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Strain can alter the electronic properties of materials. At the nanoscale, small displacements of atoms could have large 
effects. In this study, we have examined how elastic strain can modify the energy band gaps of semiconducting zigzag 
Single Walled Carbon Nanotubes (SWCNTs). The electronic structure of SWCNTs have been computed for each deformed 
configurations by means of real space, Order(N) Tight Binding Molecular Dynamic (O(N) TBMD) simulations. During the 
applications of uniaxial strain, carbon atoms are moved slightly from their equilibrium positions, but their atomic bonds are 
not broken. Three different kinds of semiconducting zigzag SWCNTs are chosen. (12,0) SWCNT, although a 
semiconducting SWCNT, is quasi-metallic in its pristine state. Application of stretching and compression opens its band 
gap. Thus under strain (12,0) SWCNT shows metallic-semiconducting transitions. (13,0) and (14,0) zigzag SWCNTs are 
semiconductors having energy band gap values of 0.44eV and 0.55eV in their pristine state. The energy band gap of (13,0) 
SWCNT decreases with increasing absolute value of compression. On the other hand, the energy band gap of (14,0) 
SWCNT decreases with increasing value of tension. So in both cases, the energy band gap closes and semiconducting - 
metallic transitions are observed.  Flexibilities of the stretched hexagonal network of SWCNTs are displayed in terms of 
carbon-carbon bond-lengths, bond-angles and radial distribution functions. Correlations between the strain induced 
structural changes and the electronic properties of SWCNTs are discussed. 
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1. Introduction 
     
Graphene and SWCNTs actually have very similar 

structures. The difference is that graphene is a flat layer of 
carbon atoms, only one atom thick, whereas SWCNTs are 
sheets of carbon atoms rolled up into a tube shape. 
Graphene, despite its promising charge transport 
properties, due to the lack of an intrinsic bandgap faces 
problems to function as a switch in transistor devices. Zero 
band gap nature of the graphene is an unfavorable property 
and application of strain works in favor for graphene. Thus 
strain induced band gap engineering improves the 
electronic properties of graphene. On the other hand, 
SWCNTs can sustain their stability up to very high 
temperatures [1] and defect free SWCNTs can be stretched 
in axial direction 130% of the relaxed tube length without 
any bond breaking or 5-7 defects formation [2,3]. 
Application of strain can open or close the energy band 
gap depending on the type of SWCNT (armchair or 
zigzag). SWCNT’s electronic properties mainly depend on 
the helical arrangement of atoms [4].  The structure of a 
SWCNT is described by the chiral vector 
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where n and m are integers and 
1a


and 
2a


 are the unit 
vectors of graphene lattice. Depending on the chiral 
vector, SWCNTs can be classified into three types, 
namely, armchair (n,n),zigzag (n,0) and chiral (n,m). 
Achiral SWCNTs of the armchair (n,n) types are always 
metallic, and the zigzag (n,0) SWCNTs are only metallic 
when n is a multiple of 3. Application of uniaxial strain 

(tensile or compressive) will not cause a metal-insulator 
transition for the armchair (n,n) SWCNTs. However, it can 
open up an energy band gap for the zigzag (n,0) when n is 
a multiple of 3. When n is not a multiple of 3, n (mod 3) 
can be either 1 or 2. These types of zigzag (n,0) SWCNTs 
are moderate-band gap semiconductors but their band gaps 
react differently to tensile stretching and compressing. 
Band gaps of n (mod 3) = 1 SWCNTs close with 
compressive strain and open up with tensile strain. On the 
other hand, in the case of n (mod 3) = 2, a SWCNT’s band 
gap decreases for tensile strain and opens up for 
compressive strain. The electronic band structure of 
SWCNT is derived from the graphene analogy. The 
Brillouin zone of graphene is a hexagon. The valence 
bands touch the conduction bands at the corners of the 
hexagon giving the semi-metallic characteristic of 
graphene. A SWCNT is a rolled-up graphene sheet and the 
periodic boundary conditions quantize the components of 
the electronic wave vectors along the circumferential 
direction. When the quantized components of the 
electronic wave vectors along the circumferential direction 
intersect the graphene Fermi sur- face, SWCNTs show 
metallic characteristics, otherwise not.  For example (n,0) 
zigzag SWCNTs are metallic when n (mod 3) = 0, because 
only in this case quantized k vectors cross the vertices of 
the hexagonal Brillouin zone of the graphene. On the other 
hand n  (mod 3)  =  1 or 2 types of (n, 0) zigzag SWCNTs 
are semiconductors with no allowed electronic wave 
vectors crossing the vertices of the graphene’s Brillouin 
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zone. Tight-binding [5,6,7], ab initio GGA, LDA 
computations [8,9] and first principle DFT studies 
[10,11,12] have shown that tensile deformations will 
modify the band gap of the carbon nanotubes. The 
application of the conventional ab initio electronic 
structure calculations to large systems is impeded by their 
inherent O(N

3
) scaling properties with N the number of 

atoms. In order to overcome this difficulty, efficient linear 
scaling algorithms, which are referred to as O(N) methods, 
have been developed. Real space algorithms have been 
successfully used to perform ab initio electronic structure 
calculations [13,14,15,16]. The main objective of this 
paper is to make use of real space O(N) parallel tight-
binding molecular-dynamics algorithms [17,18,19] one of 
us (G. Dereli) has developed in studying the electronic 
structure of strained SWCNTs with diameters going up to 
1 nm. It is of interest to investigate, Whether a 
semiconducting zigzag SWCNT still remain 
semiconducting after stretching and compressing? We 
applied the real space O(N) and parallelization techniques 
in particular to (12,0), (13,0) and (14,0) zigzag SWCNTs 
according to n (mod 3) = 0, n (mod 3) = 1 and n (mod 3) = 
2 classification. Dimensions of the selected zigzag 
SWCNTs are given in Table 1. Electronic temperature is 
set to 300K. It is found that tubes sustain their tensile 
stability under applied strain values and the total energy 
quadratically increases under both tension and 
compression. We displayed the address of the strain that 
causes the first metal semiconductor and semiconductor - 
metal transitions in the zigzag SWCNTs. Zigzag SWCNTs 
that are represented as n (mod 3) = 0 are metallic and all 
others (i.e. n (mod 3) = 1 and n   (mod 3) = 2) are 
semiconducting in unstrained conditions. 

The  energy  band  gap  of  zigzag  (12,0)  SWCNT  

with  chiral  vectors  n (mod 3) = 0 increases so metallic-

semiconducting transitions occur under both tension and 

compression. On the other hand, the energy band gap of 

zigzag (13,0) SWCNT with chiral vectors n (mod 3) = 1 

increases under tension. However, it decreases under 

compression so semiconducting - metallic transition 

occurs. The energy band gap of zigzag (14,0) SWCNT 

with chiral vectors n (mod 3) = 2 increases under 

compression. However, it decreases under tension so 

semiconducting - metallic transition occurs. Our real space 

O(N) TBMD results support the trends of previous first 

principle studies of [8,9,10,11] and k-space tight-binding 

band gap calculations of [7] and reveals significant 

information of electronic behaviors of strained zigzag 

SWCNTs in real space. Since samples used in most of the 

experiments are mixtures of different chiral indices, a 

direct comparison with theoretical calculation is not 

possible. Real space results of the O(N) TBMD algorithms 

offer an alternative technique besides ab initio simulations 

and the model potential ones. Results are also 

substantiated by the changes observed in the radial 

distribution, bond- length distribution and bond-angle 

distribution functions in the paper. 
 
 
 
 

2. Method 
 
We use the parallel O(N) TBMD simulation technique 

which is successfully applied to the SWCNTs by G. Dereli 
et al. [17,18,19] in order to study the energetics and 
electronic properties of (12,0), (13,0) and (14,0) SWCNTs 
(Table 1).  

 
Table 1. Physical properties of SWCNTs for tensile 

Simulations 

 

 𝑛(mod 3)
= 0  

(12,0) 

𝑛(mod 3)
= 1  

(13,0) 

𝑛(mod 3)
= 2 

(14,0) 

Buffer Skin 

Size (Å) 

4.5 4.6 4.5 

Number of 

Atoms 

240 260 280 

Radius (𝑛𝑚) 0.47 0.51 0.55 

Length (𝑛𝑚) 1.99 1.99 1.99 

 

 

Simulations are performed in two steps. Firstly, 

SWCNTs are simulated until their structural stability is 

sustained (3000 MD steps of simulation time is used and 

each time step is chosen as 1fs). A longer number of MD 

steps was tested (10000 MD steps) and it was seen that 

energy fluctuations remain unchanged. Secondly, axial 

strain is applied along the SWCNT axis and the tube is 

equilibrated for another 2000 MD steps.  At each MD step, 

total energy and atomic forces are calculated. For MD 

scheme, equations of motion are integrated by using 

Velocity Verlet algorithm. Periodic boundary condition is 

applied in the uniaxial direction. All the simulations 

presented here are carried out in the canonical (NVT) 

ensemble. The results for sequential and parallel runs are 

compared and assured that they are the same both in 

numerical accuracy and in physical aspects. 

In the classical TBMD, electronic structure of the 

system can be calculated by the TBMD Hamiltonian so 

that the quantum mechanical many-body nature is taken 

into account [20, 21] 
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The forces needed to move atoms is evaluated from 

TBMD Hamiltonian as 
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the second term on the right hand side of the Eq. (2) is a 

repulsive force that will be given analytically as a function 

of the interatomic distance [22]. On the other hand the first 

term on the RHS of Eq. (2) is the Hellmann-Feynman 

contribution to the total force 
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Total energy, Etot, of a system of ion cores and 

valance electrons can be written as: 

 

            
n

repbseeiinTOT EEUUTfE ),(       (4) 

where f (εn,T ) is the Fermi-Dirac distribution function. 

The sum of all the single particle energies is commonly 

called the band structure energy Ebs. In order to calculate 

the band structure energy and Hellman Feynman forces, 

we need the full spectrum of eigenvalues εn determined by 

solving the secular Eq. (5) and the corresponding 

eigenvectors n

lC 
: 
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We diagonalize the TBMD Hamiltonian matrix at 

every time step of the simulation. Standard diagonalization 
of the TB matrix requires a computation time in cubic 
scaling with respect to the number of atoms and dominates 
the overall computational workload of the TBMD 
simulations. On the other hand, O(N) methods solve the 
band energy in real space and make the approximation that 
only the local environment contributes to the bonding and 
hence the band energy of each atom. In this case, the 
computation time would be in linear scaling with respect 
to the number of atoms [23]. One of the O (N) methods 
used to carry out quantum calculation is the divide and 
conquer (DAC) approach [24, 25]. The key idea of this 
approach is to provide a description of a large system in 
terms of contributions from subsystems. The system is 
split into subsystems described by a set of basis set of 
neigh- boring atoms that are called buffer. Each subsystem 
is solved separately, and the total electron density and the 
energy of the system are obtained by summing the 
corresponding contribution from all subsystems [18]. The 
accuracy of this description depends on the buffer size. 
The results obtained with the O(N) algorithm must be 
consistent with O(N

3
) results for the same system. Buffer 

skin size is calculated as 4.5 Å for (12,0) and (14,0) 
SWCNTs and 4.6 Å for (13,0) SWCNT [26]. Moreover, 
O(N) technique can be efficiently parallelized by use of 
message passing interface such as PVM. Details of the 
technique can be followed in [17, 18, 19].  

Uniaxial strain is applied to the SWCNTs along the 
axial (z) direction and allowed to relax along radial 
direction. So the volume of the tube is kept constant. The 
axial strain is obtained from ε = (l − l0)/l0 where l0 is the 
equilibrium length in the axial direction for unstrained 
SWCNT and l is the corresponding length in the strained 
SWCNT. Positive strain values correspond to tension and 
negative strain values to compression. We have calculated 
the total energy and energy band gap of (12,0), (13,0)  and  
(14,0) zigzag SWCNTs under axial tension and 
compression. The energy band gap of the strained 
SWCNTs is determined from real space electronic density 
of states (eDOS)  which  is  obtained  from  the  general  
formula 
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where N is number of electrons in the system and equals to 
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The existence of populated electronic states near 

Fermi energy level on the eDOS (Eq. (6)) determines the 
energy band gap. Simulations are performed at room 
temperature (300K) and the periodic boundary condition 
(PBC) is applied along the z direction. 

 
 
3. Results and discussion 
 
In this study, we have examined how elastic strain can 

alter the band gap of semiconducting zigzag SWCNTs. 
Figure.1 summarizes the effect of positive and negative 
strains applied to semiconducting zigzag (12,0), (13,0) and 
(14, 0) SWCNTs. First 3000 MD steps of simulations 
show the total energy fluctuations of the pristine SWCNTs 
(without strain). Longer simulation times have been tested 
but the energy fluctuations remained the same. 
 

 
Fig. 1: Variation of the total energy (eV /Atom) as a 

function of applied strain. First 3000 MD steps give the 

energy of pristine SWCNTs (without strain), next 2000 

MD steps give the energy under the applied strain. 

Positive and negative strain values correspond to the 

tension and compression, respectively. Simulations are  

performed at 300K. 

 

Several strain values are applied to a pristine tube to 

study the strain rate. Strain is obtained from ε = (l − l0)/l0 , 

where l0 and l are the tube lengths before and after the 



Strain modulated band gaps of semiconducting zigzag single walled carbon nanotubes                               921 

 

strain, respectively. Positive strain values correspond to 

tension and the negative strain values to compression. 

Strain is applied in steps of 1% in the elastic range of 

(−8%) to (+8%).  SWCNTs are equilibrated under strain 

for another 2000 MD steps. Short fluctuations in total 

energy values indicate that (12,0), (13,0) and (14,0) zigzag 

SWCNTs are stable under applied strain values. Total 

energy values that are calculated from Figure 1 and 

presented as functions of strain in Figure 2. 

 

 
 

Fig. 2: Total energy (eV /Atom) versus strain curves of 

(a) (12, 0) SWCNT, (b) (13, 0) SWCNT and (c) (14, 0) 

SWCNT. The insets  show  the  variation  of  band  

structure    (Ebs)   and  repulsive   (Erep)   energies  with  

respect to the applied strain. 

 

 

Total energy increases quadratically with the 

application of positive and negative strains, indicating the 

elastic behavior of the SWCNTs. At zero strain, minimum 

values of the total energy read as −8.24 (eV /Atom), −8.26 

(eV /Atom) and −8.27 (eV /Atom) for zigzag (12, 0), (13, 

0) and (14, 0) SWCNTs, respectively. Insets of Figure 2 

show the band structure Ebs and the repulsive energy Erep 

contributions to total energy. 

Next, we investigated the strain induced change of 

electronic density of states (eDOS) of individual 

nanotubes.  eDOS of zigzag (12,0), (13,0) and (14,0) 

SWCNTs are calculated from Eq. (6) and plotted in 

Figures 3, 4 and 5, respectively. eDOS graphs are 

normalized by moving the Fermi energy level to zero on 

the x axis. The existence of electronic states near Fermi 

energy level through the eDOS graphs defines the energy 

band gap (Eg) of SWCNTs. Figs. (3 a,b,c) display the 

eDOS of (12,0) SWCNT under the strain values of 0, 

+8%, −8%, respectively. Here, a positive strain value 

corresponds to axial tension and a negative strain value 

corresponds to axial compression. In Fig. 3 a, (12, 0) 

SWCNT has no band gap at zero strain, indicating metallic 

behavior of the tube in the pristine state. When tensile 

strain is applied, a band gap appears and it opens up under 

both tension and compression as depicted in Figures 3 b 

and c. (12,0) SWCNT which is quasi metallic in the 

pristine state, with the application of positive and negative 

strains can undergo band gap increases, leading to a 

metallic-semiconducting transition of (12, 0) tube. Fig. (4 

a,b,c) give the change in the eDOS of (13, 0) SWCNT 

under the strain values of 0, +6%, −6%, respectively.  In 

Fig. 4a, it is shown that the (13, 0) tube has a band gap at 

the strain of 0 and the gap disappears at the strain of −6% 

(Fig. 4c). This indicates that the tube, which is 

semiconducting in pristine state becomes metallic as the 

compression is applied. On the other hand, Figure 4b 

shows that at the strain of +6%, the band gap increases 

which means that (13, 0) tube retains its semiconducting 

behavior during tension. Figures (5 a, b, c) show the eDOS 

behavior of (14,0) SWCNT under the strain values of       

0, +5%, −5%, respectively.  In Figure 5a, it is shown that 

(14,0) tube has a band gap at zero strain similar to (13,0) 

SWCNT. However, in contrast with the (13,0) tube, at the 

strain of +5% the band gap disappears and the gap opens 

at the strain of −5%. So it is shown that (14,0) SWCNT 

shows semiconducting-metallic transition during tension. 

It retains its semiconducting behavior during compression. 

 

 
Fig. 3: Calculated eDOS structure of (12, 0) SWCNT at 

different  uniaxial  strain:  (a) ε  =   0%   (pristine  state), 

(b)      ε = +8% (tension) and (c)ε = −8% (compression). 

 

 
Fig. 4: Calculated eDOS structure of (13, 0) SWCNT at 

different uniaxial strain: (a) ε = 0% (pristine state),               

(b) ε = +6%  (tension)  and  (c) ε = −6%  (compression). 
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Fig. 5. Calculated eDOS structure of (14, 0) SWCNT at 

different uniaxial strain: (a)ε = 0% (pristine state), 

(b) ε = +5% (tension) and (c)ε = −5% (compression). 

 

 

Next, we investigated the strain-induced change of 

band structure of individual nanotubes. The energy band 

gaps of (12,0), (13,0) and (14,0) zigzag SWCNTs are 

obtained from the existence of electronic states near Fermi 

energy level on the eDOS graphs and they are given as a 

function of strain in Fig. 6 a, b, c, respectively. As shown 

in Figure 6a, the band gap of (12, 0) nanotube is 0.01eV at 

zero strain.  When tensile strain is applied, a band gap 

appears and increases up to 0.47eV under both +8% 

tension and −8% compression.  These results are 

consistent with the first principle results of [10].  Fig. 6b 

shows that the band gap of (13, 0) nanotube is 0.44eV at 

zero strain. When tensile compression is applied, the band 

gap decreases and reaches 0.11eV under −8% tensile 

strain.  On the other hand, the band gap of (13,0) nanotube 

increases with increasing tensile tension and reaches 

0.74eV for +6% tensile strain. Our results are consistent 

with the first principle results of [8, 9, 10, 11, 12] and tight 

binding calculations of [7] for similar chirality SWCNTs. 

Figure 6c shows that the band gap of (14, 0) nanotube is 

0.55eV at zero strain.  When tensile tension is applied, the 

band gap decreases and reaches 0.04eV under +6%  tensile  

strain.  On the  other  hand,  the  band  gap  of  (14,0)  

nanotube  increases  with  increasing value of compression 

and reaches 0.67eV  for −5% tensile strain.  Our results are 

consistent with the first principle results of [10] and k-

space tight binding calculations of [7] for similar chirality 

SWCNTs. 

 

 
 

Fig. 6. Calculated energy band gap (eV ) versus uniaxial 

strain curves of (a) (12, 0) SWCNT, (b) (13, 0) SWCNT  

and (c) (14, 0) SWCNT. 

 

 
 

Fig. 7. Calculated energy band gap (eV ) modifications 

of (12, 0),  (13, 0) and (14, 0) SWCNTs as  a  function  of  

uniaxial strain. 

 

 
Fig.  8. Radial  distribution  functions  of  simulated  (a)  

(12, 0)  SWCNT,  (b)  (13, 0)SWCNT and (c) (14, 0) 

SWCNT. 
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Fig. 7 summarizes the strain-induced band gap 

changes of (12,0), (13,0) and (14,0) SWCNTs. Previous 

theoretical predictions are confirmed by studying small 

axial strains in broad range. Small axial strains such as 

0.1% can induce band gap increases or decreases in 

SWCNTs. For high strain rates, the changes in the Radial 

Distribution Function (RDF), Bond Length Distribution 

Function (BLDF) and Bond Angle Distribution Function 

(BADF) are given through Figures 8, 9 and 10. In the 

graphs, two-thirds of the bond lengths and one-third of the 

bond angles increase (decrease) when the tube is elongated 

(contracted) as expected. Bond angles and bond lengths 

are the two important factors that control the deformation. 

The effect of strain on the bonds is such that it alters the 

angles between two neighboring carbon bonds and 

changes the lengths of the C − C bonds.  

 
Fig. 9. Bond-length distribution functions of simulated 

(a) (12, 0) SWCNT, (b) (13, 0)SWCNT and (c) (14, 0) 

SWCNT. 

 

 
Fig. 10:  Bond-angle distribution functions of simulated 

(a) (12, 0) SWCNT, (b) (13, 0)SWCNT and (c) (14, 0) 

SWCNT. 

 

 

 

RDF graphs of unstrained SWCNTs, display a first 

peak at the nearest neighbor (nn) distance of 1.41 Å, 

second peak is at the second nn distance of 2.43 Å and the 

third peak is at 2.85 Å. For simulated pristine SWCNTs, 

Bond Angle Distribution Function (BADF) peaks around 

119.4 degree and Bond Length Distribution Function 

(BLDF) around 1.42 Å.  

 

 

 

 

Table 2: Radial Distribution Function (RDF), Bond Length Distribution Function (BLDF) and Bond Angle  

Distribution Function (BADF) peak positions at zero strain and also in strained conditions. 

 

Physical 

Property 

BLDF (Å)  BADF 

(deg ) 

 RDF (Å)  

Strain(%) −6% 0% +6% −6% 0% +6% −6% 0% +6% 

(12, 0) 1.40 1.42 1.46 115.8 119.4 123 2.36 2.43 2.39 

(13, 0) 1.41 1.42 1.44 115.8 119.4 123 2.38 2.43 2.39 

(14, 0) 1.41 1.42 1.45 117 119.4 126.6 2.38 2.44 2.27 

 

Numerical values of changes with elongation 

(contraction) are given in Table 2. Results are 

substantiated by the changes observed in the radial 

distribution, bond-length distribution and bond-angle 

distribution functions.  

 

 

4. Conclusions 
 

In  this  paper,  we  tried  to  find  an  answer  to  the  

question: “Whether a semiconducting zigzag Single- 

Walled Carbon Nanotube (SWCNT) still remain 

semiconducting after stretching and compressing?” 

We have used Order (N) TBMD algorithms which are 

successfully applied in real space simulations of 

(SWCNTs) [1, 2, 3, 17, 18, 19]. In the study, we used 

zigzag (n, 0) SWCNTs. These SWCNTs are only quasi 

metallic when n is a multiple of 3, otherwise they are 

semiconducting. In particular, (12,0), (13,0) and (14,0) 

zigzag SWCNTs are chosen according to n   (mod 3) = 0, 

n  (mod 3)  =  1 and n  (mod 3)  =  2 classification.  

Nevertheless, uniaxial deformations are found to 

dissimilarly affect the band structures of such SWCNTs. 
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(13,0) SWCNT representing  n  (mod 3)  =  1  type  of  

SWCNT with 0.44eV energy band gap grows up to a 

maximum value of 0.74eV when the strain parameter 

achieves a value of 6%. On the other hand, (14,0) SWCNT 

representing n (mod 3) = 2 type of SWCNT with 0.50eV 

energy band gap reduces to 0.04eV at the strain parameter 

of 8%. Thus a semiconducting SWCNT no longer remains 

a semiconductor. On the other hand with the application of 

negative strain ( i.e compression) we observe the opposite 

behavior. Negative strain closes the band gap of (13,0) 

SWCNT. Semiconducting (13,0) SWCNT becomes 

metallic in conductivity. Application of negative strain in 

semiconducting (14,0) causes the evolution of the gap 

opening from 0.50eV to 0.67eV. The energy band gap of 

(12, 0) zigzag SWCNT with the chiral vector of n (mod 3) 

= 0 increases so that metallic- semiconducting transitions 

occur under both tension and compression. 

It has been shown that armchair graphene ribbons 

having an edge with an armchair form, alternate 

periodically with width between metallic and semi- 

conducting behaviors, quite analogous to the behavior 

observed in SWCNTs [27]. Armchair graphene ribbons 

when rolled up into tube shape result in zigzag SWCNT. 

In this study, we used volume constant NVT algorithms; 

strain is applied along the z direction and SWCNT is 

allowed to relax along the radial direction in order to 

preserve the volume of the system. This process 

corresponds to width changes in armchair graphene 

ribbons. 

This study provides useful insights for understanding 

the electronic behavior of deformed zigzag SWCNTs 

under uniaxial strain. The advantage of our technique is 

that the calculations are done in real space. Moreover, this 

study shows that O(N) TBMD simulation method is an 

efficient tool for clarifying the tensile behavior and 

electronic structure of SWCNTs which are important for 

designing the future SWCNT based electronic and opto 

electronic devices. 
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