Generation of Terahertz Radiation by Wave Mixing in Armchair Carbon Nanotubes
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Abstract

Using semiclassical Boltzmann equation we haveistuttheoretically an effect of a direct current (DC
generation in undoped armchair carbon nanotube EgMixing two coherent electromagnetic waves with
commensurate frequencies ég = £ andw, = 2{1. We compared the results of the armchair with tfidhe
zigzag carbon nanotubes for the same conditiors (hen the normalized current is plotted agahestamplitude).
Quantitatively they agree with each other exceat the absolute value of the peaks of the cur@rtifjzag is
about 1.1 times that of the armchair. We noticed the curren; is negative similar to that observed in zigzag CNs
describing the same effect. However it is intergstd note that graph of normalized current aganstga tau
showed that the armchair is greater than thatetifgzag for about 1.1 times which is opposite.alée observed

that when the phase shiffies betwee’¥ andz—j_' there is an inversion and the current becomedipesiWe suggest
the use of this approach for the generation ohemta radiation and also for the determinatiorhefitelaxation time

of electrons in carbon nanotubes.
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1. Introduction

The problem of emission and reception of
electromagnetic radiation has attracted the atenbif
the scientific community for a long time. Good strg
of coherent electromagnetic radiation, its receivand
detectors exist for the radio-frequency, microwawnel
optical ranges of the spectrum. Many of these @mvic
are based on semiconductor technology. Nowadags, th
terahetz range (0.1- 1 THz, submillimitre waveldsjt
is practically the last unexploited [1].

In 1971 Esaki and Tsu [2] and Romanov [3]
suggested to use the superlattice (SSLs) as aneanli
material for electromagnetic wave mixing and new
harmonics generation. The theory of wave mixing in
SSLs, based on a solution of the Boltzmann equation
with a constant relaxation time for single minibdrale
been studied in [4] and [5].

The first paper to study dc component of
electric or magnetic field in a pure ac- drivencuits
with nonlinear and symmetric characteristics can be
found in [6] and a similar idea was also suggested
[7]. Soon after these theoretical predictions, the
generation of the direct current (DC) due mixingaof
electric field and its second harmonic has beee ksl
in [8] and independently by [9]. The effective insien
to the Bloch oscillations have been studied in [A0Y
this indicated a spontaneous creation of constaltage
and corresponding dc current that can be considesed
rectification of the THz in SSLs.

An enormous literature has evolved describing
several nonlinear mechanisms that could be resiplensi
for a generation of the DC at wave mixing in
semiconductors [11-13]. Among the most important of
them includes the heating mechanism where the
nonlinearity is dependent on the relaxation coristen
the electric field [13-16]. Independently, Goychakd



Hénggi [17] suggested another scheme of quantum
rectification using a wave mixing of an ac fielddaits
second harmonic in a single miniband of SSL. The
approach of [17] is based on the theory of quantum
ratchets and hence the necessary conditions for the
appearance of DC include a dissipation (quantureg)oi
and extended periodic system.

In this work we study the effect of DC
generation in armchair carbon nanotubes (CNs) dwze t
wave mixing of coherent electromagnetic radiatiofs
commensurate frequencies. This effect is, in egsdne
to a nonparabolicity of the electron energy band isn
stronger in systems like SSLs and CNs. We made a
comparison of an effect of a direct current gerienain
a armchair CNs subjected to ac field and its second
harmonic (n=2) with our earlier findings describitige
same effect in zigzag CNs [18].

This work will be organised as follows: section 1
deals with introduction; in section 2, we establible
theory and solution of the problem; section 3, we
discuss the results and draw conclusion.

2. Theory

Following the approach of [18] we consider an
undoped single-wall armhair (n, n) carbon nanotubes
(CNs) subjected to the electric mixing harmoniddfée
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We further consider the semiclassical
approximation in which the motion ¢'-electrons are
considered as classical motion of free quasi-gagin
the field of crystalline lattice with dispersionwa
extracted from the quantum theory.

Considering the hexagonal crystalline structure
of CNs and the tight binding approximation, the
dispersion relation is given as
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for armchair CNs [19]

Where y, ~3.0el" is the overlapping integral;, is the
axial component of quasimomentutsy,, is transverse

quasimomentum level spacing aads an integer. The
expression fog in Eq (2) is given as

a = 3a._./2h (3)
Wherea,._. = 0.142nm is the C-C bond length arfd

is Plank's constant divided 27. The - and + signs
correspond to the valence and conduction bands,
respectively. Due to the transverse quantizationhef

guasi-momentum, its transverse component can frake

discrete  values ,
— — o —

Py = sﬂpw =uv3sfan (s=1...,n)

Unlike transverse quasimomentung,, the axial
quasimomentun¥’: is assumed to vary continuously
within the range” = P= < 27 /a | which corresponds

to the model of infinitely long CN.& = 29). This
model is applicable to the case under consideration

because we are restricted to temperatures and /or
voltages well above the level spacing [19], ie.

kgT = £;, Az Wherekg is Boltzmann constanT; is
the temperatureg- is the charging energy. The energy
level spacinghz is given by

As =mhu. /L
4)

where vz is the Fermi speed and L is the carbon
nanotube length [20].

Employing Boltzmann equation with a single relasati
time approximation.

af(p) af(p)  [flp) —fi(p)]
o O ()
Where e is the electron charg®,(z) is the equilibrium

distribution function f(p)

is the distribution function, artlis the relaxation time.
The electric fieldE (t) is applied along CNs axis. The

relaxation term of Eq (5) describes the electroaruim
scattering [21, 22] electron-electron collisions, e

Expanding the distribution functions of interest
in Fourier series as;

folp) = ap, Z 6(:;% — sr.\;ow) Z £ () etrez (6)
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and

f(p.t) = tp, S(pw —s&p@)z o0 (1) (7)
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Where the coefficien@,{x] is the Dirac delta function,
f-< is the coefficient of the Fourier series é@igl(t) is

the factor by which the Fourier transform of the
nonequilibrium distribution function differs fronsi
equilibrium distribution counterpart.
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Substituting Egs. (6) and (7) into Eq. (5) , aadving
with Eqg. (1) we obtain

o,(t = E z Jr::,_[!?-]j.'r:{: |:182U:c._—;,-__ (5] gy (8]

ey aieg =—omwy g

((L—i(k oy +Fyw,)T) ) :
K| - 11 = | % {cos(vywt +uy(w,t +67)
VL + ((kyewy + ke, )T) )

—isin(vywt +v,(w,t + 8))] (9)

, B, = EE?E‘, and J.(£) is the

Bessel functlon of the”korder
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Similarly, expanding 53{;:3],«-"}*3 in Fourier series
with coefficientss,.,

e.(p.stp,)
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and expressing the velocity as
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We determine the surface current density a
= o || YR
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.
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and the integration is taken over the first Brilloaone.
Substituting Eqgs. (7), (9) and (12) into (13), viztain
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Linearizing this results with respect with resptect
E; using

Jex (B) ~Po/ futﬁzl"“l_(ﬁzﬂz)

and then averaging the result with respect to tinvee

obtain the direct current subjecteckig = £2 and
w, = 20 as follows;

Ja= v E« cos8 Z

Subsequentl¥lt will be represented bg,.

Z ?‘fﬂz[ﬁﬂfﬂ:— [181)Zf” 6. (15)
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3. Reasults, Discussion and Conclusion

Solving the Boltzmann equation with constant
relaxation timet, we obtain the exact expression for
current density in armchair CNs subjected to antete

field with two frequenciesew; = £} and w, = 20)
after lengthy analytical manipulation.



The current density, is dependent on the electric
field £, and E, the phase differenc# , the frequency

{1, the relaxation timer and in a complex form as

expressed in Eq. 15. We therefore sketched equation
(15) using Matlab to understand the dynamics. Fig.1
represents
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J=/Jo is plotted againstf; for { )
zce=0r =03 () zc = 0r = 0.5;

Fig. 1.

the  graph  of jzfj. on By for
z, =0.3,0.5,09,1and 2 . We observed that the
current decreases rapidly, reaches a minimum value,

B and rises. Foe, << 1, the current density rises
monotonously while forz, = 1, the current rises and

then oscillates. This indicates that at low frequen
there is rectification while at high frequency some
fluctuations occur. The rectification can be atitédd to
non ohmicity of the carbon nanotube for the situati
where it Bloch oscillates. We also observed a dgbfift

thej,,;, to the left with increasing value af.

The behaviour of the current is similar to that
observed in zigzag carbon nanotubes. In comparison
with the result in zigzag carbon nanotubeszip— 1
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The result is also compared with superlattice. See
Fig.2.
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Fig. 2. J./J, is plotted agains for 2¢ =27 =1

We further studied the behavior of the current by

sketching also the graph {ﬂ‘fj againstz,. for
o

£, =10.3,05,0.9,1 and 2. The graph also

displayed a negative differential conductivity. $ég.
3.
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Fig.3. J=/]q is plotted againstc = Ot for ()
fr =03 () fF =05 (+=+) g =0.9
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Interestingly like in zigzag carbon nanotubes the
current is always positive and has a maximum at the



valuez, ,... ~ 0.71irrespective of the amplitude of

the electric fieldEy. However, the peak of the current -
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. . ) f=1 In conclusion, we have studied the direct
Fig. 4. [./], is plotted againsic = [T for

current generation due to the harmonic wave mixing
armchair carbon nanotubes and suggest the usésof th
approach in generation of THz radiation .The
I’{H . - experimental conditions for an observation of the d
case wheni=/ Jo ° sketched againgl;. current effect are practically identical to thosdfilled

in a recent experiment on the generation of harosooi

the THz radiation in a semiconductor superlatti2®- [
It is worthwhile to note tha&; ;;z> can be usedo 24]. This method can also be used to determine the

determine the relaxation time of the electrons he t relaxation timer.
0.71 .
nanotube. e.g.T :¥T so knowing ! you can

This is quite interesting because it is just opigos the

determinet. On the other hand for typical value fbof
10735 the frequencz% would be 1.2 THz.

Finally we sketched a 3 dimensional graph of the
current agains®, andn. for @ lying between- and¥

. An inversion was observed. See Fig. 5.
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