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We studied the asymmetry between valence and conduction bands in single-walled carbon nanotubes
through the direct observation of spin-singlet transverse dark excitons using polarized photoluminescence
excitation spectroscopy. The intrinsic electron-hole (e-h) asymmetry lifts the degeneracy of the transverse
exciton wave functions at two equivalent K and K’ valleys in momentum space, which gives finite oscillator
strength to transverse dark exciton states. Chirality-dependent spectral weight transfer to transverse dark states
was clearly observed, indicating that the degree of the e-h asymmetry depends on the specific nanotube
structure. Based on comparison between theoretical and experimental results, we evaluated the band asymme-
try parameters in various carbon nanotube structures and graphene.
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Unlike in conventional solids, electrons and holes de-
scribed by the Dirac Hamiltonian in graphene' have linear
energy-momentum dispersions with an electron-hole (e-h)
symmetry known as the Dirac cone. Single-walled carbon
nanotubes (SWNTs)—essentially rolled-up graphene—
inherit the graphene dispersion relations with reservation of
quantum confinement in the circumferential direction identi-
fied with the wrapping vector (n,m).2 Hence, electrons and
holes in the one-dimensional (1D) subbands on the Dirac
cone in SWNTs also exhibit e-h symmetry, which has been
experimentally confirmed in the regime of a few electrons or
holes.? Various exotic physical properties originating from
the above anomalous electronic structures make SWNTs and
graphene promising materials for exploring fundamental
physics in low-dimensional systems and for many potential
applications.>*

The above description of the electronic structure of
graphene and SWNTs is, however, no longer true at higher
energies. Away from the Fermi level, theory predicts that the
band structure gradually becomes asymmetric due to overlap
of electron wave functions and/or hopping between adjacent
carbon atoms.>*® This band asymmetry is not only quite
fundamental but is also practically important for considering
future applications of carrier-doped SWNTs (Refs. 7 and 9)
such as ultraefficient photovoltaic devices using extremely
efficient multiple e-h generation in SWNT diodes. ' Despite
this importance, no experimental study has clarified the mag-
nitude of the intrinsic asymmetry and its dependence on the
specific chiral structure of SWNTs.

The optical transitions in semiconducting SWNTs are
dominated by strongly bound electron-hole states called
excitons.""1> As shown in Fig. 1(a), longitudinal excitons
(X11,X5,...) consist of electrons and holes in the same 1D
subband. On the other hand, transverse excitons'>!¢ (X, and
X,,) have quasiangular momentum connecting the electron
and hole states across these subbands. Therefore, transverse
excitons include information about the e-h asymmetry. This
enables us to probe the intrinsic e-2 asymmetry by noninva-
sive optical measurements. Hereafter, we refer the energy of
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X;; excitons as E;;. As shown in Fig. 1(b), the degenerate
exciton states near the K and K’ points in momentum space
are theoretically predicted to yield optically active (bright)
and inactive (dark) exciton states through the intervalley
Coulomb interaction for both longitudinal and transverse
excitons.’> Only longitudinal dark states'”~'” have been ex-
perimentally confirmed using the Aharonov-Bohm effect®” in
strong magnetic fields.

In this Rapid Communication, we demonstrate experi-
mental evidence of the intrinsic e-h asymmetry in SWNTs
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FIG. 1. (Color online) Schematic diagram of (a) the selection
rules for incident light polarized parallel (II) and perpendicular ( L)
to the nanotube axis and (b) intervalley mixing of K and K’ exci-
tons. The exciton wave functions are even and odd superpositions
of those near the K and K’ points in momentum space. This super-
position gives the bright and dark states for longitudinal and trans-
verse excitons. PLE maps for excitations polarized (c) parallel (1)
and (d) perpendicular (/) to the nanotube axis obtained using Egs.
(1) and (2) from Iyy and Iy signals. In (d), the PL intensities in the
region surrounded by yellow lines have been magnified ten times.
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through the direct observation of transverse dark excitons.
Our observation shows weak transverse exciton absorption
peaks approximately 200-300 meV below the lowest opti-
cally active transverse exciton peaks in polarized PL excita-
tion (PLE) spectra. These peaks are attributed to transverse
dark states that acquire finite oscillator strength (quasidark
states) due to the degeneracy lifting of X, and X,, transverse
excitons in the K and K’ valleys caused by the intrinsic e-h
asymmetry in SWNTs. We found a clear (n,m) dependence
in the relative intensities between bright and quasidark states.
In addition, we have confirmed that these experimental re-
sults are consistent with theoretical calculations of transverse
excitons taking the depolarization effect into account. From
the comparison between experimental and theoretical results,
we evaluated the band asymmetry parameters for SWNTs
with various specific chiral structures.

For the optical measurements, SWNTs synthesized by the
HiPco method were dispersed in D,O with 0.5 wt % sodium
dodecylbenzene sulfonate (SDBS) by vigorous sonication
with an ultrasonicator for 1 h at a power flux level of
460 W/cm?.?! These suspensions were then centrifuged for
1 h at 386000 g and the supernatant, rich in isolated
SWNTs, was used for PL measurements. The use of such
ensemble samples enabled us to probe weak transverse
quasidark exciton absorption. Near-infrared (NIR) PL emis-
sion from the sample was recorded while the excitation
wavelength was scanned from 730 to 1000 nm. A CW Ti-
:sapphire laser (100 mW/cm?) was used for the excitation,
and the excitation power was monitored and kept constant
during the measurements. The emission spectral slit width
was 5 nm and scan steps were 5 nm on the excitation axis.
NIR polarizers were placed behind the excitation laser and
before the emission monochromator, respectively. The align-
ment of the polarizers was examined by observing the polar-
ization of scattered light from dilute colloidal silica in water.
Polarized PLE spectra were obtained with the emission po-
larizer oriented parallel to (1) or perpendicular to (Iy;) the
direction of the vertically polarized excitation, and the pure
component for parallel (/) and perpendicular (/) dipoles
relative to the nanotube axis were obtained using the
relationships??

L= [(rexp = r /(= r ) JTyy + 21yy), (1)

I =[(ry = rexp) 10y =7 )y + 2L yy), ()

where 7oy, = (Iyy—=Iyy)/ (Iyy+21yy) is the anisotropy and 7y
(r,) is the maximum (minimum) anisotropy for randomly
oriented parallel (perpendicular) absorption and emission di-
poles. r, and r, are theoretically related by r, =—0.5r,.3
Here, a value of r=0.36 was used to obtain /; and [,
spectra.>* Details of the experimental technique are presented
in Ref. 22. The validity of the spectra obtained by this tech-
nique has been confirmed by direct observation of /; and 7,
spectra by single nanotube spectroscopy.?

Figures 1(c) and 1(d) shows PLE maps for “purely” par-
allel (7;) and perpendicular (7, ) excitations to the nanotube
axis decomposed from I and I, spectra using Egs. (1) and
(2). For perpendicular excitation, the observed PLE peak po-
sitions were completely different from those for parallel ex-
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FIG. 2. (Color online) (a) Excitation energy plot for £, and E»,
(circles), ET(+) (squares), and ET(_) (triangles) exciton states as a
function of inverse diameter. ET(+) for (7, 5) SWNTs were taken
from Ref. 22. E;; and/or E,, for small diameter SWNTs were ob-
tained with Xe lamp excitation using a 5 nm slit width (excitation
wavelength below 730 nm). (b) Energy difference between ET(+)
and ET(_) plotted as a function of inverse diameter. In (a) and (b),
filled and open marks correspond to type I (2n+m mod 3=1) and
type Il SWNTSs (2n+m mod 3=2), respectively.

citation. Both peak positions and PLE spectral shapes of the
dominant peaks for parallel and perpendicular incident light
are consistent with those in previous measurements.???>26
For parallel excitation, near-infrared PL from X,; excitons
(E,,) following excitation of X,, excitons (E,,) are observed
(here, we do not rigorously distinguish the notation for lon-
gitudinal bright and dark states). On the other hand, X;, PL
following excitation of transverse excitons between the first
and second subbands is observed for perpendicular excita-
tion. The transverse exciton shows broad absorption peaks
and intensity tails to the high-energy side, as has been re-
ported previously.??>?> The primary peaks come from bright
transverse excitons XT(+), which are bonding states of X;, and
X, excitons in the K and K’ (K’ and K) valleys.

At approximately 200-300 meV below the peaks of XT(+),
we found weak but distinct absorption peaks as shown in the
outlined region in Fig. 1(d). We attribute these small peaks to
exciton absorption by quasidark excitons XT(_) representing
the antibonding states of X, and X,; excitons. These anti-
bonding states are optically forbidden when X;, and X,; ex-
citons are degenerate, i.e., E;,=FE,;. However, the degen-
eracy is lifted as E,—FE,; >0 because of the intrinsic e-h
asymmetry in SWNTSs, and consequently, XT(_) acquires finite
oscillator strength. We hereafter refer the energy of excitons
XT(+) and XT(_) as ET(+) and ET(_), respectively.

Figure 2(a) shows the observed excitation energies for
longitudinal and transverse excitons. ET(+) (squares) and
ET(_) (triangles) were observed between E;; and E,, (circles).
Chiral indices assignment was done based on the PL peak
energies and the family pattern.2527 E,) are close to E,,
while ET(_) are relatively close to E;;. Note that phonon-
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FIG. 3. (Color online) PLE spectra of various (n,m) species for
excitation perpendicular to the nanotube axis. Higher- and lower-
energy peaks correspond to ET(+) and ET(_) , respectively. The spec-
tra were decomposed by Voigt functions to evaluate each peak’s
area intensity. Since the PL emission wavelengths of (8, 6) and (12,
1) SWNTs are almost identical, the corresponding PLE spectra are
combined.

related features such as phonon sidebands and Raman scat-
terings can be ruled out as an explanation for the X peaks
because E; ) ener ies do not have constant energy differ-
ence from E 11 E , or Ey,. Figure 2(b) shows the diameter
dependence of the energy difference A; between E; ) and
(Ar=E; ) -E; )). A, is approximately 200~ 300 meV

for the observed nanotube species and depends on the spe-
cific nanotube structure. The magnitude of the bright-dark
energy splitting for transverse excitons is much larger than
that of longitudinal excitons, as is consistent with previous
theoretical predictions.!>?8

Figure 3 shows PLE spectra of various (n,m) species for
excitation perpendicular to the nanotube axis. Here we only
plot (n,m) species for which we could observe both bright
and dark transverse exciton absorption peaks in the observed
excitation energy range The higher- and lower-energy peaks
correspond to X ) and X ) respectrvely We found strong
(n,m) dependence of the X ) peak 1ntensrt1es 1,7, Com-
pared with the X, ®) peak intensities I ) S near-zigzag
SWNTs [close to (n 0)] tend to have larger 1 ) while near-
armchair SWNTs [close to (n,n)] tend to have smaller Iy )

In order to clarify a relationship between quasidark exci-
tons and the e-h asymmetry in SWNTs, we theoretically
study absorption spectra of transverse excitons. The exciton
states are calculated in a k-p (or effective-mass) approxima-
tion by using a screened Hartree-Fock approximation.!! The
transverse exciton induces a depolarization field. The depo-
larization field causes coupling between exciton states X
and X,;, and consequently, the bright XT(+) and dark XT("
states with level splitting of a few hundred meV are formed.
This coupling via depolarization field can be considered to
be an electron-hole exchange interaction of excitons. The
depolarization field is taken into account in our
calculations.'® In this approximation, exciton states are de-
termined by a circumference length L of a SWNT, nearest-
neighbor hopping integral 7, and dimensionless Coulomb
parameter v.!! A characteristic Coulomb interaction in
SWNTs is given by e?/ kL, where k is an effective dielectric
constant. The dimensionless Coulomb parameter v
=(e?/kL)/(2my/L) represents the Coulomb interaction
e’/ kL scaled by a characteristic kinetic energy 27y/L of
SWNTs with y=(,3/2)ay, where a=2.46 A is a lattice
constant of graphene. In the following calculations we fix
Y=2.6 eV according to Ref. 25.
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FIG. 4. (Color online) (a) Calculated absorption spectra of an (8,
6) SWNT with (§=0.1) and without (§=0) e-h asymmetry. (b) The
transverse exciton energy splitting A for (8, 6), (9, 5), and (10, 5)
SWNTs as a function of Coulomb interaction parameter v. Experi-
mental data are denoted by open symbols. (c) Calculated dark ex-
citon intensities normalized by the sum of bright and dark exciton
intensities as a function of the effective overlap integral S for (8, 6),
(9, 5), and (10, 5) SWNTs. Experimental data are denoted by open
symbols. (d) Calculated normalized intensities of transverse dark
excitons as a function of the energy difference between X;, and X,;
transverse exciton states in the K and K’ valleys. Experimental
values are denoted by horizontal dashed lines.

The e-h asymmetry comes from an overlap integral be-
tween nearest-neighbor wave functions of carbon atoms’
and/or the next-nearest-neighbor hopping integral.>*-8 We
include these effects in the k-p Hamiltonian, where the e-h
asymmetry is characterized by a single parameter S called an
effective overlap integral.>® It is noted that S depends on the
curvature and chirality of SWNTs because these properties
change the bond length between atoms. Furthermore, we
consider higher-order term in the k-p Hamiltonian®® in order
to take the trigonal warping of energy bands into account.
The trigonal warping provides the chirality dependence on
exciton states. In the following calculations, we fix a nonra-
diative decay width to be 10 meV.

Figure 4(a) shows calculated absorption spectra of (8, 6)
SWNTs with (S=0.1) and without (S=0) e-h asymmetry for
vertically polarized excitation. The dimensionless Coulomb
parameter is v=0.19. Large peaks for §=0 and 0.1 originate
from bright excitons. For $=0.1 a small absorption peak of
XT(_) appears at 1.45 eV due to the degeneracy lifting of X,
and X, excitons. This result excellently reproduces the ex-
perimental observation in Fig. 3.

In order to determine the Coulomb parameter v, calcu-
lated energy difference Ay between bright X, “) and quasi-
dark X ) states are plotted in Fig. 4(b) for near-armchalr
SWNTS [solid line for (8,6), dotted line for (9,5), and dashed
line for (10,5)]. A of near-armchair SWNTSs is almost inde-
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pendent of S up to §~0.3. Here, we choose S=0.1. The
experimentally observed A, which are indicated by open
symbols, can be obtained for v=0.19. The corresponding di-
electric constant k=2.2 is quite comparable to k=2.4 for
graphite. Furthermore, this value of v is consistent with the
estimation from the energy positions of X;;, X,,, and XT(+)
excitons.”

In Fig. 4(c), solid [(8, 6) SWNT], dotted [(9, 5) SWNT],
and dashed [(10, 5) SWNT] lines show calculated spectral
intensity IT<_) of the c;uasidark excitons normalized by the
sum of intensities IT(Jr +IT(_) for bright and quasidark exci-
tons as a function of the effective overlap integral S for v
=0.19. The curvature effect of these near-armchair SWNTSs is
small, and thus, S should be close to the value in graphene.
We can evaluate the effective overlap integral S~ 0.1 for the
near-armchair SWNTs from the experimental data indicated
by open symbols. This value of S is close to $§=0.129 which
is conventionally used in the tight-binding model for
graphene and SWNTSs.’

L7 (1,P+1,7) and (E,,~E,;) of various (n,m) SWNTs
are calculated for various effective overlap integrals ranging
from 0.08<S5=0.22 with 0.01 step. The (E;;—E,,) repre-
sents the degree of e-h asymmetry and increases from 0 with
increasing the effective overlap integral S. In Fig. 4(d), the
calculated 1,7/ (1, +1,7)) and (E|,—E,,) are summarized
by symbols. The plots for various (n,m) species lie almost
on the same curve. This suggests that the spectral weight
transfer IT(_)/ (IT(+)+IT(")) is characterized only by the degree
of e-h asymmetry. Horizontal dashed lines indicate the ex-
perimental values of IT(_)/ (IT(+)+IT(_)) for each (n,m). Small
diameter near-zigzag SWNTs tend to have large e-h asym-
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metry. The corresponding effective overlap integral S~ 0.2 is
considerably larger than that of near-armchair SWNTs (S
~0.1). This large chirality dependence on effective overlap
integral could be attributed to the change in the bond length.

In summary, we performed the direct observation of the
transverse quasidark exciton states brightened due to the in-
trinsic e-h asymmetry of SWNTs. In polarized PLE spectra
we clearly observed a structure-dependent spectral weight
transfer from transverse bright states to transverse dark states
due to the degeneracy lifting of exciton states. Based on
comparison between our experimental and theoretical results,
we evaluated the e-h asymmetry corresponding to the effec-
tive overlap integral S~ 0.1 in near-armchair SWNTs and the
strongly enhanced e-A asymmetry in small diameter near-
zigzag SWNTs. The e-h asymmetry or effective overlap in-
tegral is strongly enhanced for near-zigzag SWNTs with
small diameter. Our findings complement the lack of funda-
mental information on the band asymmetry in SWNTs and
graphene and will lead to further understanding of these ma-
terials.
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