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We use the robust nearest-neighbour tight-binding approximation to study on the
same footing interband dipole transitions in narrow-band carbon nanotubes and
graphene nanoribbons. It is demonstrated that curvature effects in metallic single-

walled carbon nanotubes and edge effects in gapless graphene nanoribbons not only

open up bang gaps, which typically correspond to THz frequencies, but also result

in a giant enhancement of the probability of optical trafsitionswacross these gaps.

universal value (equal to the Fermi velocity in g

Moreover, the matrix element of the velocity operagor these transitions has a
ené) when the photon energy

p?fé‘mcitation energy, the tran-

coincides with the band-gap energy. Upon increasi
sition matrix element first rapidly decreases (;? photon energies remaining in the
THz range but exceeding two band gap er@gies it9sreduced by three orders of mag-
nitude), and thereafter it starts to incfease pr@rtionally to the photon frequency.
A similar effect occurs in an armchair carben nanotube with a band gap opened
and controlled by a magnetic figld applied*along the nanotube axis. There is a di-
rect correspondence between rmhene nanoribbons and single-walled zigzag
carbon nanotubes. The d Cribhh'arp photon-energy dependence of the transition
matrix element together & e van Hove singularity at the band gap edge of the
considered quasi-one-di Ml systems make them promising candidates for ac-
tive elements of qxnt THz radiation emitters. The effect of Pauli blocking of

low-energy i transitions caused by residual doping can be suppressed by

ingerba
creating a/po ﬁioyinversion using high-frequency (optical) excitation.
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Creating reliable and portable coherent sources and sensitive detectors of terahertz (THz)
radiation is one of the most formidable tasks of modern device physics.! Potential applica-
tions of THz spectroscopy range from medical imaging and secupity to astrophysics and
cosmology. The unique position of the THz range, in the gap bct%w\the parts of elec-
tromagnetic spectrum, which are accessible by either electroni thical devices, leads to

an unprecedented diversity in approaches to bridging the

g%). 19 Ome of the latest trends

in THz technology is to employ carbon nanomaterials asshuilding blocks of high-frequency
-

devices.!! In particular, there are a growing number of pr(js als using carbon nanotubes

for THz applications including several Schemesuépu rward by some of the authors of

the present work. ‘)
| -
Within the frame of a simple zone-foldiﬁ%ﬂS of the m-electron graphene spectrum,
s

all single wall carbon nanotubes (CN S)M atisty the condition n = 3p + m, where p
is an integer, are metallic (see Refs.3!8 fomﬁcation of CNTs). However, first principle

and numerical tight-binding calculati hh’ew that only armchair CNTs (n = m) are truly
metallic.!2! All other tubes fro&\\th ecified category have a small curvature-induced
band gap that ranges from ~ 3{TGLmeV depending on the tube diameter and chirality.

Thus, CNTs characteri the indices n = 3p + m are commonly referred to as quasi-
metallic CNTs, and the pd‘&eh of the band gap in quasi-metallic CNT's has been detected
by scanning tunn i%i?copy and electrical transport measurements.??23

Ijj are

Many THz ar}&\ spectroscopy experiments have been performed on CNTs.2438

oaerve a broad terahertz absorption peak, the origin of which was attributed

to interbdnd absorption in quasi-metallic CNTs with curvature-induced gaps.?>313%39 How-

29,30,34,35,37,38.40 wag also put forward. With over a decade

tafions'such )s plasmon resonances
0 scienti}ﬁc argument and many reports of controversial and contradictory results from dif-

oups, it seems that the prevailing consensus is that at high carrier densities the

~
z peak is due to collective intraband effects rather than single electron interband optical

transitions.

Despite the enormous attention curvature effects have received in relation to the electronic

band structure of nanotubes, the role of curvature in regards to their optical properties has


http://dx.doi.org/10.1063/1.5080009

AI Fintt rband treinmbhossibwWas iEosptEHEY SaapsinPhynOlidbes apdeg plepsionafrostibpns

Publishigag nered considerably less attention, with notable exceptions including proposals for THz
radiation emitters.!*'6 Interband transitions in quasi-metallic tubes in the THz regime are
allowed even in the absence of curvature effects. However, these transitions are very weak at
low frequencies, owing to the fact that the matrix element of velocity is proportional to av,

where a is the graphene lattice constant and v the frequency of exg/tation. In what follows,

it is shown that the same curvature effect in quasi-metallic C

As?whl opens the gap in
the nanotube energy spectrum also allows strong interbandgtrangitions in the THz range.

These transitions are several orders of magnitude larger n se previously considered

in a model, which neglected curvature.'* This is because inelusion of curvature effects
—
results in the matrix element of velocity becoming ‘gequal 1; which means the optical

transitions in the vicinity of the Dirac point a@s st as allowed optical transitions

between more distant subbands. We also show t a@e Aharonov-Bohm effect reported

previously for tubes without taking into acc&%i ature*!*? results in the splitting of the
or

the position of the THz peaks to be tuned.

THz peak associated with curvature. E rtﬁe\\ , controlling the strength of the magnetic
field directed along the nanotube axis %\

Graphene nanoribbons (GN rep dent “another type of quasi-one-dimensional carbon
nanostructures and can be im g::eg\{x@ row stripes cut from a single layer graphene sheet.
Just as how the rolling of the mrmines its optical and electric properties, the manner
in which the ribbon is thially as important. The highest symmetry nanoribbons are
formed by “Cuttingé%% llel lines to form either zigzag or armchair edges, whence

the origin of theipfmamies. These ribbons are specified by the number of carbon atoms pairs

N, or equival Ne number of “zigzag lines” for zigzag or “dimer lines” for armchair

nanoribbo hé most simple tight-binding model shows that all zigzag ribbons (ZGNR)

ic, whereas only armchair ribbons (AGNRs) with N = 3p—2, where p is an integer,
are gdpless. low-energy dispersion of electrons in metallic AGNRs is linear and similar
toethat mitallic CNTs, while the electron dispersion of ZGNRs is dominated by edge
st tes.43*f5 However, in actuality, both types of the metallic ribbons are quasimetallic. The
?@t&n dispersion of ZGNR edge states is strongly modified by electron-electron interaction,

ereas for AGNR the energy dispersion 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. In what follows we consider only quasimetallic

AGNRs, for which the edge effects lead to more prominent interband transitions between the

4
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CNTs, the interband matrix element of velocity of narrow-gap AGNRs is equal to the Fermi
velocity at the band gap edge. This coupled with the van-Hove singularity in the reduced
density of states makes both quasi-metallic CNTs and AGNRs promising candidates as the
building block of high-frequency devices. /

II. CARBON NANOTUBES )\

A. The band structure of narrow-gap CNTSQC ature

-

The rolling of a graphene sheet to form a carbon ndnetube has three main consequences:*’

C-C bond length contraction, the rotation g};zk'z 6ebitals and the rehybridization of the
e

7w and o orbitals. All of the aforementioné s résult in the modification of the hopping

parameters of the tight-binding Hamiltc‘)ﬁs'm\lﬁo_ In the present study we focus on the effect

of bond length contraction.

The tight-binding Hamﬂtoma‘t&\‘
f (k)

Q ) <k>0 | W

where f (k) = %Ztie (ikfA R;), k is the charge carrier’s wavevector, R; are the nearest
N are their associated hopping integrals,'® which for graphene are

~
phene-like 2D crystal can be written as:

neighbor vect

rg)
equivalent ie’wt;/~ t ~ —3 eV. For a pristine graphene sheet the nearest neighbor vectors

(ﬁ,o) R, = (—ﬁg,—@ and Ry = (—ﬁg,g) , where a = v/3aco

and af ¢ 15 the méarest neighbor distance between two carbon atoms which is given as 1.42 A.
T e.ng'l@)ian, Eq. (1), acts on the basis (|¢04) , |¢5))", where [)4) and |¢)5) are the tight-
bimding %’avefunctions associated with the two sub-lattices, to yield the eigenvalues &; = s|f|,
Wr& s = +1 for the conduction band and § = —1 for the valence band. Upon “rolling”
a‘graphene sheet to form a nanotube it is convenient to rotate the coordinate system such
that the z-axis lies along the chiral vector defined as C} = na; + ma,, where a; = R; — Ry
and a; = Ry — Rj3 are the primitive lattice vectors of graphene and that the y-axis lies

along the nanotube axis. The nearest neighbor vectors in the rotated frame can be written

5
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(a) (b)

FIG. 1. (a) A carbon nanotube as an unrolled graphenel{sheet, s esented by the set of effective

nearest neighbor vectors Ri, i=1,2,3. (b) A quasiﬁe-tjﬂli igzag CNT.

as (R¢;, Rr,), with the components given by the‘expréssions:
Re, =R, c&ﬂ%\&z sin ¢,

(2)
Ry, = —‘kg}@—l— Ry, cos ¢,

where R, and R,, are the Cartgsian penents of the i nearest neighbor vector, and
cos¢ = V3 (n+m)a/(2|Ch| argw (n—m)a/(2|Cp|). We shall denote the com-
ponent of the wavevector which'ies along the circumference (that which is quantized) and

the component of the w,

€V§%)r which lies along the nanotube axis (that which is free) as

ke and kp respectiv y lying the periodic boundary condition to the circumferential

wavevector yields ( QWV |
m:

angular mome For“a quasi-metallic tube we set [ = s(n —m) /3, where s = +1,

h|, where [ is an integer and plays the role of the particles

and in the of curvature the crossing of the conduction and valance bands occurs at
s2m(n + 1)/ (&/3 |€4]). It should be noted that we allow both positive and negative values
of n afid™m, e/eas traditionally they are both chosen positive.

I_Jst S no) consider the role of curvature. In rolling a graphene sheet to form a carbon
n notubs one decreases the length of the nearest neighbor vectors. This is because the new

"dq%ta is given by the chord between the two sites:

.-
\/47"2 sin? (};C}) + R%, (3)

where r is the radius of the nanotube given by r = av/n? + m? + nm/2r. To understand the

effects of including curvature, one can imagine the nanotube as an unrolled graphene sheet
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where ﬁl are the modified nearest neighbor vectors, defined as:

~ (R,
R, = (27" sm( 5 ) ,RTi) , (4)

and therefore the new effective chiral vector is defined as Cj, = n \g and the quanti-

zation wavevector changes from k¢ = 27l/ |C}| to ke = 27l/ ‘ n theé'nearest-neighbor
tight binding approximation the influence of a magnetic ﬁeld\\Q nted for by adding the
number f = ®/®( (here ¢ is the magnetic flux throug t@p‘_ﬂz ns cross section rather
than the original circular cross-section and &g = h/efisthe magnetic flux quantum) to the
angular momentum quantum number [.5! For exarnple ne C§Il see from Fig. 1 (b) that upon

rolling a quasi-metallic zigzag nanotube, |R;| re ams Changed whereas the magnitude of
R, and Rj3 are reduced in comparison to t at\l@mar graphene sheet.

The effect of curvature is to break the \% between the nearest neighbor vectors,
therefore breaking the former equival&ienﬁ.h to and t3. The probability of hopping

between sites is inversely proportio thesdistance squared between hoping sites,? i.e.

t; |&| , therefore the modlﬁeKKtr elements of hopping, #;, are related to the original

elements, t;, by the simple e

é_ ||
ti ‘fzi

In the presence Curv g and applied magnetic field the modified electron energy spec-

2

trum for a q eta nanotube is given by:

Zfiexp <ZE . }~ZZ> ,

=1

()

£=3

exe ks tbe charge carrier’s wavevector of the effective graphene sheet, hence k- R, =

R.. —l—?TRyi, where k¢ = 2n [f +s(n—m) /3] / ’Ch’ and R,, and R, are the Cartesian

%sl}gnents of the effective graphene sheet given in Eq. (4).

Explicit expressions for the dispersion relations can be obtained for both zigzag quasi-
metallic and armchair nanotubes. Let us first consider the case of zigzag quasi-metallic
tubes defined by (n, —n) where n is a multiple of three. It should be noted that this is
equivalent to a zigzag tube defined by (n,0) with | = s2n/3. By symmetry, the hopping

7
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FIG. 2. Betailed view of the gap for (a) a (12, -12) CNT and (b) a (15, 3) CNT, with (red and
%ﬁges, corresponding to s = +1 and s = —1 respectively, for the case of B =5 T) and without
(

black line) an external magnetic field along the CNT axis. The dashed grey line corresponds to
zero field and no curvature. Ak = s27(n +m)/(v/3|Cp))
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the presence of curvature and applied magnetic field the modified electron energy spectrum

for a quasi-metallic zigzag CNT is given by:

¢ =3l (%) + 4, sin? (ﬁak@) (6)

where A, = —2cos (Zf + &) t5/t, & = 4hop |1 — A,| / (3acc) alid v |t]/ (2h) is the

Fermi velocity of graphene. With the inclusion of curvature t um is no longer linear

near the crossing point (see Fig. 2) and a band gap E‘)ds appeared, whose size can
~—

be tuned by the strength of the applied magnetlc large radius tubes the band

16R2 + 5752 sm It Slould be noted that assuming

gap is given by &, ~ hvracc

a different power dependence of the transfer 1 n the bond length results in the

lied magnetic field the energy spectrum

by a geometric factor. In the absence ofsan
is degenerate in [, this degeneracy is \ any size magnetic field hence an applied
‘b&sdg

same dependence of the gap size with radllﬁ\‘&(m@er the magnitude of the gap varies

magnetic field results in two separat For a (12, —12) CNT in zero field this gap
corresponds to ~ 6.2 THz and mX\ prégence of a 5 T field the two gaps are ~ 6.8 THz and
~ 5.7 THz which correspond 1 = —1 respectively. The low energy spectrum

takes the form

5—9 AR )

Eq. (7) is sumla i to t at of a one dlmensmnal massive, relativistic Dirac fermion,

and in the limi h t tg i.e. neglecting the effects of curvature) Eq. (7) restores the
linear disperisi f the simple zone-folding model of m-electron graphene spectrum.
atrnanotube defined by (n,n) the low-energy spectrum in a magnetic field

For ELQ
beco
§ ?
=5 <—g) + AVER?K2, (8)

e Ii; kr F 2 arccos |t; cos ( ) (252)] /a, the F sign corresponds to the two different

[t
walleys, A, = 3 (/1) — 1 (f,/t) cos? (2 ) and

4h’UF tl . s
3(1(}0 ? St (nf> ‘ ' (9>

g =

Due to symmetry, curvature alone does not open up a gap.*® However, curvature effects

do result in the shifting of the crossing points and an applied magnetic field also shifts the

9
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that #; — ¢, Eq. (9) restores the result obtained in Refs.!?16:53

For a chiral quasi-metallic tube, the effect of curvature is to open a band gap. Also their

minima deviate from the crossing points obtained in the absence of curvature effects. Much

like zigzag quasi-metallic CNTs, when a magnetic field is applied #dlong the nanotube axis,

the band gaps for each valley are modified differently from one r-xo)ther ee Fig. 2 (b)).

B. Optical selection rules ‘)\
—~
spont

—

In the dipole approximation, the spectral density of pqsl

by14 -
8mwe’v %T
IV = 3 Z ,Ivbl>

3¢

le-

if - (10)

x mm@—&—hu),

where ¢; and vy are the eigenfunctior&\ﬁ%%electrons in the initial and final states, &;
&y

and &; are their associated energies,\an

eous emission, [, is given

nd k; are their associated wave vectors, f.

and fj are the distribution functi of alectrons and holes, v is the velocity operator, e is

the polarization of the excita& ch we take to be propagating along the nanotube axis
and v is the frequency of<the excitation. Using the velocity operator in commutator form:

v = % [’H, r}, where

described by th?

3

the tight-binding Hamiltonian of the modified graphene sheet?*
5

£
The same result g¢An also be obtained within the gradient approximation.®® Eq. 10 and Eq. 11
are su Cienty;o generate the spectral density of spontaneous emission for all quasi metallic

ﬁ
tubes, Wgt and without an applied magnetic field. For the case of zig-zag quasi-metallic
NTs, E

C (. 11 admits simple analytic expressions, in the presence of curvature and an applied

>grktic field:

acc 21)2

. (1-%) (12)

3accwi f
Which at the band gap edge becomes ~ wvg for experimentally attainable magnetic fields

and typical nanotube diameters, and in the absence of an applied magnetic field is zero as

10
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also allows dipole optical transitions at the bandedge between the highest valence subband
and the lowest conduction subband. Indeed, in the THz regime the results obtained for zig-
zag quasi metallic tubes, hold true across the entire class of quasi-metallic CNTs, differing
only by geometrical factors. In Fig. 3 we show how the matrix ele%n’c of the dipole optical
transitions polarized along the CNT axis are modified in the p sesce a magnetic field.

As we discussed above, for an (n,n) armchair nanotube curvatufe alone is insufficient to
open the gap. However, a longitudinal magnetic field ap lij\ah\ug he nanotube axis not

itions at the band edge. The

only opens a bandgap but gives rise to strong optical tr
_-—

velocity operator in this instance is given by the simple anagftl expression

8va (51 ) o (7r
| — Sin | —
3\/§accwif t n

and at the band edge Eq. 13 is =~ vp for‘e{ me

e —

:“bz— icos2 (gf), (13)

ally attainable magnetic fields with a

~

typical nanotube diameter. —
The spectral density of spontane &leis for a zigzag quasi-metallic CNT taking into

.
account curvature effects and a&x’.ﬁ%&:gnetic field is obtained by substituting Eq. (12)
into Eq. (10) then performin&hw

ry summation. In the THz regime one obtains the

expression:
me2ae [126% (1 — A2) + h22)”

363 hiv [, (h20? = &)

where L is the tulfe length. Ji the absence of an applied magnetic field, the electronic (hole)

L, AL fe (Ry) fu (Ky) (14)

energy spectr

m)lilNe bottom (top) of the conduction (valence) band is no longer linear

e effects, and the van Hove singularity in the reduced density of states leads
1ap) absorption maximum near the band edge and correspondingly to a very high
sensitivity of photocurrent to photon frequency, see Fig. 4. In the presence of an applied

guct ﬁel), the absorption peak associated with curvature-induced transitions is split,
the two gbsorption maxima corresponding to s = 1 and s = —1 (see Fig. 4), respectively.
"ﬂ?s& results hold true across the whole class of quasi-metallic tubes.

With the knowledge of the curvature-induced or magnetic-field-induced gap and strength
of the associated transitions, we must review the earlier proposed scheme for THz radiation
generation by hot carrier recombination in narrow-gap CNTs.!* In fact the injection scheme

does not require high voltage since the overlooked band-edge-transitions are strongly allowed.

11
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FIG. 3. Dependence of t

dipole matrix element for the transition between the top valence and
lowest conduction subbands on“the 1D wave vector kr for (a), across the Brillouin zone and (b),
in the region clo the d gap edge, for a zigzag quasi-metallic tube defined by (12,-12) for
B =0 T (black ﬁ;)Xd B = 5 T (red and blue lines, corresponding to s = 1 and s = —1
respectively’) app along the CNT axis. The dashed grey line corresponds to zero field and no
curvature, '/e t){e dotted horizontal line is a visual aid highlighting the maximal value of the

matri elemeq of velocity attained at the band gap edge.
ﬁ

ne only overcome the Zener breakdown voltage which is used for the electric injection
car\rlers into the nanotube conduction band.

Another, fully-optical scheme for the observation of strong band-edge transitions in
narrow-gap CNTs can be proposed. We must stress that we do not question the origin

of the broad THz absorption peak observed in spectroscopy experiments being of plasmonic

12
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FIG. 4. The calculated photon emission spectra for a (12 )@K% zero magnetic field (black
a

20
[
curve) and a magnetic field of B = 5 T, where the red and blu% curves correspond to s = 1 and

-

s = —1 respectively, for (a) frequencies of the orderfof thé.band gap and (b) for a broad range of

)

nature. Indeed any spurious doping res ts.m\esuppression of curvature induced interband

absorption because of the absence %xpt states near the edge of the nanotube conduc-
e

tion band (Pauli blocking). Thenéfore, s}ggest that the band-edge transitions should be
observed in THz emission expériments

feature one can create a populatioy inversion, for example, by optical pumping (see Fig. 5).

It can be seen from Eqf (ﬂ]‘}hat at optical frequencies, the transition probability is pro-

frequencies.

ther than absorption ones. To detect the reported

portional to the cubgfof frequency. Therefore using a broad range of optical frequencies will
lead to the effectiyfe promotién of many electrons into the conduction band, and the creation

of holes in th \ﬁlh\band. The photoexcited electrons and holes quickly thermalize with

the lattice du onon scattering (7, ~ 3 ps).>” As a result of this process the holes move
up to thé4opdHf théwalence band, creating a population inversion, and the excited electrons
join the Fermi‘sfa contributing to the increase of the non-equilibrium quasi Fermi level in
the.gonduction band. The emission of photons of the band-gap frequency will occurs with
a extre?yely high probability, since the optical matrix element is maximal at the band gap
?dge * the density of states diverges. Therefore, this effect can be used for the generation
of\a very narrow emission line having the peak frequency tunable by the applied magnetic
field. The emission output can be maximized by putting an array of narrow-gap CNTs into

a microcavity similar to what has been done for semiconducting CNTs.?*%® THz mirrors

with low losses should be carefully designed® to achieve gain in this case. The analysis of

13
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FIG. 5. A schematic illustration of (a) the High frequency optical excitation (b) non-radiative

electron relaxation due to the electron-p nN‘c ing and (c) the population inversion in an
n-doped narrow gap CNT or GNR. The re mline depicts the non-equilibrium quasi Fermi

level, &&, in the conduction band. S N
losses in such a system will be d elsewhere. It should be noted that the absorption

by free carriers in the s e can minimized by the proper choice of structure length,
since the plasmonic r SQ a geometrical one and depends strongly on the structures
longitudinal size.4 % ;e iconducting tubes are transparent to THz radiation, there
is no need to seé’b&th emiconducting from the quasi-metallic CNTs. However, ideally
samples shO\Qnric ed with narrow-gap nanotubes.

9,

proy
I11. GRA§ NE NANORIBBONS

—

he gmd structure of AGNRs can be obtained from that of graphene by a technique
???iilgi o that used with CNTs. The periodic boundary condition applied to the tube,
kn C} = 27l is replaced with the so-called “hard wall” or “fixed ends” boundary condition,
k1 - L = 7l, where L is the ribbon’s width and k7 is the electron’s transverse momentum.
It should be noted that these two types of boundary conditions match if L = C},/2, this
occurs for example for AGNR(N) and zigzag CNT (N +1, 0).5162 For these specifically chosen
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FIG. 6. (a),(c) selected bands from the electronichan Sti‘.l-l- ure and (b),(d) the velocity operator

matrix elements normalized by vp of an AGNEW;; zigzag CNT(12, —12), respectively. Tran-
u

sitions between the closest valence and copduction subbands (thick black), the lowest and highest

\
subbands (dashed dotted, light gray), dud for*she subbands, for which matrix element of velocity
attains the maximum possible val (da)i,}}ay) are shown. The insets (a) and (c) show the

zoomed in region close to the irz‘&}h\ ere the band gap is present. On the right side the
n bo

atomic structures are shown. I

for the ribbon is 0.05¢. ‘\

structures the el?ro C/ pr9«perties are almost identical. At low energies, the band spectra
of these tubes

cases the hopping integral, ¢ = 3 eV and the edge correction

e almost an exact replica of that of the ribbons, the only difference is that

the tubes ha Qre double degenerate, whereas the ribbons bands are not. However, at
higher enfgrgigs thesband structures deviate from one another, and the spectrum of tubes
contajfis“som /gher energy bands which are absent in the ribbons. The edge effect in
ar _(.:il i ribﬁons can be incorporated into the tight-binding model as corrections to the

h pingSntegrals at the ribbon edges.%

wn\ 1g. 6 (a), (c) we show selected bands from the electronic band structure of a AGNR
and a zigzag CNT for the case of N = 11, taking into account the edge effect in the ribbon
and the curvature effect in the tube. It can be seen from the figure that the described
equivalence of the low energy band spectra is held throughout the whole band structure.

This equivalence extends to optical transitions selection rules. Our calculations, presented

15
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Publishi:‘mgl ig. 6 (b), show that the edge effect for quasimetallic armchair GNRs results in a peak
similar to that in Fig. 6 (d). As was the case with narrow-gap CNTs the peak has the same
characteristic height, equal to the vy the bandgap edge. This coupled with the presence of
the Van Hove singularity gives rise to a large interband transition probability rate. Thus like
narrow-gap CNTs, AGNR are promising candidates for the active g{ement in THz emitters.
Their emission frequency can be tuned by applying an in-planef@lectricefield.’4%5 It should

be noted that synthesis techniques for such structures are develgping at a fast pace, for
example AGNRs of the metallic family can already be 11c

with atomically smooth
edges.% Therefore, there is much promise that ideal Smp areen the horizon.

It is worth emphasizing that the equivalence between the?p ical properties of tubes and
ribbons reported herein is not trivial. Although fthe cur re effect in tubes and the edge
effect in ribbons both represent an intrinsic str (tﬁe f‘aﬂer is a homogeneously distributed
over the tube surface, while the latter is | %the ribbon edges. Finally, it should be
noted that the band gap of metallic A Rs are also influenced by third order nearest nelgh—
bours terms (3NN).%! Within the fr ewor f the analytical model proposed Gunlucke,”
can be shown that the inclusion he oping integrals in the consideration of metallic
AGNRs results in a peak in t e tr psition probability similar to the INN model. However,
the Gunlycke model reproduces nsmon probabilities between highest valence and the
lowest conduction subb nd?*x heng model® giving qualitatively different transition

e

probability rates of higher“energy transitions. The two pictures are yet to be reconciled.

IV. EXCI OSI FECTS

The résulté presented in Sec. II and III are based on a single electron picture. In this

sectiop, will discuss the role of excitonic effects in narrow-gap CNTs and GNRs. Many-
b d;&@)ic) effects, are known to dominate the optical properties of semiconducting

568’31 and result in extremely low optical quantum yields. The suppression of photolu-
7ﬁ$1es\cence is due to the presence of dark excitonic states, these non-radiative states have
a‘significantly lower energy than the radiative bright excitonic states.” ™ Therefore, bright
excitons relax towards the dark state, and consequently non-radiative decay dominates over

the radiative.”®”" Several methods have been proposed to enhance the luminescence effi-

78,79 80-82

ciency in semi-conducting tube, including the use of a microcavity and magnetic

16
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Publishimgghtening.™#*# In quasimetallic CNTs and ANGRs the exciton binding energy has been

9385 and short-range interaction po-

shown to never exceed the bandgap for both long-range
tentials.®>® Therefore, unlike semi-conducting tubes, the electron-hole pairs should be fully
ionized at room temperature. Hence, the aforementioned undesirable effects due to dark ex-

citons, should not dominate the optical processes in narrow-gap na?écubes. However, carrier

interaction is still important. In quasi-one-dimensional semico tors e introduction of
coulomb interaction between carriers results in the absence Obﬂl\e&gulamty associated with
ud

band edge transitions in the absorption spectrum.®” Initi 168 of quasi-one dimensional

narrow-gap structures show that both long-range and shorts aﬁg&mteractlon models®® also
result in the suppression of the van Hove singularity.

In THz absorption experiments, the combinatﬁof thevan Hove singularity suppression,
Pauli blocking caused by spurious doping, an ast_reduction in the interband transition
matrix element away from the band gap g %s in the absorption peak being purely
plasmonic in nature. However, the si umbe mes different for the optically-induced
population inversion scheme discussed h\end of Section II (see Fig.5). Since the screen-
ing is much weaker in one-dimensionaksgstems compared to bulk or even two-dimensional
materials, the excitonic peak h(r)S\Nl t in the presence of free carriers. A possible con-
sequence could be two close T 1on peaks (which will be arguably difficult to resolve
given the current state i"ﬂ%lspectroscopy The very narrow peak at a lower energy

will be produced by 4dn o active excitonic state below the band gap®®; whereas, the

higher-energy brogde eak /should occur slightly above the band gap edge - it results from
the combination of the band-edge van Hove singularity suppression and the decay of the
matrix ele ch increasing photon energy. The in-depth study of both the van Hove
singularity suppression and excitonic transitions in ultra-relativistic quasi-one-dimensional

systemis remaiasfa subject of current research.

AN
V&&\ICLUSIONS
\J

In the absence of curvature or edge effects, optical interband transitions near the crossing
points of the valence and conduction bands of metallic CNTs and AGNRs are vanishing with
reducing frequency. The effects resulting in the opening of a gap, which is typically in the

THz range, also lead to a drastic change of the wavefunctions near the band gap edges which

17
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Publishi:n)gt urn allows optical transitions. These transitions are very strong at low frequencies and
their matrix elements are several orders of magnitude larger then those previously calculated
in a model which neglects curvature.'* Furthermore, the frequency peaks in the spectral
density of emission in narrow-gap CNTs can be tuned by the application of a magnetic field
directed along the nanotube axis. For both quasi-metallic CNTs and GNRs the edge optical
transition frequency can be modified by an in-plane electric field yi nz-Keldysh effect:

or GNR array. Appropriately arranged arrays of CN'T s should be considered

this field can be induced, e.g., by a split back-gate below the N’ce underneath the CNT

as promising candidates for active elements of amplifiers d"gﬁnerators of coherent THz

radiation. In nanotube arrays, all quasi-metallic CNQ‘; the same chirality will emit in

a similar fashion, whereas semiconducting and Q’ﬁchal notubes (in the absence of an

applied magnetic field) will be optically inachiye in t‘) THz and mid-infrared range. In

addition, the discussed effects provide a s &.QU tool allowing to differentiate between
n

quasi-metallic and true metallic quasi\ sional carbon nanostructures.
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