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Magneto-optical spectroscopy of highly aligned carbon nanotubes:
Identifying the role of threading magnetic flux
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We have investigated excitons in highly aligned single-walled carbon nanotubes 共SWCNTs兲 through optical
spectroscopy at low temperatures down to 1.5 K and high magnetic fields 共B兲 up to 55 T. SWCNT/polyacrylic
acid films were stretched, giving SWCNTs that are highly aligned along the direction of stretch 共n̂兲. Utilizing
two well-defined measurement geometries, n̂ 储 B and n̂ ⬜ B, we provide unambiguous evidence that the photoluminescence energy and intensity are only sensitive to the B-component parallel to the tube axis. A theoretical
model of one-dimensional magnetoexcitons, based on exchange-split “bright” and “dark” exciton bands with
Aharonov-Bohm-phase-dependent energies, masses, and oscillator strengths, successfully reproduces our observations and allows determination of the splitting between the two bands as ⬃4.8 meV for 共6,5兲 SWCNTs.
DOI: 10.1103/PhysRevB.78.081402

PACS number共s兲: 78.67.Ch, 71.35.Ji, 78.55.⫺m

Elementary excitations in matter are strongly influenced
by Coulomb interactions, especially when they are quantum
confined in low-dimensional structures.1,2 Correlated
electron-hole pairs 共or excitons兲 in one-dimensional 共1D兲
systems are known to behave very differently from those in
higher dimensions.3–6 Recently, individualized single-walled
carbon nanotubes 共SWCNTs兲 共Ref. 7兲 have emerged as an
ideal system for investigating excitons in the ultimate limit
of 1D quantum confinement and relatively small amounts of
disorder. The existence of two equivalent energy valleys in
momentum space combined with strong Coulomb interactions lead to a splitting between “dark” and “bright” excitonic states in the lowest-energy spin-singlet manifold.8–15
Magnetic fields 共B兲 offer a controllable way to mix dark and
bright wave functions and redistribute oscillator
strengths.13–15 In existing magneto-optical studies on liquid16–18 and solid14,19,20 samples, it is impossible to isolate
the effects of each field component due, respectively, to the
dynamic and isotropic natures of the samples used.
Utilizing highly aligned and individualized SWCNTs in
magneto-optical experiments, we provide unambiguous evidence that the photoluminescence 共PL兲 emission energy and
intensity are only affected by a tube-threading, parallel magnetic field 共B储兲. We performed low-temperature 共1.5 K兲 PL
and absorption spectroscopy of stretch-aligned SWCNT
films in B up to 55 T in two well-defined geometries. In the
Voigt geometry, n̂ 储 B ⬜ k 共where n̂ is a unit vector in the
alignment direction and k is the light propagation vector兲, we
observed large PL energy shifts and intensity increases with
B, while in the Faraday geometry, n̂ ⬜ B 储 k, we observed
small PL energy shifts and intensity increases. Notably, we
find excellent agreement when scaling our data to the
SWCNT-parallel component of B 共B储兲, conclusively demonstrating that a tube-threading magnetic field is the responsible component. We explain these changes with our model
of 1D magnetoexcitonic bands14,15 based on the AharonovBohm effect.16,21–23
1098-0121/2008/78共8兲/081402共4兲

PL measurements were performed at the National High
Magnetic Field Laboratory 共NHMFL兲 in Los Alamos, using
the 60 T long 共2.5 s, programmable兲 pulse magnet powered
by a 1.4 GVA motor-generator. We used resonant E22 excitation of 共6,5兲 tubes with a dye laser tuned to 570 nm 共or 2.175
eV兲. Absorption was carried out at the Laboratoire National
des Champs Magnétiques Pulsés 共LNCMP兲 in Toulouse with
a capacitor-bank-driven, 60 T short 共150 ms兲 pulse magnet.
A quartz-tungsten-halogen lamp was used for absorption
measurements. Signals were dispersed in 300 mm spectrometers and recorded with InGaAs diode arrays using a typical
exposure-plus-readout time of 1–2 ms.
The samples were DNA-wrapped CoMoCAT SWCNTs
dispersed in a polyacrylic acid 共PAA兲 matrix. These samples
have strong PL signal, sharp absorption features, are temperature stable, and can be stretch aligned.24 As the PAA film
is stretched, the embedded nanotubes align to the direction of
pull 共n̂兲. The degree of alignment is characterized by the
dimensionless nematic order parameter S = 共3具cos2 典 − 1兲 / 2,
which scales from 0 共for random orientation兲 to 1 共for
uniaxial orientation兲, where  is the angle between n̂ and an
individual SWCNT.25 For large values of S a single effective
angular value 共eff兲 characterizes the sample and is defined
through cos2 eff ⬅ 具cos2 典 = 共2S + 1兲 / 3.26 The films used in
this study typically had S ⬃ 0.8, determined by polarized Raman spectroscopy, which gives eff ⬇ 21°.24
Figure 1 shows a surface plot of PL vs B for 共a兲 n̂ 储 B and
共b兲 n̂ ⬜ B. At high B, the dark exciton state is brightened,
increasing the PL intensity and redshifting the emission energy. For n̂ 储 B, the amounts of brightening and redshift are
dramatically larger than for n̂ ⬜ B. These data are in contrast
to recent reports of a substantial magnetic brightening of
randomly-oriented frozen samples in the Faraday geometry
共k 储 B兲.19,20 Brightening in randomly-oriented tubes, however,
is likely due to the excitation of 共and detection of PL from兲
the significant SWCNT population having an appreciable
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FIG. 1. 共Color online兲 Contour plots of PL intensity as a function of magnetic field with nanotubes aligned 共a兲 parallel 共n̂ 储 B兲 to
and 共b兲 perpendicular 共n̂ ⬜ B兲 to the magnetic field. As the magnetic
field increases, the PL peak shifts and increases in intensity.
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projection along B 共e.g., consider a tube at 45° to B兲. The use
of highly aligned SWCNTs in this study markedly reduces
the population of SWCNTs oriented with any projection
along B, allowing us to separate the influence of the parallel
共B储兲 from the perpendicular field component 共B⬜兲.
Figure 2共a兲 shows “slices” of Fig. 1 at 0 and 55 T. The PL
intensities are normalized to zero field where the spectra for
both configurations are identical. It is clearly seen that n̂ 储 B
demonstrates stronger brightening and larger redshifts at a
given B than n̂ ⬜ B. Figure 2共b兲 shows absorption spectra at
0 and 55 T in the same configurations. As with PL, changes
in absorption spectra are much more distinct when n̂ 储 B.
Advantages of absorption spectroscopy include the direct
measurement of oscillator strengths and lack of convolution
with a thermal distribution of excitons. However, the lack of
clear splitting 共only broadening兲 in our absorption measurements combined with the dramatic brightening of our PL
measurements led us to use PL spectra for fitting. We ex-
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FIG. 2. 共Color online兲 共a兲 PL spectra at 0 and 55 T with n̂ 储 B and
n̂ ⬜ B. At zero field, both configurations have the same spectra
共black solid兲. At high field, the intensity is increased and emission
energy redshifted for n̂ 储 B 共red/dark gray solid兲 much more than for
n̂ ⬜ B 共blue/light gray dashed兲. 共b兲 Absorption spectra at 0 and 55 T
in the same configurations. The intensity is decreased and the peak
broadened 共integrated oscillator strength is conserved兲 for n̂ 储 B 共red
solid兲 while n̂ ⬜ B 共blue dashed兲 is unchanged.
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FIG. 3. 共Color online兲 PL peak shift 共a兲 and normalized peak
area 共b兲 as a function of the SWCNT-parallel component of B 共B储兲
for n̂ 储 B 共red/dark gray vertical diamonds兲 and n̂ ⬜ B 共blue/light
gray horizontal diamonds兲. The peak energy matches exactly for
both geometries. The peak area matches very well, except for a
slight mismatch at high fields. Insets are the same values as a function of total field strength 共B兲.

tracted the PL peak energy and integrated area by fitting
spectral slices from Fig. 1 at each B with Lorentzian line
shapes using a modified Levenberg-Marquardt algorithm.
The insets of Figs. 3共a兲 and 3共b兲 show the B-dependent PL
peak energy shift and normalized area vs B. At high field the
PL intensity of n̂ 储 B is ⬎3.5 times larger and redshifted by
⬃15 meV while the intensity of n̂ ⬜ B is only ⬃1.5 times
larger and redshifted by ⬃5 meV. The main Figs. 3共a兲 and
3共b兲 will be discussed later. It is also clear from Fig. 3共a兲 that
the B-dependence of the peak energy is not linear as expected from B-dependent band-gap theory.21 This nonlinear
B dependence is a direct result of the excitonic nature of, and
balance of oscillator strengths between, the dark and bright
states13,27 and can be quantitatively explained as follows.
The doubly-degenerate valence and conduction bands in
SWCNTs give rise to four spin-singlet excitons 共see Fig. 4
for an energy-level diagram兲. To be optically active with linear polarization, angular momentum must be zero and the
excitonic wave function must have odd spatial symmetry.
The lowest-energy exciton has zero angular momentum and
even spatial symmetry, and thus, it cannot decay radiatively
共i.e., it is dark兲. The odd symmetry, zero angular-momentum
exciton state has a slightly higher energy due to the Coulomb
exchange interaction and can decay radiatively 共i.e., it is
bright兲. The remaining two exciton states, with finite angular
momentum, cannot decay radiatively and are predicted to be
higher in energy. The hyperbolic energy dispersions28 of the
zero angular-momentum dark 共i = ␦兲 and bright 共i = ␤兲 excitons can be written as Ei共K兲 = 冑Ei共0兲2 + Ei共0兲ប2K2 / mi, where
Ei共0兲 is the energy at the bottom of the band, mi is the exci-
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ton effective mass, and K is the wave vector associated with
the exciton center-of-mass momentum.
A magnetic field breaks time-reversal symmetry and
mixes the zero angular-momentum dark and bright exciton
wave functions. This mixing redistributes the oscillator
strength between the two excitons and modifies their effective masses 共discussed elsewhere14,15兲, which leads to the
brightening of the lowest-energy dark exciton. At nonzero B,
these states are mixed by an Aharonov-Bohm term, ⌬AB
= , where  is a proportionality constant and 
= B储d2 / 4 is the flux threading a SWCNT with diameter d.
We use the following Hamiltonian to describe this twoband 1D magnetoexciton system:
E␤共K兲 − E␦共K兲
E␤共K兲 + E␦共K兲
⌬AB共B兲
Î +
z +
x ,
Ĥ共K兲 =
2
2
2
共1兲
where Î is a unit matrix and ˆ x and ˆ z are Pauli matrices. The
eigenvalues of the Hamiltonian 关Eq. 共1兲兴 are
␦,␤共K,B兲 =

2
E␤共K兲 + E␦共K兲 ⫿ 冑兵E␤共K兲 − E␦共K兲其2 + ⌬AB
共B兲
,
2
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FIG. 4. 共Color online兲 Experimental 共red/dark gray diamonds兲
and calculated 共black solid and dashed lines兲 peak energy as a function SWCNT-parallel component of magnetic field. Values of ⌬x
and  were determined from fitting the high-field region of the
experimental data and used to calculate the dark and bright magnetoexciton energy. Inset: dispersions energy-level diagram of the four
lowest-energy singlet excitons with allowed 共circle兲 and forbidden
共crosses兲 transitions. GS: ground state.

共2兲
where ␤共K = 0 , B兲 ⬎ ␦共K = 0 , B兲. The higher energy, finite
angular-momentum exciton bands 共i = ␣兲 are predicted to
have similar masses to the dark band and have negligible
magnetic-field dependence.11,13
The B-dependent term in the Hamiltonian 关Eq. 共1兲兴 depends on the flux  that threads the nanotube, which will
depend on the angle  it makes with B. Thus, the relevant
component of B for the macroscopic sample is B储
= B cos eff for n̂ 储 B and B储 = B sin eff for n̂ ⬜ B. To demonstrate that only B储 is important in determining the PL peak
energy, we plotted the peak energy data for both configurations in Fig. 3共a兲 as a function of B储. Using eff ⬇ 13° results
in a nearly perfect overlap in functional form of peak shift vs
B储 between the two configurations and gives S ⬇ 0.9. This is
a slightly higher alignment than that determined from polarized Raman data,24 possibly due to the contribution of nonluminescent species, such as highly bent tubes, to the Raman
experiment. The PL peak area vs B储 in Fig. 3共b兲 is scaled
using the same eff. It also agrees quite well, except a slight
mismatch at high magnetic fields. This scaling shows that the
observed magnetic-field dependence is due to B储 and that B⬜
has minimal impact on the PL emission properties of 1D
excitons in SWCNTs. Large PL enhancements recently reported for randomly aligned samples in the Faraday geometry are therefore most likely due to a population of
SWCNTs 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 SWCNT magneto-PL experiments.
In previous magneto-PL experiments at room temperature, the PL energy was centered on the bright state at zero B,
and as B increases, so does the oscillator strength of the dark

state, broadening and eventually splitting the PL peak at very
high B.18 In the current experiment, which was performed at
low temperature 共T兲, the PL peak energy is also centered on
the bright state at zero B. However, in contrast to the roomtemperature experiment, as B increases such that ⌬AB Ⰷ kBT,
where kB is the Boltzmann constant, the exciton population is
restricted to the formerly dark, low-energy state, and therefore, the B dependence of the peak energy tracks ␦共K , B兲.
As only excitons with momentum near K = 0 can
decay radiatively, we simplify Eq. 共2兲 to ⑀␦,␤共B兲
2
共B兲 兲 / 2, where ⌬x = E␤共0兲 − E␦共0兲 is the
= 共−⌬x ⫿ 冑⌬2x + ⌬AB
dark-bright energy splitting at zero B. Note that as the zerofield PL emission is only from the bright state, we set
E␤共0兲 = 0 to plot the energy shift from zero field vs B. Our
high-field peak shift data can be fit with ⌬x ⬃ 4.8 meV and
 = 0.93 meV/ T nm2. These values are then used to extrapolate the total field dependence of ⑀␦,␤共B兲, which is plotted in
Fig. 4 with experimental data. The excellent agreement of
calculated and experimental peak energies strongly supports
our model and conclusively shows the significance of B储 in
determining magneto-optical properties of SWCNTs.
For the first time in SWCNT 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 共6,5兲 SWCNTs in our sample. This
is supported by the striking overlap of PL energy shift as a
function of B储 in different measurement geometries and the
accompanying fit to our model based on exchange-split
bright and dark exciton bands with Aharonov-Bohm-phasedependent energies, masses, and oscillator strengths.
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