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Abstract

An amplitude-modulated laser, in the presence of a static magnetic field, interacts with an array of carbon
nanotubes embedded on a metallic surface. The laser exerts a ponderomotive force on the free electrons of carbon
nanotubes at twice the modulation frequency that falls in the terahertz (THz) range. Each nanotube acts as an
oscillatory electric dipole, producing THz radiations. The presence of magnetic field shifts the resonance condition
and provides tunability. The THz radiation power increases with magnetic field strength.
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Findings

Background

Over the last decade, there has been significant research
activity in the area of terahertz (THz) radiation gene-
ration and detection. The THz region of the electromag-
netic spectrum lies in the gap between microwaves and
infrared with a frequency range of 0.1 to 10 THz and
corresponding wavelength range of 30 to 3,000 um. THz
radiations have applications in defense, medical imaging,
sensors, spectroscopy, etc. THz radiations can be gener-
ated via several mechanisms, viz. optical rectification of
a short pulse laser or a surface plasma wave, photocon-
duction, Cherenkov radiation, etc. [1-9]. Presently, there
is an increased interest in employing metallic nanostruc-
tures and carbon nanotubes to generate THz radiations
as these structures offer the advantage of compactness
with reasonable efficiency. A metallic nanostructured
surface has been employed by Welsh and Wyne [10] to
generate ultrafast THz radiation pulses via excitation of
surface plasmon. Garwe et al. [11] have observed THz
radiations on either side of a gold-coated nanograting
(500 nm), employing a 785-mm, 150-ps, 1-KHz Ti:sap-
phire laser. Studies on nanoscale periodic arrays of
rectangular-shaped holes revealed band formation of
THz nanoresonators [12]. Nemilentsau et al. [13] have
investigated the application of a finite-length isolated
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carbon nanotube as a thermal nanoscale antenna in THz
range. Batrakev et al. [14] and Portnoi et al. [15] have
given elegant reviews of terahertz processes in carbon
nanotubes. Another promising scheme of THz radiation
generation is by exploiting excellent metallic properties
of carbon nanotubes [16]. Wang and Wu [17] have ex-
perimentally studied the properties of THz radiation
pulses emitted by a metallic, large-aspect ratio carbon
nanotube antenna. Ramakrishnan et al. [18] have
observed generation of a sub-picosecond THz pulse by
illuminating a graphite surface with femtosecond infra-
red laser pulses. Dragoman and Dragoman [19] have
given the physical model and simulation results of semi-
conducting carbon nanotube resonant-tunneling diodes
for THz radiation generation. Zhao et al. [19] have stud-
ied the characteristics of metallic, single-walled carbon
nanotubes as THz antenna. Wang et al. [20] have
observed antenna-like effect in an array of aligned car-
bon nanotubes. Dagher et al. [21] have studied amplifi-
cation of radiation in metallic carbon nanotubes under
the influence of a d.c. magnetic field. Parashar and
Sharma [22] have studied THz radiation generation via
optical rectification of a laser in an array of carbon
nanotubes. In this work, we extend their work to study
the effect of static magnetic field on THz radiation gen-
eration from an array of carbon nanotubes. An
amplitude-modulated laser interacts with an array of cy-
lindrical carbon nanotubes. The laser exerts a pondero-
motive force on the free electrons on the nanotubes,
inducing on them a current at twice the modulation
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frequency. The image charges in the metallic base
constitute a supplementary array with currents out of
phase by 1 with respect to the primary array. These os-
cillating nanotube arrays act as antennas to produce
THz radiation.

Analysis
Consider a metal surface (x = 0), embedded with nor-
mally mounted carbon nanotubes of radius r., length £,
%, and surface density N, (per unit area), where €. >> r..
The free electron density inside a nanotube is ny c.f
Figure 1.

An amplitude-modulated laser is impinged on the
nanotube array with electric and magnetic fields
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where k = w/c, pt is the modulation index of laser, and Q
is in terahertz range.
There also exists a static magnetic field given by

B, = Byz. (3)

Under the influence of electric field, the electrons of
nanotubes are displaced by a distance A, and the dis-
placement is governed by the equation of motion

d*A . 02 A EY -
Cf B -m-Lj—e= x B, 4
ST R A P A Ve (4)
Here, w, = (1, e*/m & )"* is the plasma frequency of

electrons in a nanotube, —e and m are the charge and ef-
fective mass of the electron, ¢ is the free space permit-
tivity, and g is the relative permittivity of the lattice.

The x and y components of the equation of motion
can be written as

0 A, + iww.Ay, = (e/m)Eix (5)

and
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Figure 1 Schematic of process.
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where

’
")p = wp/\/a‘

Ay —iww. A, = (e/m)Eyy, (6)

Here, it is to be mentioned that the restoring force
due to the displacement of the electron cloud of nano-
tubes is finite for the field perpendicular to the nanotube
axis and zero for the field along the axis.

On simplifying Equations 5 and 6, we obtain the x and
y components for the displacement of the electron cloud
as

A, = £ E_L2Y _ i(@/wc)ELy — (@c/®)ELx )
m|e coz—cope/Z—o)2
and
A, = e | By + i((‘)c/w)ELx ®
m| @2 — wpe/2 ?
respectively.

The electron velocity can be written as
V=—io(A:x+4,7). (9)

The laser exerts a ponderomotive force on electrons at
the modulation frequency

F,= —%V x B,
. €Ak W, 20 (t-2/0)
B 2me? 2 w}/j — w? '
(10)

The oscillatory velocity of electrons due to the ponder-
omotive force following Equation 5 can be written as

- iF,20
V2o = 219 - : (11)
m (4() - /2)
The current density at Q) can be written as
. . 2ngeQ i F
Jog = —noe Voo = — . RN (12)
m (492 — o2 /2)

Ta0o is finite over the cross section 1t 72 of a nanotube
and zero over the area a> = 1/N (where a is the separ-
ation between the nanotubes). Thus, the average tera-
hertz current density due to the array is
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Figure 2 Variation of |r* S,,| with w/Q at different values of 8 for different parameters. The parameters are as follows: w/Q = 20, r. = 25
nm, u = 001, inter-nanotube separation @ = 30 nm, £. = 500 nm, ny = 10>' cm™

3 p=1rad g =16, L x L =2 x 2cm, eA/mwc = 0.03.
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As the base of the carbon nanotube is metallic, there
will be an image current density underneath the metal
surface,

’

oo = s qe W)/ g2i(Qt-0Qz/c)

(14)

Let the y and z dimensions of the array be L x L.
The vector potential at a far point due to the current
distributions is

A=t [ [ Oatee— rie Ry

4T
+ [ Qaal@e = Rl R}V
(15)

where R = [ — ¥'|~r(1 — T.¥/r?) = r - sinf cos¢ &’ -
sinf sing y/ — cosf z/; r, 6, and ¢ are the spherical polar
coordinates of the point of observation, and we shall as-
sume Qf&./c, Q r./c <<1 The above Equation 15 can be
written as

7\ -3 % e*2i(_0t7_(2r/c) (11 o 12)7

4mr (16)

12 12 o

h :/ / / e iy ay !

—-1/2 -

1.5xa07¢

-5
1 Sarl? | e

Figure 3 Variation of | S.,| with w/Q at different values of ¢ for 8 = 1 rad. Other parameters are similar to those of Figure 2.
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On carrying out integration, /; and I, reduce to

sin[(QL/c)(1 — cosh)]
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respectively.
From Equations 17 and 18, we obtain
Qe .
L —L~\/Trr. cos — sin[(QL/c) (1 — cosb)].
sin[(QL/c) sinf sing]
(Q/c) (1 — cosh)sinfsing
(19)
The magnetic field at far distance is
B=Vx A~i2(Q/c)i x A. (20)

The time-average Poynting vector using Equation 20
can be written as

2
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402,22 7400\ 2
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In Figure 2, we have shown the variation of |[r* Sy
with w./Q at different values of 8 for the following set of
parameters: w./Q = 20, nanotube radius 7. = 25 nm, y =
0.01, inter-nanotube separation 4 = 30 nm, length of
nanotube £, = 500 nm [20], 7o = 10* em ™, ¢ =1 rad, & =
16, L x L = 2 x 2 cm, and eA;/mwc = 0.03. The efficiency
of the generated THz power shows a maximum near 8 = 1
rad. The efficiency increases with magnetic field strength,
and for the above-mentioned parameters, w /2 = 0.1 corre-
sponds to a magnetic field strength of 100 kG. The above
parameter of eA;/mwc = 0.03 can be realized using a Nd:
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YAG laser of 1.06 um with an intensity of 10" W/cm? In
Figure 3, we have shown the variation of |r* S,,| with w./Q
at different values of ¢ for 6 = 1 rad. The other parameters
are similar to those of Figure 2. The power radiated shows
oscillatory behavior with ¢.

Conclusions

An array of carbon nanotubes mounted on a metallic
base can be employed to generate THz radiations. The
radiations' pattern is directional with a peak value of
power radiated at around 5 uW, which is quite reason-
able. Wang et al. [16] have predicted a maximum effi-
ciency of 5 pW for THz radiations from the armchair
carbon nanotube dipole antenna. On comparing with
THz radiation generation from a GaP crystal via the dif-
ference frequency generation scheme [3], the efficiency
is quite good. One can exploit the resonance condition
0zw,//8¢, for enhancement of efficiency of THz radi-
ation generation. The application of magnetic field
reduces the requirement on the resonance condition.
The efficiency of THz radiation increases with the
strength of the applied magnetic field. The analysis is
limited to a laser of moderate powers only.
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