanotubes align to the 

direction of pull (h). The degree of alignment is characterized by the dimensionless 

nematic order parameter S = (3 {cos2 6) — l ) /2, which scales from 0 (for random 

orientation) to 1 (for uniaxial orientation), where 6 is the angle between n and an 

individual SWNT [121]. For large values of.S a single effective angular value (0eff) 

characterizes the sample and is defined through cos2 0eff = (cos2 6) == (2S+l)/3 [120]. 

The PAA films used in this dissertation work typically had S ~ 0.8, determined by 

polarized Raman spectroscopy, which gives ^ « 21° [122]. 

5.2.3 High magnet ic field spectroscopy on gelatin films 

Temperature-dependent magneto-photoluminescence experiments were performed from 

5 K to 260 K in pulsed magnetic fields up to 56 T at the Laboratoire National des 

Champs Magnetiques Pulses in Toulouse, France (setup pictured in Fig. 5.8). The 

magnetic field was generated by a 100 ms, 3 MJ pulse with a 25 ms sinusoidal rise time 

and an exponential fall-off. Sample films were measured in a fiber-coupled, reflection, 

Voigt geometry probe with the nanotube alignment direction parallel to and the light 

propagation vector perpendicular to the magnetic field. Spectra were taken with a 

Roper OMA-V InGaAs diode array every 5 or 15 ms with a 1 ms collection time in 

order to maximize field resolution. The TirSapphire excitation laser was turned off in 

between data collection periods in order to minimize heating as in Fig. 5.7. 
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Figure 5.7 : Typical magnetic field pulse with accompanying square wave modulation 
of excitation and collection. The laser and diode array are only turned when the 
trigger signal was high. 
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Figure 5.8 : Experimental setup at Laboratoire National des Champs Magnetique in 
Toulouse, France. Upper left, fiber coupled collection equipment and typical spec
tra. Right, short pulse magnet with fiber coupled probe loaded. Bottom left, 5 MJ 
capacitor bank. 
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5.2.4 High magnetic field spectroscopy on polyacrylic acid films 

Low temperature photoluminescence measurements were also performed at the Na

tional High Magnetic Field Laboratory in Los Alamos, using the 60 T long (2.5 s, 

programmable) pulse magnet powered by a 1.4 GVA motor-generator (setup pictured 

in Fig. 5.9). We used resonant E22 excitation of (6,5) tubes with a dye laser tuned 

to 570 nm (or 2.175 eV). Absorption was carried out at the Laboratoire National des 

Champs Magnetiques Pulses in Toulouse with a capacitor-bank-driven, 60 T short 

(150 ms) pulse magnet. A quartz-tungsten-halogen lamp was used for absorption 

measurements. Signals were dispersed on 300-mm monochromators and recorded 

with InGaAs diode arrays using a typical exposure-plus-readout time of 1-2 ms. 

Figure 5.9 : Experimental setup at National High Magnetic Field Lab in Los Alamos, 
NM. Left, 260 ton, 1.4 GVA AC generator (author pictured for scale). Right, 8 ton, 
60 T long pulse hybrid magnet with fiber optic probe loaded. 
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5.3 Experimental results 

5.3.1 Magnetic brightening of dark excitons 
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Figure 5.10 : Magnetic brightening of SWNT photoluminescence. The applied time-
dependent magnetic field is shown in part a. Part b shows the measured photolumi
nescence spectra every ~ 5 m s . As the magnetic field is applied, a ~4 fold increase 
in photoluminescence intensity and a significant red shifting of peaks is observed. 
(Reproduced from Shaver et al. [63]) 

We performed measurements up to 56 T at the Laboratoire National des Champs 

Magnetiques Pulses in Toulouse, France [63]. The magnetic field was generated from a 

3 MJ, 100 ms capacitively driven current pulse with a 25 ms rise time and exponential 

fall-off (plotted in Fig. 5.10a). While the nature of a pulsed field puts rather stringent 
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requirements on the acquisition time of a photoluminescence experiment (~1 ms) in 

order to keep reasonable magnetic field resolution and the efficiency of collection 

within the sample probe, the time dependent spectra taken during one magnetic field 

pulse strikingly show the effect of magnetic brightening. Figure 5.10b shows typical 

data collected during one magnetic field pulse. At low temperature the magnetic 

field dramatically increases the photoluminescence intensity and red-shifts the peak 

positions through the Aharonov-Bohm effect. 

Figure 5.11 displays spectral slices taken at several time points in three different 

experiments performed at different temperatures (5 K, 80 K, and 260 K). Figure 5.11a 

shows the most dramatic effect at 5 K. The magnetic field red-shifts the peak positions 

and dramatically increases the overall photoluminescence intensity by a factor of ~ 5 . 

At the intermediate temperature of 80 K (Fig. 5.11b), the peaks red-shift by the same 

amount, but the intensity increase is only ~2 due to the broader thermal distribution 

of excitons. The 260 K spectra in Fig. 5.11c show negligible intensity increase but still 

display a red shift. The peaks also broaden, indicating the partial thermal population 

of the higher energy, formerly bright state. 

Spectra displayed in Fig. 5.11 can be analyzed to obtain the integrated peak 

intensity for each chirality present in the sample. The analysis was performed using 

a nonlinear Levenburg-Marquardt routine written in Lab VIEW. Figure 5.12 shows a 

schematic. The routine is capable of fitting Lorentzian, Gaussian, or Voigt lineshapes 

to spectra as a function of time or magnetic field. Initial guesses are displayed to 

ensure the validity of the fit. These are then reduced to best fit parameters and then 

used as an initial guess for the next field or time step, as it is reasonable to expect 

a small change between subsequent steps. The best fit parameters for each field are 

plotted as they are reduced as a function of time or field and then saved after the 

routine is complete. 

Normalized integrated intensity for the (9,4) nanotube vs. magnetic field is shown 

in Fig. 5.13 between 5 K and 200 K. This figure summarizes the relative increase, 

magnetic brightening, vs. magnetic field. At 200 K, the factor of increase is ~2 , while 
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Figure 5.11 : Magneto-photoluminescence spectra of a static nanotube/ gelatin film 
at a) 5 K, b) 80 K, and c) 260 K with an excitation wavelength of 740 nm. Nanotube 
chirality and magnetic field are indicated. As the magnetic field is applied, there 
is a red shift of peaks at all temperatures. Also, there is a dramatic increase in 
photoluminescence intensity with applied field at low temperature, a modest increase 
at intermediate temperature, and a negligible increase at high temperature. The high 
temperature data shows a slight change in lineshape on the high energy side of the 
peaks due to the finite occupation of the higher energy exciton peak. 

at low temperatures it is ~ 5 . The non-normalized data is shown vs. temperature 

in Fig.'.5.14 The zero-field photoluminescence shows an increase in intensity as the 

temperature is decreased to 40 K, as dark states within the bright exciton band 

that do not satisfy energy-momentum conservation are depopulated. Below 40 K the 
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normaJlaed peak area], 

Figure 5.12 : (Left to right) One to 300 specra (each taken at a specific field value) 
are loaded from WinSpec binary files and displayed. Suitable coefficients are input as 
starting parameters before running the minimization routine on each spectra. Results 
from one field are fed to the next as starting parameters. Spectral intensity, peak 
position, and peak width are plotted and saved vs. magnetic field. 
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Figure 5.13 : Integrated 
photoluminescence in
tensity of a (9,4) nan-
otubej normalized to 
the zero-field value, as 
a function of magnetic 
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Figure 5.14 : Integrated 
photoluminescence in
tensity of the (9,4) nan-
otube as a function of 
temperature. The ex
citation wavelength was 
740 nm. As temper
ature is decreased at 
0 T, the photolumines
cence intensity peaks 
near 30 K. The non-zero 
field traces do not show 
this peak behavior but 
continue to increase as 
temperature decreases. 
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intensity decreases due to population trapping in the dark state. When the magnetic 

field is turned on and the lower state gains oscillator strength, the peak behavior in 

intensity is lost as the dark trap state is brightened. 

5.3.2 Magnetic brightening of highly aligned SWNTs 
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Figure 5.15 : Contour plots of photoluminescence intensity as a function of magnetic 
field with nanotubes aligned (a) parallel (n \\ B) to and (b) perpendicular (h ± B) 
to the magnetic field. As the magnetic field increases, the photoluminescence peak 
shifts (o markers) and increases in intensity. The magnitude of the shift and increase 
is much greater for n B than n ± B 

Utilizing highly-aligned and individualized SWNTs in magneto-optical experi

ments, we provided unambiguous evidence that the photoluminescence emission en

ergy and intensity are only affected by a tube-threading, parallel, magnetic field 
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(.By)-[132]. We performed low-temperature (1.5 K) photoluminescence and absorp

tion spectroscopy of streteh-aligned SWNT films in J? up to 55 T in two well-defined 

geometries. In the Voigt geometry, n \\ B L k (where n is a unit vector in the 

alignment direction and k is the light propagation vector), we observed large pho

toluminescence energy shifts and intensity increases with J3, while in the Faraday 

geometry, n l B || fe, we observed small photoluminescence energy shifts and in

tensity increases. Notably, we find excellent agreement when scaling our data to 

the SWNT-parallel component of B (B\\), conclusively demonstrating that a tube-

threading magnetic field is the responsible component. We explain these changes with 

our model of 1-D magneto-excitonic bands [63, 135] based on the Aharonov-Bohm 

effect [67,68,72, 70]. 

Figure 5.15 shows a surface plot of photoluminescence vs. B for (a) n \\ B and 

(b) n _L B. At high B, the dark exciton state is brightened, increasing the photolu

minescence intensity and red-shifting the emission energy. For h \\ B, the amounts 

of brightening and red-shift are dramatically larger than for n I B , These data 

are in contrast to recent reports of a substantial magnetic brightening of randomly-

oriented frozen samples in the Faraday geometry (k \\ B) [141, 142]. Brightening in 

randomly-oriented tubes, however, is likely due to the excitation of (and detection 

of photoluminescence from) the significant SWNT population having an appreciable 

projection along B (e.g., consider a tube at 45° to B). The use of highly-aligned 

SWNTs in this study markedly reduces the population of SWNTs oriented with any 

projection along B, allowing us to separate the influence of the parallel (B\\) from 

the perpendicular field component (B±). 

Figure 5.16(a) shows "slices" of Fig. 5.15 at 0 T and 55 T. The photoluminescence 

intensities are normalized to zero field where the spectra for both configurations are 

identical. It is clearly seen that n \\ B demonstrates stronger brightening and larger 

red-shifts at a given B than h i . B. Figure 5.16(b) shows absorption spectra at 0 T 

and 55 T in the same configurations. As with PL, changes in absorption spectra are 

much more distinct when n || B. 
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Figure 5.16 : (a) Photoluminescence spectra at 0 T and 55 T withn || B and n ± B. 
At zero field, both configurations have the same spectra (black solid). At high field, 
the intensity is increased and emission energy red-shifted for n \\ B (red solid) much 
more than for n l B (blue dashed), (b) Absorption spectra at 0 T and 55 T in the 
same configurations. The intensity is decreased and the peak broadened (integrated 
oscillator strength is conserved) for h || B (red solid) while for h ± B (blue dashed) 
they are unchanged at high field. 

We extracted the PL peak energy and integrated area by fitting spectral slices 

from Fig. 5.15 at each B with Lorentzian lineshapes using a modified Levenberg-

Marquardt algorithm. The insets of Fig. 5.17(a) and 5.17(b) show the independent 

PL peak energy shift and normalized area vs. B. At high field the PL intensity of 

n || B is > 3.5 times larger and red-shifted by ~ 15 meV while the intensity of h ± B 

is only ~ 1.5 times larger and red-shifted by ~ 5 meV. The main figures 5.17(a) and 

5.17(b) will be discussed later. It is also clear from Fig. 5.17(a) that the S-dependence 

of the peak energy is not linear as expected from S-dependent band gap theory [67]. 

This nonlinear 5-dependence is a direct result of the excitonic nature of and balance 

of oscillator strengths between the dark and bright states [38, 75]. 
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Figure 5.17 : PL peak shift 
(a) and normalized peak area 
(b) as a function of the 
SWNT-parallel component of 
B (B\\) for n || B and n 1 
B, The peak energy matches 
exactly for both geometries. 
The peak area matches very 
well, except for a slight mis
match at high fields. Insets 
are the same values as a func
tion of applied field strength. 
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5.3.3 Magnetic linewidth sharpening of highly aligned SWNTs 

Figure 5.18 shows photoluminescence spectra of (6,5) SWNTs embedded in the same 

polyacrylic acid film as the previously mentioned study at zero and 55 T at a sample 

temperature of 1*5 K. The high field spectra was normalized to the low field value to 

account for magnetic brightening and shifted to the zero field position to compensate 

for the Aharonov-Bohm effect induced peak shift. The peak "sharpens" as a function 

of magnetic field, that is the linewidth decreases at higher field. 
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Figure 5.18 - P h o t o l u 
minescence spectra of a 
polyacrylic acid film of 
(6,5) SWNTs (with on 
resonance excitation) at 
0 T and 55 T (normalized 
and shifted). The high 
field linewidth is narrower 
than the that of the 0 T 
trace. 
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5.4 Theoretical comparisons 

The doubly-degenerate valence and conduction bands in SWNTs give rise to four spin-

singlet excitons (See Fig. 5.20 for an energy level diagram and Section 2.3.2). To be 

optically active with linear polarization, the angular momentum must be zero and the 

excitonic wavefunction must have odd spatial symmetry. The lowest-energy exciton 

has zero angular momentum and even spatial symmetry, and thus, it cannot decay 

radiatively (i.e., it is "dark"). The odd symmetry, zero angular momentum exciton 

state has a slightly higher energy due to the Coulomb exchange interaction and can 
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decay radiatively (i.e., it is "bright"). The remaining two exciton states, with finite 

angular momentum, cannot decay radiatively and are predicted to be higher in energy. 

The hyperbolic energy dispersions [66] of the zero angular momentum dark (i = 8) 

and bright (i — J3) excitons can be written as E{(K) = ^ ( O ) 2 + Ei(0)h2K2/mi, 

where Ei(0) is the energy at the bottom of the band, m* is the exciton effective mass, 

and K is the wavevector associated with the exciton center-of-mass momentum. 

A magnetic field parallel to the tube axis breaks time reversal symmetry and 

mixes the zero angular momentum dark and bright exciton wavefunctions. This 

mixing redistributes the oscillator strength between the two excitons and modifies 

their effective masses (discussed in Section 2.3.2.), which leads to the brightening 

of the lowest-energy dark exciton. At non-zero B, these states are mixed by an 

Aharonov-Bohm term, AAB = /^0, where /J, is a proportionality constant and 0 = 

7r5||rf(/4 is the flux threading a SWNT with diameter dt. 

We use the following Hamiltonian to describe this two-band 1-D magneto-exciton 

system: 

m=Ee(K)^El(K)i+Ee(K)-Es(K)^+A^^ ^ 

where I is a unit matrix and dx and oz are Pauli matrices. The eigenvalues of the 

Hamiltonian [Eq. (5.1)] are 

: E^K) + ES{K)TJ{E0{K)-ES{K)}2 + 6\B{B) ; . . . . 
es,f}{K,B) = ——; — — 5 L _ _ ^ _ _ _ —, (5.2) 

where ep(K,B) > es(K,B). The higher energy, finite angular momentum exciton 

bands (i = a) are predicted to have similar masses to the dark band and have 

negligible magnetic field dependence [60, 75]. 

A simple simulation, based on the two-level model discussed in Section 2.3.2, 

Eq. (5.3), is shown in Fig. 5.19b. Starting from our calculated dispersions of the two 

lowest lying bands, we can get the temperature and magnetic field dependence of 

the measured photoluminescence intensity. The salient features of the temperature 

and field dependent intensity from Fig. 5.19a are reproduced by the model traces of 
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Fig. 5.19b, including the peak behavior at zero field and the increase in intensity at 

finite field. 
r"'m + e 

7 oc 

r /m - V A - 2 + A A B 2 

Msl _i_ p kBT 
//3(B) + e 

VT w;(B) 
+ e 

-V^ +A 
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AB 
kBT 

Equation (5.3) reproduces the peak behavior as a function of T predicted by Pere-

beinds et al. at finite temperature in the absence of symmetry breaking, at zero 

magnetic field [60]; Once the field is applied, the peak behavior disappears, eventu

ally recovering the single band temperature dependence, oc l / V ^ , at very high fields. 

Figure 5.19 shows integrated photoluminescence intensity of the (9,4) nanotube as a 
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Figure 5.19 : a) Integrated photoluminescence intensity of a (9,4) nanotube extracted 
from ensemble measurements (excitation wavelength of 740 nm) as a function of 
temperature at indicated fields, b) Simulated integrated photoluminescence intensity 
using Eq. (5.3). 

function of (a) temperature and (b) magnetic field. The intensity in (b), 1(B), is nor

malized to the zero-field value 1(0). The excitation wavelength was 740 nm. As the 

temperature is decreased at 0 T, the photoluminescence intensity peaks near 30 K. 
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The non-zero field traces do not show this peak behavior but continue to increase as 

the temperature decreases. 

The S-dependent term in the Hamiltonian [Eq. (5.1)] depends on the flux </> that 

threads the nanotube, which will depend on the angle 0 it makes with B. Thus, the 

relevant component of B for the macroscopic sample is B\\ = Bcos6es for n || B and 

B\\ = Bsin6eg for n l B. To demonstrate that only B\\ is important in determining 

the PL peak energy, we plotted the peak energy data for both configurations in 

Fig. 5.17(a) as a function of B\\. Using 0eff « 13° results in a nearly perfect overlap 

in functional form of peak shift vs. 5|| between the two configurations and gives 

S « 0.9. This is a slightly higher alignment than determined from polarized Raman 

data [122], possibly due to the contribution of non-luminescent species such as highly 

bent tubes to the Raman experiment. The PL peak area vs. B\\ in Fig. 5.17(b) is 

scaled using the same deg. It also agrees quite well, except a slight mismatch at high 

magnetic fields. This scaling shows that observed magnetic field dependence is due 

to B\\ and that B± has minimal impact on the photoluminescence emission properties 

of ID excitons in SWNTs. Large photoluminescence enhancements recently reported 

for randomly aligned samples in the Faraday geometry are therefore most likely due 

to a population of SWNTs with significant threading flux. This emphasizes the 

need for highly aligned samples in accurately determining the effects of magnetic 

field components and measurement geometry in SWNT magneto-photoluminescence 

experiments. 

In previous magneto-photoluminescence experiments at room temperature, the 

photoluminescence energy was centered on the bright state at zero B, and as B in

creased, so did the oscillator strength of the dark state, broadening and eventually 

splitting the photoluminescence peak at very high B [76]. In the current experiment, 

which was performed at low temperature (T), the photoluminescence peak energy is 

also centered on the bright state at zero B. However, in contrast to the room temper

ature experiment, as B increases such that AAB » &BT, where fee is the Boltzmann 

constant, the exciton population is restricted to the formerly dark, low-energy state, 
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Figure 5.20 : Experimental (red diamonds) and calculated (solid and dashed lines) 
peak energy as a function SWNT-parallel component of magnetic field. Values of 
Ax ~ 4.8 meV and // = 0.93 meV/T-nm2 were determined from fitting the high-
field region of the experimental data and used for calculation of the K = 0 dark 
magneto-exciton energy, es(B) (dashed), and the K — 0 bright magneto-exciton 
energy, ep{B) (solid). The inset is an energy level diagram, showing the dispersions 
of the four lowest-energy singlet excitbns with allowed (circle) and prohibited (crosses) 
transitions indicated. GS: ground state. 

and therefore, the S-dependence of the peak energy tracks es(K, B). As only ex-

citons with momentum near K = 0 can decay radiatively, we simplify Eq. (5.2) to 

e5,p(B) = (-Ax =F y/Al + A i B ( 5 ) ) /2, where A,, = ^ ( 0 ) -Es(0) is the dark-bright 

energy splitting in zero B. Note that as the zero-field photolumineseence emission is 

only from the bright state, we set Ep(0) = 0 to plot the energy shift from zero field 

vs. B. We can fit our high field energy shift data (indicated in Fig. 5.20), extracting 
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Ax ~ 4.8 meV and n = 0.93 meV/T-nm2. These values are then used to extrap

olate the total field dependence €s(B) and -.ep(B). Figure 5.20 shows experimental 

photoluminescence energy from h\\ B and calculated energies from esyp(B). The ex

cellent agreement of calculated and experimental peak energies strongly supports our 

model and conclusively shows the significance of B\\ in determining magneto-optical 

properties of SWNTs. 

5.5 Conclusions and outlook 

Our observations and calculations of magnetic brightening clearly demonstrate the 

existence of previously unobserved dark excitons and their significant influence on 

the photoluminescence quantum yield of semiconducting SWNTs. In addition, we 

show that careful symmetry manipulation by a magnetic field, accompanied by a 

modification of the circumferential electronic wave functions by the Aharonov- Bohm 

effect, significantly increases the quantum yield at low temperatures. Considering 

that dark excitons may be partially brightened by disorder, we expect the observed 

signal increase to be even more drastic in disorder- free single-walled carbon nanotube 

samples. 

Also, for the first time in SWNT magneto-optical experiments, we utilized highly 

aligned samples to demonstrate, conclusively, that a parallel, tube-threading magnetic 

field is the dominant source of changes in spectral energy and intensity at high values 

of B, and determined the splitting between dark and bright bands of (6,5) SWNTs 

in our sample. This is supported by the striking overlap of photoluminescence energy 

shift as a function of B\\ in different measurement geometries and the accompanying fit 

to our model based on exchange-split bright and dark exciton bands with Aharonov-

Bohm-phase-dependent energies, masses, and oscillator strengths. 

Additionally, we observed magnetic field induced narrowing of photoluminescence 

peaks in highly aligned PAA films in parallel magnetic fields. The origin of this 

narrowing is not currently understood. 
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Chapter 6 

Conclusions 

This dissertation has completed an overview of SWNT magneto-optics. The theoreti

cal background of Chapter 2 introduced the basic properties of interest. Special tech

niques for sample preparation were described in Chapter 3. Finally special attention 

was given to the magnetic field dependence of dynamic linear dichroism (Chapter 4) 

and temperature-dependent photoluminescence (Chapter 5). 

The dynamics of SWNT solutions was successfully understood through linear 

dichroism measurements in ultra-high magnetic fields. Our time-dependent Smolu-

chowski equation-based model allows for determination of SWNT lengths present 

in solution, but further work is still needed. Experiments to date have not con

trolled for length distribution and viscosity. Future work will used samples with well 

known length distributions to better determine the value of magnetic susceptibility 

anisotropy. Also, the possibility exists for temperature and viscosity dependent stud

ies which could yield interesting results as alignment dynamics are directly affected 

by those parameters. 

The combination of temperature for population control and magnetic field for 

band structure control is a powerful technique for examining the nature of excitonic 

transitions in SWNTs. This work has successfully observed dark excitonic states in 

SWNTs through magnetic brightening. Also, through the use of highly aligned SWNT 

films, it has confirmed that only a tube-threading flux is responsible for changes in 

photoluminescence peak energy and intensity changes in the field ranges studied. Our 

theoretical model is able to reproduce our results well and extract parameters for zero-

field energy separations of dark and bright excitonic states. Though progress has been 

made in clarifying the influence of intrinsic dark states on the radiative decay process, 
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there are many questions left unanswered. Among these are the influence that self 

trapping, defects, and other forms of localization have on the radiative decay. Recent 

microscopy on individual tubes has shown that a single defect will quench photolumi-

nescence over ~ 100 nm, opening the possibility to study nanotubes with a controlled 

amount of defects [143]. What effect does the local SWNT environment have on 

excitonic fine structure? The temperature at which exciton scattering processes be

come inefficient, resulting in non-equillibrium and non-thermal exciton distributions, 

is also yet to be determined. To what extent non-radiative effects depend on temper

ature and magnetic field is also an open question. Further temperature and magnetic 

field dependent studies are thus required. In particular, single SWNT microscopy 

at low temperature with varying amounts of induced defects and bulk measurements 

of SWNTs in various matrices and environments with an applied magnetic field will 

help to uncover the basic physics of these unique nanostructures. 
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