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ABSTRACT

We report that symmetry breaking by a magnetic field can drastically increase the photoluminescence quantum yield of single-walled carbon
nanotubes, 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.

Symmetries are behind virtually all physical laws, ac-
companied by conserved quantities and degenerate quantum
states.1 However, truly intriguing physical phenomena some-
times occur when a certain type of symmetry in the system
is broken,2-4 either spontaneously or by external means. For
example, broken, partial, or incomplete symmetries result
in such a diverse range of states/phenomena as Higgs bosons,
superconductivity, ferromagnetism, and magnetoresistance
due to weak localization. Here, we show that a symmetry-
breaking magnetic field in a single-walled carbon nanotube
(SWNT) has enormous influence on a seemingly unrelated
macroscopic property of the system: photoluminescence (PL)
quantum yield (QY). Specifically, we found that a magnetic
field applied parallel to the tube axis drastically increases
the PL intensity of semiconducting SWNTs, especially at
low temperatures. This phenomenonsmagnetic brightenings
is shown to be a consequence of broken time reversal
symmetry, working in tandem with the Aharonov-Bohm
effect, and has far-reaching implications for the importance
of symmetry manipulationas a possible means to modify

and control the properties of these unique nanotubular
crystals for optoelectronic device applications.

Carbon nanotubes5,6 possess a variety of novel properties
that may find unique applications in nanotechnology. Semi-
conducting SWNTs, in particular, have attracted much recent
attention for photonic applications.7 They have direct band
gaps, which, combined with extreme quantum confinement,
are expected to lead to superb optical properties dominated
by one-dimensional (1-D) excitons with huge binding ener-
gies.8 However, surprisingly, the values of PL QY, i.e., the
fraction of absorbed photons re-emitted in fluorescence,
reported for SWNT ensembles have been very low (10-3 to
10-4).9,10 Recent theories11-16 have attributed this low QY
to the existence of optically inactive, or “dark”, excitons,
below the first optically active, or “bright”, exciton state,
which can trap much of the exciton population. The interplay
of doubly degenerate conduction and valence bands coupled
with the strong Coulomb interaction characteristic in low-
dimensional systems forms this complicated excitonic struc-
ture in SWNTs. Although the excitonic nature of interband
optical processes in semiconducting SWNTs has been well
established, through, e.g., two-photon PL excitation spec-
troscopy experiments,17,18 conclusive evidence of dark ex-
citons has not yet been reported.

In this paper, we report the first clear evidence of these
dark excitons. We demonstrate, experimentally and theoreti-
cally, that a magnetic field can significantly increase the PL
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QY of semiconducting SWNTs by “brightening” the dark
exciton state through temperature and magnetic-field-de-
pendent PL of gelatin films of individualized SWNTs. The
films were stretched resulting in a partial alignment of the
nanotubes and an order parameter of∼0.18. The PL intensity
increased with magnetic field and the amount of brightening
increased as temperature was decreased. We explain the
mechanism ofmagnetic brighteningby taking into account
magnetic-field-dependent effective masses of excitons, popu-
lation of finite-momentum exciton states, acoustic phonon
scattering, and impurity scattering. A magnetic field applied
parallel to the tube axis removes the valley degeneracy by
lifting the time reversal symmetry, producing two equally
bright excitonic states at high magnetic fields, whose energy
separation depends on the amount of the Aharonov-Bohm
phase, 2πφ/φ0, whereφ is the tube threading magnetic flux
and φ0 is the magnetic flux quantum.15,19-24 We have
measured the effect of the Aharonov-Bohm phase on the
spectra as a magnetic-field-dependent change in peak posi-
tion. This degeneracy lifting mixes excitonic wave functions,
redistributing the spectral weights to provide excitons trapped
in the lowest dark state with a radiative recombination
pathway.23

Figure 1 shows a typical data set at 5 K with an excitation
wavelength of 780 nm. The pulsed magnetic field and PL
spectra are recorded as a function of time, showing intensity
increase (magnetic brightening) and peak position shift
(Aharonov-Bohm effect21-23) tracking the magnetic field
magnitude. At low temperatures, only the (formerly) dark
peak is populated due to a splitting much larger than the
thermal energy. Figure 2 shows three sets of PL data taken

at different temperatures, with an excitation wavelength of
740 nm, plotted on the same scales. This figure dramatically
demonstrates the difference in intensity increase at different
temperatures. Figure 2a shows 5 K spectra taken at 0, 11,
23, 35, 42, and 56 T. At this lowest temperature, the overall
intensity increases∼4 to 5 times over the utilized field range.
Figure 2b shows PL spectra at 80 K taken at the same five
magnetic fields. Here we see the amount of brightening to
be less than in the 5 K experiment. Last, 260 K spectra are
shown in Figure 2c; the amount of intensity increase is
negligible, but there is a slight change in the line shape. This
broadening is evidence of the higher energy, originally bright
state that has been previously observed in magnetoabsorption
data.21,22

Figure 1. Magnetic brightening in single-walled carbon nanotubes
in a pulsed magnetic field. (a) Temporal profile of the applied pulsed
magnetic field. (b) Contour map of near-infrared photoluminescence
intensity for a single-walled carbon nanotube film as a function of
time and emission wavelength. Each peak is labeled by its assigned
nanotube chirality index (n,m). The photoluminescence intensity
increases with increasing magnetic field strength. Also note the
Aharonov-Bohm-effect-induced red-shift of each emission peak
with field intensity. The excitation wavelength was 780 nm, and
the sample temperature was 5 K.

Figure 2. Temperature dependence of magnetic brightening I.
Photoluminescence spectra taken with 740 nm excitation at various
magnetic fields (0 T (black), 11 T (cyan), 23 T (magenta), 35 T
(green), 42 T (blue), and 56 T (red)) at (a) 5 K, (b) 80 K, and (c)
260 K. The amount of brightening is shown to be dramatically
higher at lower temperature (scales are equal). All peaks shift to
lower energy with increasing magnetic field at all temperatures,
due to the Aharonov-Bohm effect. Simulated photoluminescence
spectra for the (9,4) nanotube at (d) 5 K, (e) 80 K, and (f) 260 K
at the same fields. All essential features in the experimental spectra
are reproduced: the peak intensity increases (or brightens) with
increasing magnetic field, and the amount of brightening is larger
at lower temperature.
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Integrated PL intensity versus temperature at various
magnetic fields is plotted for the (9,4) nanotube in Figure
3a. At 0 T, the integrated PL intensity increases as temper-
ature decreases from 200 K until a peak at∼30 K. As
temperature further decreases from 30 to 5 K, the intensity

decreases. The nonzero field traces do not show this peak
behavior but continue to increase as temperature decreases.
Figure 3b shows integrated PL intensity normalized to the
zero field intensity versus magnetic field at different tem-
peratures for the (9,4) nanotube. This highlights the relative
increase in brightening as temperature decreases. At 200 K,
there is little brightening (e2 times) while the 5 K data show
a large amount of brightening (∼5.5 times).

In order to explain the observed magnetic brightening, we
have developed a comprehensive theoretical model (see
Supporting Information for details). In the presence of time
reversal symmetry, i.e., without a magnetic field, exchange-
interaction-induced mixing between excitons in two equiva-
lent valleys in momentum space (the K and K′ valleys)
results in a set of nondegenerate excitonic transitions, only
one of which is optically active.11-16 This predicted bright
state, however, is not the lowest in energy. Excitons would
be trapped in the lowest-energy, dark state without a radiative
recombination path, which can lead to low QY. When a
diameter threading magnetic field is applied to the nanotube,
addition of an Aharonov-Bohm phase modifies the circum-
ferential periodic boundary conditions on the electronic wave
functions and lifts time reversal symmetry.15,19-24 This
symmetry lowering splits the K and K′ valley transitions,
lessening the exchange-interaction-induced mixing and caus-
ing the recovery of the unmixed direct K and K′ exciton
transitions, which are both optically active.

Within a simple two-band model for a perfectly aligned
nanotube, the relative oscillator strengths for the dark (δ)
and bright (â) states in the presence of a magnetic field may
be calculated as

and

respectively. Here,∆x is the zero-field splitting between the
dark and bright exciton states and∆AB is the Aharonov-
Bohm splitting. Note that the dark state can be partially
brightened by disorder-induced mixing with the bright state;
to take into account this contribution, we allow the Aha-
ronov-Bohm splitting to include an additional field and
temperature-independent value (see Supporting Information).
Figure 4a plots the calculated evolution ofIδ and Iâ as a
function of ∆AB. As ∆AB (and thus the magnetic field)
increases, the lower state gains oscillator strength at the
expense of the higher until both reach equal values at very
high magnetic fields where∆AB . ∆x. Two bright states of
approximately equal oscillator strength appear at high
magnetic fields, consistent with previous high magnetic field
absorption studies.22

Photoluminescence intensities are dependent not only on
oscillator strengths but also on the thermal distribution of

Figure 3. Temperature dependence of magnetic brightening II.
Integrated photoluminescence (PL) intensity of the (9,4) nanotube
as a function of (a) temperature and (b) magnetic field. The intensity
in (b), I(B), is normalized to the zero-field valueI(0). The excitation
wavelength was 740 nm. As temperature is decreased at 0 T, the
PL intensity peaks near∼30 K. The nonzero field traces do not
show this peak behavior but continue to increase as temperature
decreases. At high temperatures, there is little brightening (e2
times) while data at low temperatures show a large amount of
brightening (∼5.5 times). (c) Temperature dependence of the
photoluminescence intensity for the (9,4) peak: comparison between
experimental data at three magnetic fields (0 T (black), 23 T (blue),
and 56 T (red)) and theory.
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exciton population. In order to accurately model temperature-
and magnetic-field-dependent exciton population within and
between the exciton bands, we calculated exciton dispersions
in both the absence and presence of a magnetic field based

on previous theoretical calculations for hyperbolic band
dispersion.27 In this model the zero field dispersions for the
dark, i ) δ, and bright,i ) â, states are given byEi(k) )
(∆i

2 + ∆ip2k2/mi)1/2; where∆i is the energy at the bottom of
the band,mi is the effective mass of the band,k is the wave
vector associated with the exciton center-of-mass momentum,
and p is the Planck constant divided by 2π. Inclusion of
magnetic field results in the modified relations

Equations 2 and 3 are plotted at 0 and 56 T in Figure 4b. At
0 T, we calculate that the dark and bright bands have different
effective masses (mδ > mâ

13) and are separated by an energy
of ∆x at k ) 0. At 56 T, the bands are now separated by
energy (∆x

2 + ∆AB
2)1/2 at k ) 0 and are closer to each other

in effective mass.
Light emission is only possible fromk ≈ 0 states in the

bright exciton band. At zero field and room temperature,
population of finite-k states in both bright and dark exciton
bands exist and restrict the overall amount of PL. As the
sample is cooled, our model predicts that the exciton
population distribution would narrow in momentum space,
forcing more population to light emitting,k ≈ 0 states,
increasing the PL intensity. However, as temperature is
decreased further, more excitons would populate the optically
inactive, dark exciton band, causing a downturn in PL
intensity at the lowest temperatures. These two competing
factors would result in a peak PL intensity at a finite
temperature, as observed near 30 K in our 0 T data in Figure
3a. Once a magnetic field is applied along the tube axis,
excitons trapped in the dark band would gain oscillator
strength, allowing for a radiative recombination path and
increasing the PL intensity. This behavior is demonstrated
by our nonzero field data in Figure 3a.

Simulated spectra are shown for 5 K (Figure 2d), 80 K
(Figure 2e), and 260 K (Figure 2f) at the same mag-
netic fields as the corresponding experimental traces in

Figure 4. Magneto-exciton bands and magnetic field dependence
of relative oscillator strengths. (a) Calculated relative oscillator
strength of the dark (Iδ) and bright (Iâ) excitons vs Aharonov-
Bohm splitting,∆AB, for a 1 nmdiameter pristine nanotube in a
parallel field. BothIδ and Iâ approach∼0.5 at ∆AB greater than
∼50 meV. (b) Calculated dispersions for bright and dark exciton
bands at 0 and 56 T for a perfectly aligned nanotube. At 0 T the
higher energy, lower mass (0.02me), bright exciton is separated
from the lower energy, higher mass (0.2me), dark exciton by 5.5
meV. At 56 T both peaks are bright and approach similar masses,
separated by∼50 meV.

Table 1. Nanotube Parameters

na ma 2n + ma

(n - m)
mod 3a

diameter
(nm)a I(56T)/ I(0T)b

∆E(56T - 0T)
(meV)b

∆x
b

(meV)

10 6 26 1 1.11 2.13 26.9 7.7
10 5 25 2 1.05 2.95 27.9
8 7 23 1 1.03 3.39 29.1 8.1

11 3 25 2 1.01 4.19 16.9
8 6 22 2 0.96 6.08 27.0 7.9
9 4 22 2 0.91 5.48 24.0 5.5

10 2 22 2 0.88 7.68 22.7

a Chiral indicesn and m, family (2n + m), and (n - m) mod 3, diameter are calculated and indicated based on our tube assignments.b Integrated
photoluminescence intensity at 56 T (I(56T)) normalized to integrated photoluminescence intensity at 0 T (I(0T)) and peak position change∆E(56T - 0T)
from 0 to 56 T were compiled from Voigt fits of the 5 K spectra. The bright-dark splitting,∆x, calculated from fitting the temperature dependence at various
fields is also shown. Boldface numbers indicate the four main photoluminescence features while the lightface numbers are for shoulder features in the
spectra.
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Figure 2a-c. We take the magnetic field and temperature-
dependent exciton bands with relative oscillator strengths and
populations, as well as acoustic phonon and impurity
scattering, into account to simulate the line shape (see
Supporting Information). The 5 K spectra in Figure 2d
successfully reproduce the relative increase in PL intensity
as well as the red shift observed as the magnetic field is
increased. Since the spectra are dependent on exciton
population, and the low-temperature restricts the population
to the dark state, only one peak is observed. The 80 K spectra
in Figure 2e exhibit the same behavior as 5 K but with less
brightening due to a significant population ink ≈ 0 states
of the bright exciton band before the field is applied. The
260 K spectra in Figure 2f only show weak brightening and
an asymmetric line shape at high fields indicating that at
high temperatures excitons are partially populating the higher
energy, (formerly) bright state. Finally, Figure 3c shows the
calculated PL intensity for the (9,4) nanotube as a function
of temperature for different magnetic fields together with
the experimental data from Figure 3a. As the 0 T trace is
very sensitive to the amount of disorder mixing, a small
change in this parameter will affect the peak intensity
temperature. The fits were done to maximize the agreement
for all fields. Our model reproduces the observed trend in
the amount of brightening, in terms of both temperature and
magnetic field dependence.

Table 1 shows calculated and fit parameters compiled from
fitting low-temperature data (5 K) with a series of Voigt25

peaks. The (10,6), (8,7), (8,6), and (9,4) peaks are the main
features in the spectra while the (10,5), (11,3), and (10,2)
were fitted as shoulders. Zero-field PL excitation (PLE) maps
were examined to determine the approximate peak positions
and number of peaks to fit. Preliminary peak positions were
determined according to PLE maps and an empirical Kataura
plot26 while the width and shape factor were set to be constant
for each field before running the fit. The results of the fitting
were combined with chiral index, (n - m) modulo 3,5,26

family (2n + m),5 and diameter, as well as the values for
the dark-bright splitting deduced, to make Table 1.

Our observations and calculations of magnetic brightening
clearly demonstrate the existence of previously unobserved
dark excitons and their significant influence on the photo-
luminescence 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 the fact that dark excitons are
already partially brightened by disorder, we expect the
observed signal increase to be even more drastic in disorder-
free single-walled carbon nanotube samples.
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