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Abstract 

Using semiclassical Boltzmann equation we have studied theoretically an effect of a direct current (DC) 
generation in undoped armchair carbon nanotube (CN) by mixing two coherent electromagnetic waves with 
commensurate frequencies i.e  and . We compared the results of the armchair with that of the 
zigzag carbon nanotubes for the same conditions ( i.e. when the normalized current is plotted against the amplitude). 
Quantitatively they agree with each other except that the absolute value of the peaks of the current for zigzag is 
about 1.1 times that of the armchair. We noticed that the current  is negative similar to that observed in zigzag CNs 
describing the same effect. However it is interesting to note that graph of normalized current against omega tau 
showed that the armchair is greater than that of the zigzag for about 1.1 times which is opposite. We also observed 

that when the phase shift θ lies between  and  there is an inversion and the current becomes positive. We suggest 

the use of this approach for the generation of terahertz radiation and also for the determination of the relaxation time 
of electrons in carbon nanotubes. 
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1. Introduction 

 The problem of emission and reception of 
electromagnetic radiation has attracted the attention of 
the scientific community for a long time. Good sources 
of coherent electromagnetic radiation, its receivers and 
detectors exist for the radio-frequency, microwave and 
optical ranges of the spectrum. Many of these devices 
are based on semiconductor technology. Nowadays, the 
terahetz range (0.1- 1 THz, submillimitre wavelengths) 
is practically the last unexploited [1]. 

In 1971 Esaki and Tsu [2] and Romanov [3] 
suggested to use the superlattice (SSLs) as a nonlinear 
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 miniband have 
been studied in [4] and [5]. 

The first paper to study dc component of 
electric or magnetic field in a pure ac- driven circuits 
with nonlinear and symmetric characteristics can be 
found in [6] and a similar idea was also suggested by 
[7]. Soon after these theoretical predictions, the 
generation of the direct current (DC) due mixing of ac 
electric field and its second harmonic has been observed 
in [8] and independently by [9]. The effective inversion 
to the Bloch oscillations have been studied in [10] and 
this indicated a spontaneous creation of constant voltage 
and corresponding dc current that can be considered as a 
rectification of the THz in SSLs. 

An enormous literature has evolved describing 
several nonlinear mechanisms that could be responsible 
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 constant on 
the electric field [13-16]. Independently, Goychuk and 
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H nggi [17] suggested another scheme of quantum 
rectification using a wave mixing of an ac field and its 
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 (quantum noise) 
and extended periodic system. 

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

This work will be organised as follows: section 1 
deals with introduction; in section 2, we establish the 
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 harmonic fields.   

                            

 
                                                                              (1) 

We further consider the semiclassical 
approximation in which the motion of -electrons are 
considered as classical motion of free quasi-particles in 
the field of crystalline lattice with dispersion law 
extracted from the quantum theory.  

Considering the hexagonal crystalline structure 
of CNs and the tight binding approximation, the 
dispersion relation is given as  

 

 

for armchair CNs [19] 

Where  is the overlapping integral,  is the 
axial component of quasimomentum,  is transverse 

quasimomentum level spacing and  is an integer. The 

expression for  in Eq (2) is given as 

      

Where  is the C-C bond length and  

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

quasi-momentum, its transverse component can take  

discrete values          ,            
 

Unlike transverse quasimomentum , the axial 

quasimomentum  is assumed to vary continuously 
within the range   , which corresponds 
to the model of infinitely long CN . 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. 

 ,where  is Boltzmann constant,  is 
the temperature,  is the charging energy. The energy 

level spacing   is given by 

            
                                                (4) 

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

Employing Boltzmann equation with a single relaxation 
time approximation. 
                             

                                                    

Where e is the electron charge,  is the equilibrium 

distribution function ,   

 is the distribution function, and  is the relaxation time. 
The electric field  is applied along CNs axis.  The 

relaxation term of Eq (5) describes the electron-phonon 
scattering [21, 22] electron-electron collisions, etc.  

Expanding the distribution functions of interest 
in Fourier series as;                           

 



3 

 

and                                  

 

Where the coefficient,   is the Dirac delta function, 

 is the coefficient of the Fourier series and  is 

the factor by which the Fourier transform of the 
nonequilibrium distribution function differs from its 
equilibrium distribution counterpart.             

       

                                                       

Where  . 

Substituting  Eqs. (6) and (7) into Eq. (5) ,  and solving 
with Eq. (1) we obtain 

 

 

      

where , , and   is the 

Bessel function of the kth  order. 

Similarly, expanding    in Fourier series 

with coefficients                                                 

   

                                                                   

Where    

                                     (11) 

   and expressing the velocity as 

     

 

                                                                                    (12)                                                        
We determine the surface current density a                                

 

or                                                                              

 

and the integration is taken over the first Brillouin zone. 
Substituting Eqs. (7), (9) and (12) into (13), we obtain 

                  

 

Linearizing this results with respect with respect to 

using  

 

and then averaging the result with  respect to time  we 

obtain the direct current subjected to   and 

  as follows;              

 

Subsequently  will be represented by .  

 

3. Results, Discussion and Conclusion 

Solving the Boltzmann equation with constant 
relaxation time τ, we obtain the exact expression for 
current density in armchair CNs subjected to an electric 
field with two frequencies    and  

after lengthy analytical manipulation. 
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The current density  is dependent on the electric 

field and , the phase difference  , the frequency 

, the relaxation time  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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Fig. 1.   is plotted against  for  

; ; 

the graph of  on  for 

 . We observed that the 

current decreases rapidly, reaches a minimum value, 
 and rises. For , the current density rises 

monotonously while for  ,  the current rises and 

then oscillates. This indicates that at low frequency 
there is rectification while at high frequency some 
fluctuations occur. The rectification can be attributed to 
non ohmicity of the carbon nanotube for the situation 
where it Bloch oscillates. We also observed a shift of 
the  to the left with increasing value of . 

 The behaviour of the current is similar to that 
observed in zigzag carbon nanotubes. In comparison 
with the result in zigzag carbon nanotubes for  

the ratio .  

 

The result is also compared with superlattice. See 
Fig.2.  

0 1 2 3 4 5 6 7 8 9 10
-8

-7

-6

-5

-4

-3

-2

-1

0

β1

j z/j 0

Armchair carbon nanotube

Zigzag carbon nanotube 
Superlattice

 

Fig. 2.   is plotted against  for   

We further studied the behavior of the current by 

sketching also the graph of against  for 

. The graph also 

displayed a negative differential conductivity. See Fig. 
3.  
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Fig.3.  is plotted against   for  

; ;  

; . 

 

Interestingly like in zigzag carbon nanotubes  the 
current is always positive and has a maximum at the 
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value  0.71 irrespective of the amplitude of 

the electric field .  However, the peak of the current 

  for armchair is greater than that of the zigzag by 
about 1.1. See Fig. 4.  
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Fig. 4.   is plotted against   for   

This is quite interesting because it is just opposite to the 

case when  is sketched against . 

 It is worthwhile to note that  can be used to 

determine the relaxation time of the electrons in the 

nanotube. e.g.  so knowing  you can 

determine . On the other hand for typical value for  of 

 the frequency   would be 1.2 THz. 

Finally we sketched a 3 dimensional graph of the 

current against  and for   lying between  and  

. An inversion was observed. See Fig. 5. 
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Fig.5.   is plotted against  for armchair carbon 

nanotubes. 

 

In conclusion, we have studied the direct 
current generation due to the harmonic wave mixing in 
armchair carbon nanotubes and suggest the use of this 
approach in generation of THz radiation .The 
experimental conditions for an observation of the dc 
current effect are practically identical to those fulfilled 
in a recent experiment on the generation of harmonics of 
the THz radiation in a semiconductor superlattice [23-
24]. This method can also be used to determine the 
relaxation time . 
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