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We review recent experimental and theoretical studies on the radiative properties of excitons in single-walled carbon
nanotubes (SWNTs) as a function of magnetic field and temperature. These studies not only provide new insight into the
fundamental properties of excitons in the ultimate one-dimensional (1D) limit but also reveal new phenomena associated
with the unique crystal and electronic structure of SWNTs. During the past several years, SWNT's have emerged as one of
the most ideal systems available for the systematic study of 1D excitons, which are predicted to possess a set of properties
that are distinctly different from excitons in higher dimensions. In addition, their tubular nature allows them to exhibit non-
intuitive quantum phenomena when subjected to a parallel magnetic field, which breaks time reversal symmetry and adds
an Aharonov-Bohm phase to the electronic wavefunction. In particular, a series of recent experiments demonstrate that
such a symmetry-breaking magnetic field can dramatically “brighten” an optically-inactive, or dark, exciton state at low
temperature (see the title figure on the right). We show that this phenomenon, magnetic brightening, can be understood as
a consequence of interplay between the strong intervalley Coulomb mixing and field-induced lifting of valley degeneracy.
Detailed temperature-dependent photoluminescence studies of excitons in SWNTs in a varying magnetic field have thus
provided one of the most critical tests for recently proposed theories of 1D excitons taking into account the strong 1D
Coulomb interactions and unique band structure on an equal footing. Furthermore, results of these studies suggest the
intriguing possibility of manipulating the optical properties of SWNTs by judicious symmetry control, which can lead to
novel devices and applications in lasers and optoelectronics.
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Abstract We review recent experimental and theoretical stud-
ies on the radiative properties of excitons in single-walled car-
bon nanotubes (SWNTSs) as a function of magnetic field and
temperature. These studies not only provide new insight into
the fundamental properties of excitons in the ultimate one-
dimensional (1D) limit but also reveal new phenomena associ-
ated with the unique crystal and electronic structure of SWNTs.
During the past several years, SWNTs have emerged as one
of the most ideal systems available for the systematic study
of 1D excitons, which are predicted to possess a set of prop-
erties that are distinctly different from excitons in higher di-
mensions. In addition, their tubular nature allows them to ex-
hibit non-intuitive quantum phenomena when subjected to a
parallel magnetic field, which breaks time reversal symmetry
and adds an Aharonov-Bohm phase to the electronic wave-
function. In particular, a series of recent experiments demon-
strate that such a symmetry-breaking magnetic field can dra-
matically “brighten” an optically-inactive, or dark, exciton state
at low temperature (see the title figure on the right). We show
that this phenomenon, magnetic brightening, can be understood
as a consequence of interplay between the strong intervalley
Coulomb mixing and field-induced lifting of valley degeneracy.
Detailed temperature-dependent photoluminescence studies of
excitons in SWNTs in a varying magnetic field have thus pro-
vided one of the most critical tests for recently proposed theo-
ries of 1D excitons taking into account the strong 1D Coulomb
interactions and unique band structure on an equal footing. Fur-
thermore, results of these studies suggest the intriguing possi-
bility of manipulating the optical properties of SWNTs by ju-
dicious symmetry control, which can lead to novel devices and
applications in lasers and optoelectronics.
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Photoluminescence (excited at 780 nm, 1.59 eV) intensity of a
carbon nanotube film vs. magnetic field at 5 K. As the magnetic
field is increased, the photoluminescence intensity dramatically
increases and the peak positions red-shift. The six excited nan-
otube species’ (n, m) types are indicated.
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1. Introduction

Optical properties of one-dimensional (1D) systems have
attracted much attention for both applications and basic re-
search for many years. For example, the concentration of
carriers at the band edge in a 1D semiconductor is pre-
dicted to lead to a high degree of thermal stability and sta-
ble lasing properties over a larger temperature range [1].
From a fundamental point of view, the spatial confine-
ment in 1D systems results in interesting excitonic prop-
erties. Strong Coulomb interactions among particles in a
1D system are expected to produce excitons that behave
very differently from those in higher dimensions. Some
of these predictions are a Sommerfeld factor (the ratio of
excitonic continuum absorption to the above band edge
free carrier absorption) less than 1 [2, 3], infinite bind-
ing energy [4—6], stability at high excitation density [7-9],
and long intrinsic radiative lifetimes [10]. Radiative decay
rates are greatly influenced by the convolution of the den-
sity of states and a thermal distribution of excitons [10].
Fig. 1 shows the difference in exciton occupation (density
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Figure 1 Schematic of thermal population of excitons in
systems of different dimensionality (left) together with exciton
energy dispersion (right). The occupation (density of states
multiplied by a Boltzmann distribution) is plotted vs. energy.
Only a small fraction are within the optically allowed region
|K| < k (corresponding energy of I"), where K is the wave
vector associated with the exciton center-of-mass momentum.
As the temperature decreases, the population distribution nar-
rows and concentrates at the bottom of the band. 1D systems
have a higher concentration of population at the band edge than
both two and three dimensional systems due to the concentrated
density of states at the band edge. This difference influences the
temperature (1) dependence of the radiative decay rate (y) in
systems of different dimensionality.

of states multiplied by a Boltzmann distribution) near the
band edge in 1, 2, and 3D systems and the resulting tem-
perature (1") dependent radiative decay rates [10, 11].

Single-walled carbon nanotubes (SWNTs) are one of
the most ideal 1D systems available for study. Their small
diameters result in a high subband separation and exci-
ton binding energies. Produced by various methods of
catalytic carbon decomposition on the surface of ferro-
magnetic nanoparticles, SWNTs are essentially rolled up
sheets of graphene. The optical and electronic properties
of these tubes are determined by their physical structure,
that is, the precise way the graphene sheet is rolled. Each
unique species can be identified by its n and m indices,
which are determined by counting the number of unit cells
along the edges of a sheet of graphene, 30° apart [12, 13].
These indices define the electronic structure of the nan-
otube, i.e., (n —m) mod 3 = 0 for metallic, (n — m) mod
3 = 1 or 2 for semiconducting.

Due to the strong van der Waals interactions between
nanotubes, and efficient quenching mechanisms that re-
sult, it was more than 10 years after the first identification
of carbon nanotubes [14] until the first observation of pho-
toluminescence [15]. Individualization through surfactant
stabilization opened the field of nanotube optics and nano-
spectroscopy, which has been the focus of intense study
in recent years [16, 17]. Photoluminescence excitation
spectroscopy enabled the assignment of spectral features
to specific (n,m) species [18-21]. Time-resolved optical
spectroscopy [22-29] revealed details of decay processes
of photo-excited carriers, excitons, and phonons. Various
microscopies [30-34] have collected signals from individ-
ual nanotubes. Magneto-optical studies [35-39] have be-
gun to reveal details of the excitonic structure.

A standing issue in SWNT optics has been their low
photoluminescence quantum yield, that is, only a very
small fraction (10~2 to 10~%) of absorbed photons are
re-emitted in fluorescence while the vast majority seem
to decay non-radiatively [15, 24]. Though higher quality
samples are being prepared with quantum yields up to
~1072 [40-42], the exact source of the low quantum yield
is still elusive. Possible sources include Auger recombina-
tion at high excitation density [24,43-45], multi-phonon
processes [46, 47], sample purity [48, 49] and optically
inactive excitons [50-54]. Optically-inactive, or dark ex-
citons, below the first optically-active exciton state, can
trap much of the exciton population at low temperature.
This is due to the doubly-degenerate conduction and va-
lence bands of SWNTs as well as the characteristic very
strong Coulomb interactions among charge carriers in low-
dimensional systems. Recent magneto-optical measure-
ments have conclusively proven the existence of dark ex-
citons in SWNTSs [38,39], as described in Sect. 3.4.

Here, we review current theoretical and experimen-
tal progress toward understanding the influence of mag-
netic field and temperature on photoluminescence inten-
sity and radiative decay mechanisms in SWNTSs. In the
theory section, we will cover calculations and predictions
of the excitonic structure and how it is modified by a mag-
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netic field. The temperature dependence of photolumines- 102 (10,0)

cence intensity will also be discussed in the absence and o dark *’oEe_-

presence of a magnetic field. In the experimental section, I bright 4’0A0_' 7
we will first focus on magnetic-field-dependent photolu- —_ S 8, 1
minescence at room temperature, proving the predicted > 098 . ) ! 7
effects on the band structure. Second, we will cover the 5 0Bo « dark — B¢ 1
temperature dependence of photoluminescence intensity, S096r  Eg e s
showing the influence of the predicted excitonic structure. flem A e

The third portion, combining magnetic field and tempera- 0.941 00 -
ture dependence, dramatically demonstrates the power of Triplet Singlet
utilizing microscopic-symmetry manipulation in conjunc-

tion with exciton population restriction, not only to de-
termine the nature of SWNT excitonic structure, but also
to directly control the measurable macroscopic properties
of photoluminescence.

2. Theory

2.1. Radiative decay in 1D

To satisfy longitudinal energy-momentum conservation in
a 1D system, only excitons with momentum near that of
light can decay radiatively. Taking into account a Boltz-
mann distribution of excitons, Citrin calculated the radia-
tive decay rate in semiconductor quantum wires, finding a
1/7/T temperature scaling behavior [10]. The decay rate is
enhanced by an order of magnitude over 2D and 3D sys-
tems due to thermal averaging over the density of states,
as explained in Fig. 1. This scaling behavior was observed
by Akiyama et al. in 1D quantum wires and compared to
2D quantum wells [11].

In a real system, the energy-momentum conservation
requirement is relaxed by phonon scattering and impurity
induced disorder, resulting in a finite linewidth, which re-
moves the divergence of the decay rate at very low tem-
perature. Fig. 1 describes the optically active energy re-
gion (I") that corresponds not to the light dispersion, but
to a larger K-vector, defined as x, due to these scatter-
ing mechanisms. An important assumption in this inter-
pretation is that the effective thermalization time is much
less than the radiative lifetime. If this condition is not met,
a non-thermal distribution of excitons will result and the
Boltzmann distribution this analysis is based on will no
longer be valid.

2.2. Excitons in SWNTs

As expected, excitonic effects are very important in
SWNTs [55-60]. Two-photon photoluminescence exci-
tation measurements by Wang et al. [61] and Maultzsch et
al. [62] showed binding energies in the ~300 meV range
for ~1 nm diameter SWNTs. Nanotubes also have valley
degeneracy, that is, there are two equivalent energy con-
duction and valence bands in k-space in the vicinity of the
K and K’ points at the corners of the hexagonal Brillouin

0.92

Figure 2 Relative energy of SWNT excitonic levels for the
(10,0) nanotube determined by ab initio calculations. The high-
est energy singlet state is two-fold degenerate, while the lower
energy triplet states are three-fold degenerate, and the higher en-
ergy triplet state is six-fold degenerate. (Reprinted figure with
permission from C. D. Spataru, S. Ismail-Beigi, R. B. Capaz, and
S. G. Louie [53]. Copyright 2005 by the American Physical So-
ciety.)

zone of graphene. Coulomb interactions between carriers
in the two k-space valleys influence the energy levels and
selection rules of the excitonic transitions.

Theory predicts the existence of optically inactive ex-
citons in SWNTs [50-54]. Four-fold valley degeneracy in
combination with four-fold spin degeneracy gives rise to
16 electron-hole pair states in SWNTs. The short-range ex-
change 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 momentum, making it optically active,
or bright. The remaining two degenerate, higher energy
states have non-zero angular momentum and are also dark
(see Fig.2).

The Coulomb exchange interaction diverges in low
dimensions [63, 64] and leads to a logarithmic singular-
ity, K2 log K, in the bright exciton dispersion [52]. Away
from the bottom of the band, the dispersion can be approx-
imated by a hyperbolic dispersion [65]. Fig.3 plots the
dispersions of the zero angular momentum, dark (i = ¢),
bright (: = (3), and the finite angular momentum, dark (¢ =
), excitons, given by E;(K) = \/A? + A;hK?2/m;, for
a (9,4) SWNT. Here 4, is the energy at the bottom of the
i-th band, m; is the effective mass of the ¢-th band, and K
is the wave vector associated with the exciton center-of-
mass momentum.

2.3. Radiative decay in SWNTs

In a photoluminescence experiment on a nanotube without
symmetry breaking interactions, excitons can radiatively
decay only when they are in an odd parity singlet state. Us-
ing the same assumptions as Citrin [10], Spataru et al. [53]

© 2007 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Energy dispersions of the four singlet excitons plot-
ted in relation to the bottom of the bright band for a (9,4) nan-
otube vs. center-of-mass momentum, calculated based on equa-
tions from Perebeinos et al. [52]. Optically active bands are solid
lines, and inactive bands are dashed. Two higher energy, finite an-
gular momentum bands («) are dark and displaced in k-space by
~ 40.05nm ™! from K = 0. The zero angular momentum states
of even (§) and odd () parity are dark and bright, respectively.

performed ab initio calculations of radiative decay rates in
SWNTs. Within the approximation that the allowed energy
range is much less than the thermal energy (I" < k7))
they come to the same conclusion when including only the
bright band, a 1/+/T scaling behavior.

As nanotubes have a complex exciton manifold
(Fig.2), 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. [53] and Perebeinos et al. [52] calculated the temper-
ature dependent radiative decay rate for SWNTs. Fig. 4a—c
show the effect of various mixing between bright and dark
states for three different diameter tubes (1 nm - dotted red,
1.5nm - solid blue, and 2 nm - dashed green), calculated
by Perebeinos et al. [52]. Fig.4a shows radiative decay
rate as a function of temperature for the case of thermal-
ization only within the bright bands. As the temperature
is decreased, so too is the number of thermally populated
states with momentum > k, increasing the relative pop-
ulation in the optically allowed momentum states and,
therefore, the overall photoluminescence intensity.

Fig. 4b demonstrates the case of complete thermaliza-
tion between different parity states within the singlet man-
ifold. 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, re-
sulting in a downturn of radiative decay rate and photo-
luminescence intensity. Fig. 4c 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
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Figure 4 Calculated temperature dependent radiative decay rate
for (a—c) three zigzag nanotubes with 1.0 nm (dotted red), 1.5 nm
(solid blue), and 2.0 nm (dashed green) diameters under differ-
ent thermalization conditions. a) The case of thermalization only
within the optically active bands. b) Effect of thermalization
within the entire singlet manifold. c¢) Thermalization between all
spin and parity states. d) is the radiative decay rate including re-
distribution of oscillator strength due to disorder induced sym-
metry breaking for a 1.0 nm diameter tube with the contribution
of the low lying, even symmetry state (dotted green), the higher
energy, odd symmetry state (solid blue), and the total (dashed
red). (Reproduced from Perebeinos et al. [52])

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 trap-
ping of the exciton population in optically inactive states
at a higher temperature.

2.4. SWNTs in a magnetic field

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 [66—69]. When
a nanotube is threaded by an amount of magnetic flux,
¢, an Aharonov-Bohm phase modifies the circumferen-
tial boundary conditions on the electronic wavefunctions,
breaking time reversal symmetry and lifting valley degen-
eracy. The resulting band structure is predicted to oscillate
with a period of the flux quantum, ¢g = e/h, where e is
the electron charge and h is Planck’s constant. The field
required for a full oscillation (¢ = ¢q) in a 1 nm diame-
ter nanotube is on the order of thousands of tesla. In the
region of readily accessible fields (<60T) the band gap
of a semiconducting (metallic) SWNT will shrink (open)
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with applied field as the K and K’ valleys split in energy,
resulting in peak splittings and shifts in optical spectra.

Breaking time reversal symmetry also lowers the
amount of short-range Coulomb mixing between the val-
leys. 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 and effec-
tive masses. Thus, the Aharonov-Bohm effect is expected
to have three main observable conditions in optical spec-
troscopy of semiconducting SWNTs in a parallel magnetic
field: peak position shift [66], spectral weight redistribu-
tion [70], and effective mass redistribution [39].

Fig. 5 shows interband optical absorption spectra, cal-
culated by Ando [70], using a k - p model in the presence
of Coulomb mixing at various values of nanotube thread-
ing flux. At zero field, there is a single absorption peak
originating from the optically active, odd parity, singlet

150 ————— S
| L/a=20.0 (v=1) (@)  dmax/00=0.02
(e?/xL)(2my/L)1=0.2 Ad/$o=0.001
Wolyp=1.5, w1/wo=0.4 (2my/L)1=0.01 |
gc(@my/L) =10

100 \ f\w/\

Dynamical Conductivity (units of e2/h)

Energy Shift (units of 2my/L)

Figure 5 Magnetic field dependent dynamical conductivity for
a semiconducting nanotube, analogous to absorption spectra, at
flux intervals of .001 from 0 to 0.02 ¢o. When there is no thread-
ing flux, only the peak originating from the bright singlet exciton
is visible. As the amount of threading flux is increased, spectral
weight redistributes between the two peaks in such a way that
the (originally) dark exciton state increases 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. (Reproduced from Ando [70])

state. As the magnetic field is increased, and the states are
mixed, the absorption peak splits into two, and the spectral
weight is redistributed between them. The originally dark
exciton’s oscillator strength is increased through magnetic
brightening. For these effects to be observable, the strength
of the exciton mixing must be comparable to the zero
field exchange energy splitting, Ay. The magnetic-field-
induced mixing is proportional to the nanotube threading
magnetic flux (¢p = mBd?/4) such that the Aharonov-
Bohm mixing is Axp = p¢, where B is the magnetic
field strength, d is the nanotube diameter, and p is a pro-
portionality constant. It is also important to note that y is
dependent on the alignment of the nanotubes with respect
to the magnetic field [37]. 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, Ag;s, can be added to Axp [39].

Using a simplified two-level model, the exciton dis-
persions in the presence of mixing (Aap # 0) are given
by [39]

e€5,8(K) = ey

L Es(K) + Ep(1) F \/[Es(K) — E(])]? + A2

where E3(K) and Eg(K) are the zero field dispersions
of the lowest energy dark and bright bands (Fig. 3). The
relative oscillator strengths of the dark and bright excitons
are given by

(@)

where Ay = Ag — A; 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 [52]. The magnetic
field dependence of the effective mass m} (B) is

1 I I 1 I 1
* = ﬂ* 6* ? * = 75* + 6* : (3)
mz(B)  my  mpy mi(B) mp o omy

Fig. 6a plots the magnetic field, and hence App, de-
pendence of the relative oscillator strengths of the dark
and bright bands for a (9,4) nanotube in a parallel mag-
netic field with zero non-magnetic-field-induced symme-
try breaking (Agis = 0). At zero field, the bright state
has 100% of the total spectral weight. As the time rever-
sal symmetry of the system is broken by finite amounts
of Aag, the oscillator strength redistributes between the
bright and dark states. At high values of magnetic field,
the states approach similar spectral weights and effective
masses. Fig. 7 shows the dispersions of the bright and dark
states at zero field and at high field for the same (9,4) nan-
otube. The evolution of the peak positions with field is
plotted in Fig. 6b.

© 2007 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 Relative oscillator strength (a) and relative peak posi-
tion shift (b) for the low lying bright (8) and dark (§) bands of
the (9,4) nanotube. Relative oscillator strength equalizes at high
fields due to Aap induced wavefunction mixing. Peak postion
shifts were determined from the K'=0 values of the dispersions
calculated in Eq. (1).
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Figure 7 Calculated dispersions for the lowest energy bright
and dark exciton bands of a (9,4) nanotube at 0T and 60T
from Eq. (1).

2.5. Symmetry breaking effect on radiative
decay in SWNTs

The effect of symmetry breaking on the temperature de-
pendence of the radiative decay rate can now be consid-
ered. In order for phonons to effectively scatter excitons
between bands, there must be finite symmetry breaking.
Fig. 4d plots a partial mixing (5%) of even and odd par-
ity states within the singlet bands for a 1.5 nm diameter
tube [52]. 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. 4b. 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 tem-
perature.

Application of a magnetic field redistributes the spec-
tral weight according to Eq. (2). At low temperature, when
excitons are trapped in the optically inactive state, this will
result in a dramatic increase in photoluminescence inten-
sity. This process of magnetic brightening was recently
independently observed by two groups [38, 39]. Starting
from our calculated dispersions of the the two lowest ly-
ing bands, we can get the temperature and magnetic field
dependence of the measured photoluminescence intensity.

—/a24a,,°2
Is(B) kT
1 I5(B) +e B
VX = )
T * B) — Ax2+AAB2
%EB) te e

Eq. (4) reproduces the peak behavior as a function of T’
predicted by Perebeinos et al. at finite temperature in the
absence of symmetry breaking, at zero magnetic field [52].
Once the field is applied, the peak behavior disappears,
eventually recovering the single band temperature depen-
dence, 1/\/T at very high fields.

These calculations show that the optical properties of
SWNTs are highly sensitive to symmetry affecting phe-
nomena. In particular, any effects that break time reversal
symmetry in nanotubes result in both thermalization be-
tween 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 magnetic field. The direct control of both
temperature and magnetic field should reveal the nature of
the excitonic structure in SWNTs.

3. Experiment

3.1. Samples for optical study

Choice of sample is important in any optical experiment
on carbon nanotubes because they are 100% surface and
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easily influenced by environmental factors. Nanotubes can
be produced in small amounts on surfaces via chemical
vapor deposition with localized catalysts for use in indi-
vidual nanotube experiments, or in bulk quantities in gas
phase reactors such as the High Pressure CO (HiPco) pro-
cess [71] or on a zeolite-supported catalyst like CoMo-
CAT [72]. These fabrication techniques involve decompo-
sition of a carbon rich feedstock gas (carbon monoxide,
methane, ethanol, etc.) on the surface of nano-sized cata-
lyst particles such as Fe, Mo, and Co.

While both bulk materials and individually grown nan-
otubes have the potential to be used in optical experi-
ments, there are many factors that must be considered.
When produced on surfaces, unless special steps such
as growing over trenches, between pillars [73], or use
of non-pertubative substrates are taken, surface interac-
tions strongly quench observable photoluminescence. In
bulk samples, nanotubes are produced in large bundles,
or ropes, where they are in van der Waals contact, and
must be liberated from them in order to observe photolu-
minescence. Samples often contain high amounts of resid-
ual catalyst particles as well. Purification procedures of-
ten involve harsh acids which can damage nanotubes and
quench optical properties.

To date, the most efficient way to separate nanotubes
from their large ropes is a sonication in surfactant solution
followed by ultra-centrifugation [15]. In this procedure,
nanotubes are initially dispersed in any one of a number
of surfactant solutions [74], mixed at high sheer, sonicated
at high power, and ultra-centrifuged. High sheer mixing
breaks up macroscopic aggregates, and sonication exfoli-
ates roped nanotubes, resulting in a mixture of bundles and
individualized nanotubes covered in surfactant. In the cen-
trifugation step, as the density of a bundle of nanotubes
covered in surfactant is higher than that of an individual
nanotube, the bundles aggregate into a pellet at the bot-
tom of the centrifuge tube. The resulting supernatant can
be readily decanted and shows sharp absorption features
and strong photoluminescence.

As SWNTSs’ band structure depends not only on their
diameter but also their chiral angle, a bulk sample con-
taining many species of SWNTs shows a number of spec-
tral features. In a typical HiPco batch, there are >30 dif-
ferent species of nanotubes present [19]. Though this het-
erogeneity helped in the initial assignment of spectral fea-
tures to specific chiralities of nanotube [18], it complicates
spectroscopic measurements where it is desirable to focus
on one species of tube. Different methods of production
can narrow the distribution of produced chiralities. Un-
der certain reactor conditions, CoMoCAT produces mainly
four types of semiconducting nanotubes [75], but there
is not yet any method to produce a single species in
bulk quantities. Recent studies have utilized density gra-
dients to achieve limited quantities of single species sam-
ples [40,41]. This mechanism also removes a larger frac-
tion of residual non-nanotube material and bundles, allow-
ing for more detailed studies of species specific proper-
ties [48,49].

PL intensity (a.u.)

A (10,5)

(8.7)

0.95 1.00 1.05
Energy (eV)

Figure 8 Magneto-photoluminescence spectra of an aqueous
suspension of SWNTs taken at OT and 45T and room tem-
perature (solid lines). A large spectral red shift (~1meV/T) is
observed. Accompanying simulated spectra (dashed lines) are
shown at OT and 45T with red shifts and both with and with-
out alignment at 45 T. Diameter dependent, dimensionless align-
ment energies u (Eq. (6)) used to simulate the four main peaks in
the 45 T spectra are shown in the inset. (Reproduced from Zaric
et al. [36])

3.2. Magnetic field dependence

When a nanotube is threaded by an amount of magnetic
flux, its bandgap is modified by an Aharonov-Bohm phase,
as described by Ajiki and Ando [66] and observed by Zaric
et al. [35]. Fig. 8 shows magneto-photoluminescence spec-
tra using the 45T hybrid magnet at the National High
Magnetic Field Laboratory in Tallahassee, FL, collected
from an aqueous surfactant suspension of HiPco SWNTs
at room temperature. Photoluminescence was excited with
a CW Ti:Sapphire laser tuned to 795nm (1.56eV) 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.

The relatively small bore of high field magnets (as low
as 7mm in some pulsed magnets) require carefully de-
signed sample holders with optical fibers. Often, use of
polarizers and collimating optics is difficult or impossi-
ble, complicating the traditional measurement geometries.
The Faraday geometry (light propagation vector parallel
to the magnetic field and polarization vector perpendicu-
lar to it) and the Voigt geometry (light propagation vec-
tor perpendicular to the magnetic field and polarization
vector parallel or perpendicular to it) can only be defined
when the light is collimated and properly polarized. As
nanotubes strongly absorb light polarized along their long
axis [67], 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
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light (turned by a prism or mirror) incident perpendicular
to the magnetic field.

In water-surfactant suspensions, nanotubes are free to
undergo Brownian motion, or thermally activated random
motion. Carbon nanotubes have anisotropic magnetic sus-
ceptibilities [76,77]. Metallic tubes are paramagnetic par-
allel and diamagnetic perpendicular to their long axis,
while semiconducting tubes are diamagnetic on both axes
with the perpendicular magnitude being larger, hence both
types of nanotubes will align in a magnetic field. The
competition between these two energies defines the over-
all amount of alignment for one tube [Eq.(6)]. These
alignment effects have been observed in various experi-
ments [78—81]. 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 [79] (P(6)) based
on the applied magnetic field (B), the angle of the tube
with respect to the magnetic field (#), the moles of car-
bon atoms in the tube (/V), and the magnetic susceptibility
anisotropy (Ax) [36] can be calculated as

dP(6 e—vsin® 0 6 g

do fO e—u? sin2 0 sin OdO ’

where u is the dimensionless alignment energy:

| B2N Ay

To show the importance of fitting the data with the
correct alignment energy and hence angular distribution,
Eq. (5) and Eq. (6) are used to reproduce the spectra at 45 T
in Fig. 8. Both dashed lines are modeled with the same
amount of Aharonov-Bohm-effect-induced splitting. The
isotropic distribution, not accounting for alignment fac-
tors, does not correctly reproduce the experimental result.

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 ex-
citonic population as well as oscillator strength, the ob-
served band gap shift in Fig. 8 is dominated by the lower
energy peak. Absorption spectroscopy, on the other hand,
can directly observe the change in oscillator strength and
peak position shift as a function of magnetic field, as
demonstrated by a recent study using magnetic fields
up to 75T [37]. However, absorption measurements in-
clude contributions from all species present in the sample,
leading to significant inhomogeneous broadening. Careful
choice of excitation wavelength or use of full photolumi-
nescence excitation spectroscopy has the advantage of al-
lowing for selection of a limited number of species. To fur-
ther the study of the excitonic structure of SWNTSs through
photoluminescence, we must also control the exciton state
population through temperature dependent studies.

3.3. Temperature dependence

At low temperature, various techniques can be used to
compensate for local environmental changes. This is a sen-
sitive issue as nanotubes are 100% surface atoms and can
be influenced by variations in their surroundings. In this
section, we will discuss results from frozen suspensions,
gelatin films, pillar suspended individual nanotubes, and
individual nanotubes spun coat from suspensions on to
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 [38], addition of materials to suppress the freez-
ing point of water [82], or use of a solid matrix such as
gelatin [39,83-85] are viable techniques for accessing low
temperature ranges. While freezing the solution quickly
circumvents the destabilization of the micelle at interme-
diate temperatures, it also induces ice phase dependent
strain on the nanotubes that result in bandgap shifting [86].
Ice also affects the opacity of the solution, hindering sig-
nal collection. Additives such as glycol will suppress the
freezing point of water, extending the available range of
measurement down to ~200K, avoiding possible strain-
induced complications, but only down to ~200K. Use of
solidified samples that preserve the local environment of
the nanotube are therefore a more ideal approach. Gelatin
with a low melting point (~40° C) can be added to a gen-
tly heated nanotube solution before casting it on a surface.
This technique has the benefit of minimally disturbing the
micelle, while maintaining sharp absorption features and
strong luminescence intensity.

The inset of Fig. 9 shows a typical photoluminescence
excitation map at low temperature with a CW Ti:Sapphire
laser as an excitation source taken by Mortimer et al. [38].
The eight traces in Fig.9 show the temperature depen-
dence of different species extracted from several maps. As
the temperature is decreased to ~40K, the overall inten-
sity of photoluminescence increases. Matching with the-
ory we have reviewed, this is due to concentration of ex-
citons in ' < k states. When the temperature is further
decreased from 40K to 4 K, however, the overall inten-
sity decreases. This deviation from the expected 1/v/T
dependence for simple 1D 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,
optically inactive state and the higher energy, bright state
is predicted to depend on the nanotube chirality [52,53].

Utilizing a gelatin stabilized sample, Berger et al.
measured time-resolved photoluminescence from predom-
inately (9,4) nanotubes [83]. Ti:Sapphire laser pulses of
1.4 ps tuned to 730nm (1.7eV) were chosen as an exci-
tation 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 cam-
era. They collected spectrally integrated (from 1.08 to
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Figure 9 Measured temperature dependence of photolumines-
cence intensity of eight semiconducting SWNT chiralities (solid
markers). To ensure on resonance 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 represented by solid lines. (Reprinted
with permission from I.B. Mortimer and R.J. Nicholas [38].
Copyright 2007 by the American Physical Society.)

1.165eV) time-resolved photoluminescence from room
temperature to 10 K, displayed in Fig. 10a. The minimum
time resolution of the setup was ~25ps. 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 ori-
gin, while the longer decay at times >100ps 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 photolumines-
cence decays quickly due to the presence of non-radiative

channels as shown by the overall low intensity of photo-
luminescence at high temperatures. As the temperature is
decreased, the long decay component increases. Fig. 10b
shows both CW and temporally integrated temperature-
dependent normalized photoluminescence intensity. There
is a peak at finite temperature, ~40 K, similar to Mortimer
and Nicholas [38].

In order to mitigate environmental interactions, Lefeb-
vre and coworkers chose to use nanotubes suspended from
pillars for their temperature-dependent photoluminescence
studies [32]. Samples were grown using methane chemi-
cal vapor deposition on patterned Si/SiO- substrates [73].
These samples are individuals that show strong photo-
luminescence, yet are free from surfactant and exposed
to atmosphere. In Fig. 11 the temperature-dependent pho-
toluminescence of five nanotube species extracted from
ensemble measurements on a pillar-suspended sample is
shown. The photoluminescence intensity shows an in-
crease when the temperature is decreased to ~40K fol-
lowed by a decrease when the temperature is lowered to
4K, matching with predictions and other observations.
Adding a microscope objective to their setup and zooming
in on a single tube, spectra such as Fig. 12a can be col-
lected. As the temperature is reduced, from 18K to 5K,
multiple peaks suddenly appear below 10 K. These extra
peaks could be due to various exciton localization effects
such as trapping at ends or defects, phonon replicas, or ex-
citonic levels. In order to investigate the nature of these
peaks, one needs an independent control of the valley de-
generacy. 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. 12b [28]. Collected from a (6,4) nan-
otube spun from solution onto glass, these temperature de-
pendent spectra show two peaks at all temperatures mea-
sured, with a transfer of population to the lower energy
peak as the temperature decreases. This data is consis-
tent with predictions made by Perebeinos et al. [52] about
lower energy states being related to excitonic levels. How-
ever, in order to completely determine this, additional mea-
surements are required, specifically the application of a
magnetic field.

3.4. Temperature and magnetic field
dependence — magnetic brightening

The combination of temperature and magnetic-field-
dependent measurements allows for control of population
and oscillator strengths. This hybrid technique enables
unambiguous identification of predicted dark and bright
excitonic levels. The phenomenon of magnetic brighten-
ing, 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
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Figure 11 Integrated normalized photoluminescence intensity of
5 chiralities of semiconducting SWNTs, extracted from ensemble
measurements, as a function of temperature. Showing peak be-
havior in temperature. (Reprinted with permission from J. Lefeb-
vre, J. M. Fraser, P. Finnie, and Y. Homma [33]. Copyright 2004
by the American Physical Society.)

properties of semiconducting SWNTs. Two studies of
this phenomenon have recently been performed, up to
19.5T [38] and up to 56 T [39] in DC and pulsed magnetic
fields, respectively.

The two studies utilized solid samples discussed in
Sect.3.1. Mortimer and Nicholas [38] used frozen de-
canted solutions with isotropic alignment distributions

behavior at finite temperature. (Reproduced from Berger et al. [83].)

while Shaver et al. [39] 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 [87]. 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 [88]. Aligned samples sharpen the
distribution function [Eq. (5)], maximizing the total flux
threading all the nanotubes. Other polymers such as poly-
acrlyic acid have recently been used to disperse and align
nanotubes to a very high degree [89]; these also permit the
accurate measurement of perpendicular-field effects [90].
Shaver et al. [39] performed measurements up to
56T at the Laboratoire National des Champs Magnétiques
Pulsés in Toulouse, France. The magnetic field was gener-
ated from a 3 MJ, 100 ms capacitively-driven current pulse
with a 25 ms rise time and exponential fall-off (plotted in
Fig. 13a). While the nature of a pulsed field puts rather
stringent requirements on the acquisition time of a pho-
toluminescence experiment (~1 ms) in order to keep rea-
sonable magnetic field resolution and the efficiency of col-
lection within the sample probe, the time-dependent spec-
tra taken during one magnetic field pulse strikingly show
the effect of magnetic brightening. Fig. 13b shows typi-
cal data collected during one magnetic field pulse. At low
temperature the magnetic field dramatically increases the
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Figure 13 Magnetic brightening of SWNT photoluminescence.
The applied time-dependent magnetic field is shown in part a.
Part b shows the measured photoluminescence spectra every
~5ms. 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. [39])

photoluminescence intensity and red-shifts the peak posi-
tions through the Aharonov-Bohm effect.

Fig. 14 displays spectral slices taken at several time
points in three different experiments. Fig. 14a 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 in-
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Figure 14 Magneto-photoluminescence spectra of a static nan-
otube/gelatin film at a) 5K, b) 80K, and c) 260 K with an ex-
citation 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 in-
crease 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 ex-
citon peak. (Reproduced from Shaver et al. [39])
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Figure 15 Integrated photoluminescence intensity of a (9,4)
nanotube, normalized to the zero-field value, as a function of
magnetic field at indicated temperatures. Clearly displays amount
of magnetic brightening increasing for decreasing temperature.
(Reproduced from Shaver et al. [39])

termediate temperature of 80 K (Fig. 14b), the peaks red-
shift by the same amount, but the intensity increase is only
~2 due to the broader thermal distribution of excitons.
260K spectra from Fig. 14c show negligible intensity in-
crease, but still display a red shift. The peaks also broaden,
indicating the partial thermal population of the higher en-
ergy, formerly bright state.

Spectra displayed in Fig. 14 can be analyzed to obtain
the integrated peak intensity for each chirality present in
the sample. Normalized integrated intensity for the (9,4)
nanotube vs. magnetic field is shown in Fig. 15 between
5K and 200K. This figure summarizes the relative in-
crease, magnetic brightening, vs. magnetic field. At high
temperatures, the increase is ~2, while at low temperatures
it is ~5. The non-normalized data is shown vs. tempera-
ture in Fig. 16a. The zero-field photoluminescence shows
an increase in intensity as the temperature is decreased to
40K, as dark states that do not satisfy energy-momentum
conservation are depopulated. Below 40 K the intensity de-
creases due to population trapping in the dark state. When
the magnetic field is turned on and the lower state gains os-
cillator strength, the peak behavior in intensity is lost as the
dark trap state is brightened. A simple simulation, based
on the two-level model of Eq.(4), is shown in Fig. 16b.
The salient features of the intensity dependence are repro-
duced, including the peak behavior at zero field and the
increase in intensity at finite field.

Mortimer and Nicholas [38] used DC fields up
to 195T to perform temperature-dependent magneto-
photoluminescence measurements. Their samples were
frozen aqueous suspensions with strain-induced bandgap
shifts [86]. To ensure on-resonance excitation over a
large temperature and magnetic field range, they mea-
sured photoluminescence excitation maps. Fig. 17 shows

. |

.
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Intensity (a.u)

Figure 16 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 us-
ing Eq. (4)

temperature-dependent intensity of the (9,4) and (10,5)
nanotubes at 0T and 19.5T. This data also matches well
with the proposed model. The solid lines are best fit lines
deducing the amount of A, for each tube, utilizing a sim-
ilar two-level model to that described here.

4. Conclusion and outlook

We have reviewed recent measurements of magnetic
field and temperature-dependent photoluminescence spec-
troscopy of semiconducting SWNTs. While temperature
dependence of photoluminescence can show the influence
of dark states on radiative decay in these 1D systems,
the application of a magnetic field is necessary to eluci-
date the nature of those states. Thus, the combination of
temperature for population control and magnetic field for
symmetry control is a powerful technique for examining
the nature of excitonic transitions in SWNTs.

Though progress has been made in clarifying the in-
fluence of intrinsic dark states on the radiative decay pro-
cess, there are many questions left unanswered. Among
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Figure 17 Temperature-dependent photoluminescence intensity
measured at 0T and 19.5T for (9,4) and (10,5) nanotubes (ex-
tracted from excitation maps). The solid lines are fit using a two
level model with magnetic-field-dependent oscillator strengths.
The emission intensity increases greatly at low temperatures with
the application of magnetic field. (Reprinted with permission
from I. B. Mortimer and R. J. Nicholas [38]. Copyright 2007 by
the American Physical Society.)

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 de-
fect will quench photoluminescence over ~100 nm, open-
ing the possibility to study nanotubes with a controlled
amount of defects [91]. The temperature at which exciton
scattering processes become inefficient, resulting in non-
thermal distributions, is yet to be determined. To what ex-
tent non-radiative effects depend on temperature and mag-
netic 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 an applied magnetic field and varying amounts of in-
duced defects could help to uncover the physics of some
of these effects. Knowledge gained through the direct con-
trol of the photoluminescence of individual SWNTs could
lead to applications in devices.
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