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Evidence for Dark Excitons in a Single Carbon Nanotube due to the Aharonov-Bohm Effect
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We studied exciton structures and the Aharonov-Bohm effect in a single carbon nanotube using micro-
photoluminescence (PL) spectroscopy under a magnetic field at low temperatures. A single sharp PL peak
from the bright exciton state of a single carbon nanotube was observed under zero magnetic field, and the
additional PL of dark exciton state appeared below the bright exciton peak under high magnetic fields. It
was found that the split between the bright and dark exciton states is several millielectron volts at zero
field. The tube diameter dependence of the splitting arises from the intervalley short-range Coulomb

interaction.
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The electronic properties of single-walled carbon nano-
tubes (SWNTs) have attracted a great deal of attention [1]
because of their degenerated band structures in k-space and
enhanced Coulomb interaction in a quasi-one-dimensional
(1D) system with a cylindrical structure [2]. The enhanced
Coulomb interaction leads to the formation of stable 1D
excitons with large binding energies [3,4]. Very recently,
many theoretical studies have examined exciton structures
[5-8] as the electron and hole spins, together with two
degenerate K and K’ valleys, lead to multiple exciton states
near the lowest energy [9,10]. The optical transition from
the singlet exciton state with an odd parity and zero angular
momentum to the ground state is dipole-allowed (bright),
while the others are optically forbidden (dark). The nature
of the dark exciton states in SWNTs is very different from
that in IV and II-VI semiconductors [11,12]. The exciton
fine structures including the energy separation between
the bright and dark exciton states should be elucidated
experimentally.

Magnetic fields modulate the phase of the electron wave
functions in cylinder structures through the Aharonov-
Bohm effect. Ajiki and Ando theoretically predicted that
the energies of the excitons in SWNTs are modulated
directly by the magnetic flux threading the tube [13,14].
Recent ensemble-averaged absorption and photolumines-
cence (PL) spectroscopy experiments involving SWNTs
have shown the spectral changes under high magnetic
fields [15-18]. However, their optical spectra show mul-
tiple inhomogeneously broadened peaks with about
30 meV linewidths. Furthermore, each carbon nanotube
is aligned randomly in the sample with respect to the
magnetic flux. Therefore, the spectral splitting has been
observed only in extremely high magnetic fields (>30 T)
[15,16] and it is difficult to determine the exciton fine
structures for zero magnetic field. Consequently, single
carbon nanotube spectroscopy under a magnetic field is
needed to avoid the sample inhomogeneity and to obtain
information about the intrinsic excitonic properties of car-
bon nanotubes.
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In this Letter, we report single carbon nanotube PL
spectroscopy under magnetic fields up to 7 T to study the
exciton fine structures in SWNTSs. A new PL peak appeared
below the bright exciton state under a magnetic field in the
Voigt geometry. This PL peak resulted from the dark ex-
citon due to the Aharonov-Bohm effect in a single carbon
nanotube. We directly determined the splitting energy
between the bright and dark exciton states, and found
that it depends on the nanotube diameter.

The samples used in this study were spatially isolated
carbon nanotubes synthesized on Si substrates using an
alcohol catalytic chemical vapor deposition method [19].
The Si substrates were patterned with parallel grooves,
typically about 1 um wide and 500 nm deep using an
electron-beam lithography technique. The isolated carbon
nanotubes grow from one side toward the opposite side of
the groove. Several different samples were prepared by
changing the growth temperature.

Magneto-PL measurements of a single carbon nanotube
were performed using a home-built variable-temperature
confocal microscope. The samples were mounted in a
cryostat under a superconducting magnet with fields up
to 7 T. The excitation light from a He-Ne laser (1.96 eV)
was focused on the sample surface through a micro-
scope objective to detect PL signals from a single car-
bon nanotube. The polarization direction of the excitation
laser was controlled by rotating a A/2 wave plate. The
PL signal from a single carbon nanotube was detected by a
30-cm spectrometer equipped with a liquid-nitrogen-
cooled InGaAs photodiode array with a spectral range of
0.78 to 1.38 eV. The spectral resolution of the system was
about 1.4 meV. Magneto-PL spectroscopy was carried out
under Voigt geometry and Faraday geometry. In the Voigt
geometry, in which laser light propagates perpendicular to
the magnetic field, we can investigate the effect of the
magnetic flux threading the nanotube axis, while in the
Faraday geometry, in which the laser propagates parallel to
the field, the magnetic flux is perpendicular to the tube
axis.

© 2008 The American Physical Society
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The solid line in Fig. 1(a) shows a typical PL spectrum
of a single carbon nanotube suspended on the groove at
about 40 K [assigned chiral index: (7,6)]. It is approxi-
mated by a Lorentzian function and its linewidth [full-
width at half-maximum (FWHM) ~3.4 meV] reflects ho-
mogeneous broadening [20,21]. The single sharp PL spec-
trum is in contrast to the multiple broad PL peaks in the
ensemble-averaged spectrum (dotted line in Fig. 1(a)] of
micelle-wrapped SWNTs dispersed in gelatin [22]. The
isolated sharp spectrum of a single carbon nanotube en-
ables us to observe the spectral changes in detail, even
under a magnetic field of several T.

Figure 1(b) shows a polar plot of the PL intensity of a
typical single carbon nanotube versus the polarization
direction of the excitation laser light. The PL intensity
shows strong polarization dependence and oscillates with
a duration of 180°. Since a 1D dipole moment exists,
strong optical absorption occurs when the polarization of
the excitation light parallels the nanotube axis. The PL
intensity of a SWNT is expected to be proportional to
cos?6, where @ is the angle between the tube axis and the
polarization of the excitation laser light [23-25]. This PL
anisotropy is useful for determining the direction of the
observed carbon nanotube. Therefore, we can consider the
relative angle a between the tube axis and magnetic field in
the Voigt geometry [Fig. 1(c)].

Figure 2(a) shows the normalized PL spectra of a single
(9,4) carbon nanotube under a magnetic field in the Voigt
geometry (a = 9°). A single sharp PL spectrum arising
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FIG. 1 (color online). (a) PL spectrum of a typical suspended
single SWNT [assigned chiral index (7,6)] in comparison with
the ensemble-averaged spectrum of micelle-wrapped SWNTs
dispersed in gelatin. (b) Polar plot of the PL intensity of a typical
single SWNT versus the polarized direction 6 of the excitation
laser. The PL data (circle) were fitted using cos?6 (solid line).
(c) Schematic of the directional relationship between the nano-
tube axis and magnetic field. In this case, the relative angle o
was estimated to be about 13°.

from bright exciton recombination is observed at zero
magnetic field. An additional peak is clearly observed
below the bright exciton peak with an increasing field.
These PL spectra are fit well by two Lorentzian functions
to evaluate the energy positions of the two peaks. The
lower energy peak shows a redshift and the intensity rela-
tive to the higher peak increases with the magnetic field.
Figure 2(b) shows the results of similar experiments on a
single (9,5) nanotube performed in the Faraday geometry,
where the magnetic flux is perpendicular to the nanotube
axis. No spectral splitting induced by the magnetic field is
observed in the Faraday geometry, even under a magnetic
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FIG. 2 (color online). (a) Normalized magneto-PL spectra of a
single (9,4) carbon nanotube at 20 K in the Voigt geometry (a =
9°). The split PL spectra are fit by two Lorentzian functions.
(b) The normalized magneto-PL spectra of a single (9,5) carbon
nanotube at 20 K in the Faraday geometry. The PL spectra are fit
by a Lorentzian function. (c) Temporal evolution of the PL
spectra with 10 s accumulation time in (a) at 7 T. (d) The energy
positions of the bright and dark exciton states as a function of the
magnetic field in (a). (e) Splitting energy A,, (B) versus the
magnetic field. The solid line corresponds to the theoretically
fitted curve based on Eq. (2).

147404-2



PRL 101, 147404 (2008)

PHYSICAL REVIEW LETTERS

week ending
3 OCTOBER 2008

field of 7 T. Note that the splitting of the PL peak occurs
due to the magnetic flux parallel to the nanotube axis.
Figure 2(c) shows the temporal trace of the PL spectrum
in Fig. 2(a) at 7 T with accumulation time of 10 s. Two
peaks clearly show a constant splitting with time evolution
over 120 s, which means that it is different from time-
dependent spectral fluctuation [26]. Our experimental re-
sult indicates that the observed PL peak splitting arises
from the Aharonov-Bohm effect in a single carbon
nanotube.

We now discuss the Aharonov-Bohm splitting observed
in a single carbon nanotube. The effective magnetic flux
threading the nanotube is experimentally evaluated as ¢ =
(d?/4)B cosa, where d is the nanotube diameter and B is
the strength of the magnetic field. According to the theo-
retical calculation by Ajiki and Ando [13], the degenerated
band-gaps in semiconducting carbon nanotubes at the K
and K’ valleys are lifted due to the Aharonov-Bohm effect.
The split between the two states, A 4, is described by

App =6E,d/dy (d/dy =1/6), (D

where ¢ = ch/e is the magnetic quantum and E, is the
band-gap energy of the carbon nanotubes.

In the excitonic picture, two degenerated valleys create
four singlet exciton states, KK, K'K', KK', and K'K, in
which the KK exciton consists of an electron (hole) in the
K (K) valley [14]. Moreover, the singlet exciton states with
zero angular momentum, KK and K'K’, split into the
bonding and antibonding exciton states due to the short-
range Coulomb interaction. The bonding state is odd parity
(bright) and the antibonding is even (dark) [14]. When the
magnetic flux threads the nanotube axis, the exciton states
at the K and K’ valleys become independent of each other,
and the singlet dark state with even parity gradually bright-
ens as the magnetic field is increased. Using Eq. (1), the
energy difference A,; (B) between the bright and dark
exciton states under magnetic field can be described by

Apa(B) = A7, + A%(B), 2

where A,; is the energy splitting at zero magnetic field
[17].

Figure 2(d) shows the bright and dark exciton energies
estimated from the Lorentzian spectra fitting procedure as
a function of magnetic field in Fig. 2(a). The blueshift of
the bright exciton peak is not experimentally observed up
to 7 T. Here, for the evaluation of A,;, we assumed that the
Aharonov-Bohm splitting is proportional to the magnetic
flux, that is, Ay = u¢, where w is a constant [17].
Figure 2(e) shows the experimentally observed splitting
values and the theoretical curve based on Eq. (2) where
A, and u are fitting parameters. The theoretically calcu-
lated curves reproduce the experimental results well. Here
the value of A, is about 5.5 meV under zero magnetic field
and the parameter g is 1.1 meV/Tnm? [27]. This result
indicates that the dark exciton state exists about 5.5 meV
below the bright exciton state in the (9,4) SWNT.

It is found that the bright exciton linewidth in the Voigt
geometry becomes broad linearly with an increase of the
fieldup to 7 T, from 1.9 meVat 0 T to 3.9 meVat 7 T in
Fig. 2(a), while that in the Faraday geometry remains
unchanged. The PL linewidth is determined by the dephas-
ing time of excitons [20,21]. Our observation suggests that
the symmetry breaking of the exciton wave functions due
to the Aharonov-Bohm effect causes the shortening of the
dephasing time of bright excitons at low temperatures. It is
pointed out that phonons cannot scatter excitons from the
bright state (odd parity) to the dark state (even parity)
without any symmetry breaking process [7,18]. As dis-
cussed before, the Aharonov-Bohm flux influences the
parity of the dark exciton state, which allows the scattering
from the bright to the dark states and results on the broad-
ening of the bright exciton linewidth.

Magneto-PL. spectroscopy was performed for many
single carbon nanotubes at low temperatures in the Voigt
geometry. Figure 3 shows several PL spectra obtained from
single carbon nanotubes for different chiralities. The PL
spectra under magnetic fields show splitting, or an addi-
tional new peak arising on the lower energy side of the
bright exciton peak. The magneto-PL spectra are fitted by
two Lorentzian functions. The energy splitting is depen-
dent on the nanotube chirality. For some nanotubes, the PL
spectral diffusion occurs [26]. The PL spectra shift to the
lower or higher energy sides under the magnetic field, as
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FIG. 3 (color online). Magneto-PL spectra obtained from typi-
cal single carbon nanotubes for different chiralities in the Voigt
geometry. The chralities for (a)—(d) are (9,8), (10,3), (9,5), and
(7,5), respectively. The relative angles « for (a)-(d) are about
14°, 10°, 63°, and 28°, respectively.
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FIG. 4. Tube diameter dependence of the splitting energy
between the bright and dark exciton states at zero field. The
dotted line corresponds to the theoretically predicted dependence
of 1/d>.

shown in Fig. 3. This spectral shift suggests that some
extrinsic effects, such as gas adsorption, would influence
the optical properties of the single carbon nanotubes.

Here, we focus on the energy difference between the
bright and dark exciton states to study the Aharonov-Bohm
splitting. The bright-dark exciton splitting A, at zero field
was estimated using the procedure described above
[Eq. (2)]. Figure 4 shows the diameter dependence of
A4, which depends on the nanotube diameter and in-
creases for smaller diameter tubes. This diameter depen-
dence can be understood in terms of the short-range
Coulomb interaction between the excitons at the K and
K' valleys [14]. The dotted line corresponds to the theo-
retically predicted dependence of A,,;, which is propor-
tional to 1/d? [8,14], although there is a large difference in
the magnitude of A,, between the experimental observa-
tion and the theoretical prediction [8]. This theoretical
predicted diameter dependence can reproduce the experi-
mental results.

In summary, we report direct evidence of dark excitons
in a single carbon nanotube using magneto-micro-PL spec-
troscopy at low temperatures. The PL peak arising from the
dark exciton state appeared below the bright exciton peak
on increasing the magnetic field in the Voigt geometry. The
spectral splitting between the dark and bright exciton states
depends on the effective magnetic flux threading the nano-
tube. We observed the Aharonov-Bohm effect in a single
carbon nanotube experimentally, and found that the dark
exciton state was located several millielectron volts below
the bright exciton state. The splitting depends strongly on
the nanotube diameter and arises from the short-range
Coulomb interaction.
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SWNTs dispersed in gelatin. This study was supported
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