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Terahertz transitions in carbon nanotubes and
graphene nanoribbons
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ple tight-binding model CNTs can either be metal-

Abstract — Interband dipole transitions are cal-

culated in quasi-metallic single-walled carbon nan-
otubes and armchair graphene nanoribbons. It is
shown that the curvature effects for tubes and the
edge effects for ribbons result not only in a small
band gap opening, corresponding to THz frequen-
cies, but also in a significant enhancement of the
transition probability rate across the band gap. This
makes these nanostructures perspective canditates
for sources and detectors of THz radiation.

1 INTRODUCTION

Creating reliable, portable, tunable sources and de-
tectors of terahertz radiation is one of the most
challenging tasks of contemporary applied physics.
One of the recent trends in bridging the so-called
THz gap is the use of carbon-based nanostruc-
tures [1]. A number of schemes have been proposed
so far [2, 3, 4, 5, 6]. Several original schemes utiliz-
ing the unique electronic properties of carbon nan-
otubes (CNTs) and graphene for THz application
were brought forward by our group [7, 8, 9, 10, 11].
These schemes include THz generation by hot elec-
trons in quasi-metallic CNTs, frequency multipli-
cation in chiral-nanotube-based superlattices con-
trolled by a transverse electric field, tunable THz
radiation detection and optically-pumped emission
in metallic CNTs in a strong magnetic field and
using graphene p-n junctions for sub-wavelength
polarization-sensitive THz detection. In this work
we investigate possibility of utilizing direct inter-
band dipole transitions in narrow-gap CNTs and
graphene nanoribbons for THz devices.

2 CARBON NANOTUBES

Carbon nanotubes are cylindrical structures made
from a single sheet of graphene rolled along a partic-
ular direction specified by the chiral vector, which
for a two dimensional hexagonal lattice is described
by two indices: n and m. Within the frame of a sim-
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lic or semiconducting. If n —m = 3p, where p is an
integer, then the tube is predicted to be metallic
and have a linear energy dispersion with the con-
duction and valence bands touch at the point called
the Dirac point. For zigag CNTs, which obey the
condition n = 3p, m = 0, the Dirac point is posi-
tioned in the center of the Brillouin zone (BZ).

However, this simple model does not take into
account the effect of curvature, which plays an im-
portant role for small diameter tubes (1 — 2 nm).
It is now well established that curvature effects en-
compass three main contributions: the C-C bond
contraction, m-orbital tilting and m- and o-orbitals
mixing [12]. All three contributions can be treated
within the tight-binding model if one introduces
corrections to the hopping integrals. With the ex-
ception of armchair nanotubes, these corrections re-
sult in a small band gap opening at the Dirac point
of metallic CNTs. This means that these nanotubes
are in fact quasi-metallic and have band gaps up to
50 meV [13, 14]. These small band gaps do not
have much of an affect on the nanotubes’ transport
properties at room temperature because real sam-
ples of CNTs are always spuriously doped by chemi-
cals used in the sample’s preparation. However, the
situation changes drastically for the optical proper-
ties of quasi-metallic tubes. Neglecting the effect of
curvature, the probability rate of interband transi-
tions between the closest valence and conduction
subbands has a linear dependence on the electron
wavevector measured form the Dirac point. This
means that in the vicinity of the Dirac point in-
terband transitions are suppressed. In contrast, if
curvature effects are taken into account, interband
transitions within a narrow region around the Dirac
point become strongly allowed. As one can see from
Fig. 1, there is a profound peak at the Dirac point
for the magnitude of the velocity operator matrix
element (VME), v,y 7, as a function of the electron
quasi-wavevector k measured with respect to the
Dirac point. Hereafter, we consider only transition
polarized along the structure axis. The peak has
a characteristic height, which is independent of the
tube’s chirality and equal to the Fermi velocity of
electrons in graphene (vp &~ 10° m/s). The shape
of the peak is described by the Lorentzian-like term
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Figure 1: (Left) Velocity operator matrix elements in the BZ of a zigzag CNT for transitions between
the closest valence and conduction subbands (thick, black), the lowest and highest subbands (dashed
dotted, light gray), and the subbands, for which |v.,| attains the maximum possible value (dashed, gray),
normalized by the Fermi velocity in graphene. (Right) The corresponding band and atomic structures.
Inset zooms the region in the vicinity of the Dirac point, where k& = 0.

in the expression:
ag cos(36) Ak
= — 1
Ucv,T(kj) (o < 4 Ak2 + k2 ) ( )

where Ak = E,/(2hvr), with Eg being the band
gap, ap = 0.142 nm is the distance between the
nearest carbon atoms and 6 is the chiral angle. The
chiral angle 6 = 0 and 7 /6 for zigzag and armchair
tubes, respectively.

3 GRAPHENE NANORIBBONS

Graphene nanoribbons (GNRs) represents another
type of quasi-one-dimensional carbon nanostruc-
tures, which can be imagined as narrow stripes cut
from a single layer graphene sheet. The highest
symmetry nanoribbons can be classified into the
two types — zigzag and armchair. Within each of
these classes a ribbon is uniquely specified by the
number of carbon atom pairs IV, or equivalently by
the number of “zigzag lines” for zigzag or “dimer
lines” for armchair nanoribbons. The most simple
tight-binding model shows that all zigzag ribbons
(ZGNR) are metallic, whereas only armchair rib-
bons (AGNRs) with N = 3p — 2, where p is an
integer, are gapless. The low-energy dispersion of
electrons in metallic AGNRs is linear and similar
to that of metallic CNTs, while electron dispersion
of ZGNRs is dominated by edge states. However,
in actuality, both types of the metallic ribbons are
quasimetallic. The electron dispersion of ZGNR
edge states is strongly modified by electron-electron
interaction, whereas for AGNR the energy disper-
sion is influenced by the change of C-C bonds at the
edge of the ribbon compared to bonds in the ribbon

interior. In both cases the outcome is a small band
gap opening of the order of 50 meV [15].

In what follows we consider only quasi-metallic
AGNRs, for which the edge effects lead to more
prominent interband transitions between the clos-
est valence and conduction subbands than for
ZGNRs [16](triangular bilayer graphene clusters
with zigzag edges also have weak interband tran-
sitions between the edge states [17]). The band
structure of AGNRs can be obtained from that of
graphene by a technique similar to that used for
dealing with CNTs. In fact, there is an equivalence
between the electronic properties of AGNR(N) to
those of the zigzag CNT(N + 1,0) [18]. We show
that this equivalence extends to optical transitions
selection rules. The aforementioned edge effect in
armchair ribbons can be again incorporated into
the tight-binding model as small corrections to the
hopping integrals [19]. Our calculations, presented
in Fig. 2, show that the edge effect for quasi-
metallic armchair GNRs results in a peak similar
to that in Fig. 1. The peak has the same character-
istic height and its shape can be well approximated
by the second term of the equation (1).

4 DISCUSSION AND CONCLUSIONS

The main conclusion of the reported work is that
there is a direct correspondence between single-
walled zigzag CNTs and armchair GNRs. Cur-
vature effects in quasi-metallic single-walled CNT's
and edge effects in gapless armchair graphene
nanoribbons not only open band gaps, which are
typically in the THz range, but also result in a
drastic enhancement of the probability of optical
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Figure 2: (Left) Velocity operator matrix elements in the BZ of an AGNR for transitions between
the closest valence and conduction subbands (thick, black), the lowest and highest subbands (dashed
dotted, light gray), and the subbands, for which |v.,| attains the maximum possible value (dashed, gray),
normalized by the Fermi velocity in graphene. (Right) The corresponding band and atomic structures.
Inset zooms the region in the vicinity of the Dirac point, where k = 0.

transitions across these gaps. The matrix element
of the velocity operator for these transitions has
a universal value, which is equal to the graphene
Fermi velocity vp when the photon energy coin-
cides with the band gap E,;. Upon increasing the
excitation energy, the absolute value of the tran-
sition matrix element first rapidly decreases, and
thereafter it starts to increase proportionally to the
photon frequency. Notably, the sharp transition
peak near the band edge of quasi-metallic CNTs
has been overlooked in the extensive literature on
optical transitions in single-walled CNTs [20] and
graphene nanoribbons [21, 22, 23, 24].

The described sharp photon-energy dependence
of the transition matrix element together with the
van Hove singularity at the band gap edge of
the considered quasi-one-dimensional systems make
them promising candidates for active elements in
coherent THz radiation emitters. Such devices can
be designed to be tunable by external fields. Mag-
netic field applied along the nanotube axis [9, 10]
and electric field applied in to the ribbon in the in-
plane geometry [25, 26] can provide an additional
control of the frequency of the emitted radiation.

The effect of Pauli blocking of low-energy inter-
band transitions caused by residual doping can be
suppressed by creating a population inversion us-
ing high-frequency (optical) excitation. Excitonic
effects, which are known to dominate the opti-
cal properties of semiconductor CNTs [27, 28] and
GNRs [29], are of less importance in narrow-gap
CNTs and ANGRs where the exciton binding en-
ergy is proportional to the bandgap [30] and dark
excitonic states become irrelevant.

The effect similar to the edge effect in ribbons
should also take place in a chemically functional-
ized graphene sheet with hydrogen, oxygen or flu-
orine adatoms adsorbed on its surface and leav-
ing stripes of pure graphene intact. The electronic
properties of thus produced graphene stripes have
been predicted to be similar to those of GNRs [31].
The edge-like effects in the stripes arise from dis-
tortions caused by sp hybridization of carbon
atoms, which form chemical bonds with adatoms.
The low-energy electronic properties are still de-
termined by m-orbitals; therefore, the theoretical
treatment of optical properties should be essen-
tially the same as for nanoribbons. An additional
tunability of the absorption frequencies of differ-
ent stripes can be achieved by stretching the whole
graphene sheet [32].

Finally, it is worth pointing out that armchair
graphene nanoribbons of metallic family consid-
ered in this paper have been recently synthesised
with atomically smooth edges by self-assembling of
molecular precursors [33]. This advance in the rib-
bon synthesis should result in an increase of quality
of ribbon samples and facilitate the experimental
detection of the reported here THz transitions.
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