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Abstract 

The effects of charge doping on the strain and electronic structure of ultra-small single-walled carbon 
nanotubes (SWNTs) are investigated by using first principle calculations. The obtained results show that the 
actuator strain and Fermi energy of the SWNTs are a function of charge doping level. The strain of the (2, 2) 
SWNT is larger than that of the (3, 3) SWNT at the same doping level due to their very large curvature effect. 
The strain of the (2, 2) SWNT obtained by charge doping ranging from -2.12% to 1.43%, which shows a 
candidate for the artificial muscle’s application. In addition, the band structures of the SWNTs at the neutral 
and charge doping cases are also discussed in this present study. 
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1. Introduction* 

One-dimensional (1D) carbon nanotubes have 
attracted for artificial muscles by scientists because 
their outstanding properties such as high strength, 
high stiffness and they can reversibly contract and 
expand in volume under an applied voltage, which is 
like a natural muscle [1-3]. Baughman et al. [4, 5] 
had built an artificial muscle based on the single-
walled carbon nanotubes (SWNTs). By charge 
doping, this artificial muscle could generate force per 
unit area of about 26 MPa, which is approximately 
100 times larger than that of natural muscle [6]. 
Recently, Hung et al. [7] investigated the 
electrochemical actuation of the (6, 6) armchair 
carbon nanotube bundles using the first principle 
calculations. They reported that the mechanical and 
electronic properties of the SWNTs bundles as a 
function of charge doping, in which the SWNTs 
bundles shows the large deformation under hole 
doping case. In addition, the changes of electronic 
properties in the individual SWNTs under charge 
doping have been investigated in previous studies [8, 
9]. Although the SWNTs with large diameters are 
well known in the artificial muscles, the SWNTs with 
ultra-small dimeter (0.3~0.4 nm) have an interesting 
mechanical property comparable to the SWNTs with 
large diameters. 

For the ultra-small SWNTs, experimentally, the 
smallest stable (2, 2) SWNT with a diameter of 0.3 
nm observed by Zhao et al. [10]. Theoretically, by 
using Ab initio first principle calculations, Hung et al. 
[11] studied the mechanical properties of SWNTs 

 
* Corresponding author:  Tel.: (+84) 947.288.086 
Email: thanh.vuongvan@hust.edu.vn  

under the uniaxial strain. They showed that the 
strength of ultra-small SWNTs is significantly 
reduced with the decreasing the tube diameter. In 
particular, the Young’s modulus is significantly 
reduced in the ultra-small SWNTs with the diameter 
less than 0.4 nm due to their very large curvature 
effect. However, the electromechanical properties of 
ultra-small SWNTs under charge doping have not 
been clarified yet.  

In this paper, the electromechanical properties 
of small armchair SWNTs with diameter of about 0.3 
and 0.4 nm under charge doping are investigated by 
Ab initio density functional theory (DFT) alculations. 
Our results show the strain and Fermi energy of 
SWNTs as a function of charge doping. The Fermi 
energy of SWNTs decreases when increasing the 
charge doping level. Furthermore, the band structures 
of SWNTs are also investigated under charge doping.  

2. Methodology 

      First-principles (Ab initio) calculations for the 
charge doping of the ultra-small SWNTs are 
performed by using Quantum-ESPRESSO (QE) 
package [12], which is a full density functional theory 
(DFT) simulations package using a plane-wave basis 
set [13, 14]. The Rabe-Rappe-Kaxiras-Joannopoulos 
(RRKJ) [15] ultrasoft pseudopotential is used to 
calculate the pseudopotential plane-wave with an 
energy cutoff of 60 Ry for the wave function. The 
exchange–correlation energy is evaluated by general-
gradient approximation (GGA) [16] using the 
Perdew-Burke-Ernzerhof (PBE) [17] function.  

In Fig. 1, we show the simulation models of the 
SWNTs including the armchair type (2, 2) and (3, 3), 
which have the diameters of about 0.3 and 0.4 nm. 
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Since a periodic boundary condition is applied for 
three dimensions in all models, the thickness of the 
vacuum region is set at 12 Å perpendicular to the tube 
axis to avoid the undesirable interactions from the 
neighboring SWNTs. The k-point grids in the 
Brillouin zone selected according to the Monkhorst-
Pack method is 1 x 1 x 12, where k is the electron 
wave vector [18].  

 
Fig. 1. The simulation models of (a) (2, 2) and (b) (3, 
3) SWNTs. The notations of l1 to l3 are three bond 
lengths around C atom and d1 and d2 are diameters of 
the (2, 2) and (3, 3) SWNTs, respectively. 

To investigate the effect of the charge doping on 
actuator strain and electronic properties of the 
SWNTs, the models are relaxed by using the 
Broyden-Fretcher Goldfarb-Shanno (BFGS) 
minimization method for the atomic positions, and 
cell dimensions in the z direction. These models are 
considered equilibrium until all the Hellmann–
Feynman forces and the normal component of the 
stress σzz less than 5.0 x10-4 Ry/a.u. and 1.0 x10-2 
GPa, respectively. To discuss the electromechanical 
actuation of SWNTs, the geometry optimizations are 
performed for each charge doping from -0.1 to +0.1 
electron per atom (e/atom), in which the electron 
(hole) doping is simulated by adding (removing) 
electrons to the unit cell.   

To calculate the strain of SWNTs as a function 
of the Fermi energy, the relative shift of the Fermi 
energy, ∆FF, for the charge doping is defined as [7]  

  doped
F

neutral
FF EEE −=∆                         (1) 

where neutral
FE and doped

FE are the Fermi energy for 
the neutral and charge doping, respectively. The 
Fermi energy is defined by the center of the energy 
gap for the semiconducting SWNTs case. In the 
metallic SWNTs case, the Fermi energy is defined as 
the highest energy for occupied electrons.  

3. Results and discussions 

In order to study the variation of the structural 
deformation of the armchair SWNTs as a function of 
charge (electron and hole) doping, we define the 
strain along z direction as  

0/ zzz ∆=ε                (2) 

where z0 is the length c of the SWNTs in the unit cell 
at geometry optimization for neutral case and ∆z is 
the increment of the length ∆c under the charge 
doping level. The length c of the (2, 2) and (3, 3) 
SWNTs are 0.25 and 0.24 nm, respectively. As 
shown in Fig. 2, the strain εz of the (2, 2) and (3, 3) 
armchair SWNTs as function of the charge doping q 
ranging from -0.1 to +0.1 e/atom.  In the neutral case 
(q = 0), we obtain εz = 0. For the charge (electron and 
hole) doping case, εz is a non-linear function of q. For 
the electron doping (q < 0), εz of the armchair 
SWNTs increase with decreasing of q. At                    
q = - 0.1 e/atom, the strains of the (2, 2) and (3, 3) 
armchair SWNTs are up to 1.34% and 0.59%, 
respectively. For the hole doping (q > 0), the (2, 2) 
SWNT shows an axial compression with the strain of 
about -2.12% at q = 0.1 e/atom, while the (3, 3) 
SWNT shows the highest compression strain                
(εz = -0.17%) at q = +0.04 e/atom and the expansion 
strain about εz = 0.48% at q = +0.1 e/atom. The 
results obtained show that the strain magnitude of the 
(2, 2) SWNT is higher than that of (3, 3) SWNT at 
the same charge doping level, which are dominated 
by their large curvature effect [11]. For the SWNTs 
and graphite, previous studies showed that the axial 
strain of SWNTs and graphite of about 1% can be 
achieved for both heavy electron and hole doping 
cases [19, 20]. In this present study, the strain 
magnitude of (2, 2) armchair SWNTs ranging from - 
2.12% to 1.43% by electron and hole doping, 
respectively, indicating that the electromechanical 
actuators of the utral-small SWNTs is better than that 
of the SWNTs with large diameters. 

To understand the different strain of the SWNTs 
under the charge doping, we show the C-C bond 
lengths of the SWNTs as a function of charge doping 
in Fig. 3. We find that l1 = l2 for both the (2, 2) and (3, 
3) SWNTs and the C-C bond lengths of the (2, 2) 
SWNT change larger than that of the (3, 3) SWNT at 
the same charge doping level. For the neutral case         
(q = 0), l1,2 and l3 of the (2, 2) SWNT are 1.490 Å and 
1.391 Å, respectively, while l1,2 and l3 of the (3, 3) 
SWNT are 1.431 Å and 1.437 Å, respectively. For the 
hole doping (q > 0), l1,2 and l3 of the (2, 2) SWNT 
decreases and increases, respectively, with increasing 
of q. On the other hand, l1,2 and l3 of the (3, 3) SWNT 
increases and decreases, respectively, with increasing 
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of q. For electron doping (q < 0), l1,2 of the (2, 2) 
SWNT is increased by 1.19% while l3 is slightly 
decreased by 0.27% at q = -0.1 e/atom. In contrast, 
l1,2 and l3 of the (3, 3) SWNT are increased up to 
0.49% and 0.34% at q = -0.1 e/atom, respectively. 
From the change of the C-C bond lengths under the 
charge doping, we can point out that the strain of             
(2, 2) SWNT is larger than that of (3, 3) SWNT at the 
same of q, as show in Fig. 2. 

 
Fig. 2. Actuator strain of the (2, 2) and (3, 3) SWNTs 
as a function of charge doping. 

 
Fig. 3. C-C bond lengths l1, l2, l3 of the (2, 2) and (3, 
3) SWNTs as a function of charge doping. 

In Fig. 4, we show ∆EF as a function of q based 
on Eq. (1). In the neutral case (q = 0), ∆EF = 0 from 

the definition in Eq.(1), while for the electron (hole) 
doping, ∆EF monotonically decreases with increasing 
of q. ∆EF > 0 and < 0 for the electron and hole doping 
cases, respectively, because of the band structures of 
the SWNTs are changed by charge doping, as shown 
in Fig. 5. 

 
Fig. 4.  ∆EF as a function of q for charge doping. 

To study the variation of the electronic properties 
of SWNTs under charge doping, we calculate the 
energy band structures of the (2, 2) and (3, 3) SWNTs 
for the neutral (q = 0), electron doping                               
(q = -0.1 e/atom) and hole doping (q = +0.1 e/atom) 
cases. In Fig. 5(a) and (b), we show the band 
structures of (2, 2) and (3, 3) SWNTs, respectively. 
The dashed line shows the Fermi energy level. The 
obtained results show that (2, 2) SWNT is metallic 
for both the neutral case and charge doping, while           
(3, 3) SWNT is semi-metallic. For the electron 
doping case, the energy bands of SWNTs shift 
downward compared with the energy bands in the 
neutral case, which gives ∆EF > 0. On the other hand, 
for the hope doping case, the energy bands of SWNTs 
shift upward by increasing q, resulting in ∆EF < 0. As 
shown in Fig. 5(b), the Dirac energy point of the               
(3, 3) SWNTs is near the Fermi energy level at the 
neutral case. For the hole doping at q = +0.1 e/atom, 
the Dirac energy point moves upward, which is a 
good agreement with the (6, 6) armchair SWNT 
bundle [7]. On the other hand, the Dirac energy point 
moves downward at q = -0.1 e/atom for the electron 
doping.  
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Fig. 5. Energy band structures of (a) (2, 2) and (b) (3, 3) armchair SWNTs with electron doping (q = -0.1 e/atom),  
neutral condition (q = 0 e/atom) and hole doping (q = + 0.1 e/atom) cases. The Fermi energy (dashed line) is set 
to zero for all plots. 

4. Conclusion 

We have performed a first principles theoretical 
study on the electromechanical properties as a 
function of charge doping for the ultra-small (2, 2) 
and (3, 3) SWNTs. The study results can be 
summarized as follows:  

 - By charge doping, the electromechanical 
properties of the (2, 2) SWNT are better than that of 
the (3, 3) SWNT. In which, the (2, 2) SWNT shows a 
reversibly strain  ranging from -2.12% to 1.34%, 
which is higher than SWNT with large diameter. 
Therefore, the (2, 2) SWNT is good candidate for 
artificial muscles. 

- The Fermi energy of SWNTs depend on the 
charge doping level, which is decreased with 
increasing of the charge doping level.  

- The (2, 2) SWNT is metallic, while the (3, 3) 
SWNT is semi-metallic at the neutral and charge 
doping cases.  
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