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In this paper, the possibility of the monatomic chain (MC) formation for ZnO material was studied by molecular dynamics 
(MD) simulation. The process of MC formation and the effects of temperature, strain rate and size were studied extensively. 
The tensile process can be divided to be five stages and the ZnO diatomic chain (DC) can be found. The MD results show that 
most atoms in MC came from the original surface of ZnO nanowires (NWs). Temperature and strain rate are two important 
factors affecting the process, and both high temperature and low strain rate in a certain range would be beneficial to the for-
mation of DC. Moreover, the effects of strain rate and temperature could attribute to the Arrhenius model and the energy re-
lease mechanism. Furthermore, multi-shell structure was found for the samples under tensile strain and the layer-layer distance 
was about 3 Å. Our studies based on density functional theory showed that the most stable structure of ZnO DC was confirmed 
to be linear, and the I-V curve was also got using ATK.  
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Yuan and Zhao [1] explored the possibility for the for-
mation of a stable and long gold monatomic chain (MC) by 
using the unique transport properties of the precursor chain 
in an interior corner. The investigation of the new formation 
methods of MC was done [1] because a single-atom chain 
of Au has the highest yield strength among all Au micro- 
and nano-structures [2,3] as shown in Figure 1, which illus-
trates a systematic trend of the increase in experimental 
yield strength of a Au nanostructure as the size is reduced 
towards the atomistic scale. 

The first direct observation of gold MC was found in 
1998 and the conductance was also studied [4]. MC has  

many unique properties such as the smallest electrical wire 
and ultimate surface-to-volume ratio. Thus MC has poten-
tial applications in electronic devices and high-performance 
gas-sensing devices. Moreover, MC is an ideal prototype of 
a nanowire (NW) for extensibility and mechanical strength 
study as no processes of bond unfolding or atom glide dis-
locating are involved in the deformation [5]. 

The atomic chain may possibly transport current with 
high density and be applied to molecular devices. Therefore, 
various materials such as Pt and Ni were studied experi-
mentally and theoretically. From both experiments and cal-
culation, NWs show quantized conductance units of 2e2=h, 
and single chains of gold atoms were confirmed to have one 
unit of conductance [6,7]. Many techniques such as pulling 
atoms with a scanning tunneling microscope (STM), sepa-
rating two metals with a mechanically controllable breaking  
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Figure 1  Experimental measurement of the yield strength of Au nano- 
structures as a function of lateral specimen dimension [2,3].  

junction, or by producing holes in a gold thin foil with a 
high resolution transmission electron microscope were used 
to produce stable chains of atoms [7–11]. The stability and 
longevity of gold MC was also studied which confirmed 
that the MC is stable in certain environment [9,12]. These 
experiments have motivated the theoretical studies attempt-
ing to understand the formation and evolution on monoa-
tomic NWs. Calculation based on molecular dynamics and 
ab initio method have been carried out [3,8,13–15]. The 
magnetic properties of gold nanotubes encapsulated transi-
tion metal (TM, TM=Co and Mn) and MC have been stud-
ied using density functional theory (DFT) calculations [16]. 
Furthermore, many theoretical studies attempt to reveal the 
MC forming mechanism [17–21].  

The MC has been found in many materials; however, 
most materials are noble metal [4,19,22]. In this paper, we 
present our calculation results about the formation of the 
diatomic chain (DC) for ZnO NW, which is a semiconduct-
ing material and attracted many focus of research. Based on 
classic molecular dynamics (MD) simulation, we found that 
the ZnO DC forms when the ZnO NW was under elongation 
and certain environmental conditions. Temperature and 
strain rate are two important factors governing the for-
mation process of ZnO DC. Too low or too high tempera-
ture and strain rate are not beneficial to the formation of 
atomic chain. Comparison between samples with different 
dimensions shows that there exists size effect in the for-
mation. Based on the simulation results, we found that DC 
is not liable to occur in small samples. However, high tem-
peratures in a certain scope could enhance the activity of 
atoms thus could be beneficial to the formation of DC. Mul-
ti-shell structures were found in ZnO NWs under tensile 
strain. Furthermore, stable configuration and conductivity of 
ZnO DC are investigated in this paper. These architectures 
are intriguing objects for further exploration of the physical 
properties and possible applications of advanced molecular 
or atomic devices. 

1  Simulation methods 

We investigated the structure and mechanical properties of 
wurtzite ZnO NWs using MD simulations with the Buck-
ingham type potential for atomic interactions, which has 
been successfully used in simulation of fracture and dislo-
cation nucleation in ZnO nanostructures. The potential 
function was as follows and corresponding parameters were 
shown in Table 1 [23]. The first term in eq. (1) denotes the 
Columbic interactions due to electric charges, and the se-
cond term and the third term are both short-range interac-
tions, which are attraction and repulsion, respectively 

   6
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where A,  and C are potential parameters,
 ijr  is the dis-

tance between two ions, and iq  is the charge on ion i. It 

should be noted that Einstein summation convention is not 
applied here, and repeated indices does not indicate summa-
tion in eq. (1). 

The NW models with different cross sectional shapes 
were cut from the wurtzite crystal ZnO. Here, the ZnO 
NWs with square cross sections were considered as 
shown in Figure 2. According to the experiments, the  

Table 1  Parameters for ZnO Buckingham potential function 

Species A (eV)  (Å) C (eV Å6) 

O2 O2 9547.96 0.22 32.00 

Zn2+ O2 529.70 0.36 0.00 

Zn2+ Zn2+ 0.00 0.00 0.00 

 

Figure 2  (Color online) Simulation model of ZnO NWs. (a) ZnO NW 
along [0001] direction; (b) cross-section and two facets. 
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axial direction of ZnO NWs is [0001] and the crystal 
orientations of side faces are (1010 ) and (1120 ). The 
NWs are relaxed to a minimum energy configuration 
with all free boundary conditions, and then thermally 
equilibrated equilibrated to 0, 300, 500, and 700 K for 30 
ps using the Nosé–Hoover thermostat with a time step of 
2 fs while keeping the length of the wires constant. Ap-
proximation to quasi static tensile loading in each defor-
mation increment is achieved in two steps, including 10 
ps loading process and 10 ps relaxation. The loading is 
applied along the axis of the NWs; with the bottom lay-
ers fixed and another tip move an increment in the length 
direction. Periodic boundary conditions were not used at 
any direction for all the simulations in this work. The 
velocity verlet algorithm was used to integrate the equa-
tions of motion and all MD simulations in this study 
were performed using the parallelized code LAMMPS 
[24]. The snapshots of the MD results were processed by 
the package of ATOMEYE [25]. Furthermore, in order to 
investigate the stable configuration and conductivity of 
ZnO DC, GAUSSION03 and ATK were employed in 
this article. 

2  Results and discussion 

2.1  Cross sections after relaxation  

The ZnO NWs models were cut from the bulk wurtzite ZnO 
crystal, thus the atom configuration would change after re-
laxation. The simulation results for the ZnO NW relaxed for 
30 ps under 300 K were shown in Figure 3. The sizes of 
cross sections are: 10 Å  10 Å, 15 Å  15 Å, 20 Å  20 Å, 
30 Å  30 Å, respectively. It was found that the crystal 
structure cannot be maintained after relaxation for the NW 
with the side length less than 10 Å, and the resulting 
cross-section was round-like (Figures 3(a) and (b)). The 
crystal structure of ZnO NWs with larger size could be 
maintained, the results shown in Figure 3(c)–(h). Serious 
observation shows that only atoms which are near to the 
surface move inward, which may mean that the ZnO NWs 
make contact during relaxation. The sharp corners of square 
cross section become smooth, and the inner atoms maintain 
the original structures. 

2.2  Multi-shell structure of ZnO NWs after relaxation 
under tensile stress 

The Multi-shell structure was found on sample with cross 
section: 15 Å  15 Å and 300 K and the structures formed 
under tensile stress, which is a key factor in transition. From 
the viewpoint of crystal structure, the surface atoms from 
planes (1010 ) and (1120 ) reconstruct forming rings that 

compose the rounded surface of NWs, which is a (1010 )  

 

Figure 3  (Color online) Cross section shape of ZnO NWs with different 
size before and after relaxation. (a) 10 Å  10 Å before relaxation; (b) 10 Å 
 10 Å after relaxation; (c) 15 Å  15 Å before relaxation; (d) 15 Å  15 Å 
after relaxation; (e) 20 Å  20 Å before relaxation; (f) 20 Å  20 Å after 
relaxation; (g) 30 Å  30 Å before relaxation; (h) 30 Å  30 Å after relaxa-
tion. 

surface displaying hexagons. Conversely, (0001) planes are 
very compact with shorter bonds than those from other 
planes. When the NW is under tension along the [0001] 
direction, the compact (0001) planes relax to form rings, 
keeping registry of their initial angular arrangement. As a 
consequence, the outermost shell that would otherwise ex-
pose facets reconstructs into a rounded (1010 ) surface, 
which has the lowest free energy for wurtzite ZnO [13]. The 
first stage of the evolution of the NW is shown in Figure 
4(a), which presents the evolution of ZnO NW formed in 
the [0001] direction. Before relaxation it exhibits (1010 ) 

and (1120 ) facets, which become a rounded surface after 
relaxation. The atoms rearrange by slipping to accommo-
date the round formation to become (1010 ) rounded sur-
faces. The process of ring formation also involves rounding 
the inner planar facets into ring-type structures, thus the 
ZnO NWs show multi-shell structure and each layer be-
comes a round like (1010 ) surface. Furthermore, we ob-
serve that distance between each ring is approximately 
2.9–3.4 Å (Figure 4(d)), which is much less than the bond 
length in bulk wurtzite ZnO crystal (1.992 and 1.973 Å).  
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Figure 4  (Color online) Multi-shell structure of ZnO NWs under tensile 
strain. (a) Initial state; (b) intermediate state; (c) round like multi-shell 
structure; (d) distances between each shell. 

This result may indicate that the attractive force between 
layers are relative small, thus slip between shells may exist 
during the tensile process. 

2.3  Formation of ZnO DC 

Based on the simulation results, the ZnO DC forms with the 
development of tensile process. One typical formation pro-
cess (cross section: 20 Å  20 Å NW, temperature: 500 K, 
strain rate: 2.08 109 s1) was shown in Figure 5(a)–(e), 
which could be divided into five distinct stages:  

Stage 1: (nominal strain 0–6.87%): The crystal structure 
of NW has not been destroyed and the NW endures uniform 
deformation;  

Stage 2: (nominal strain 6.87%–26.45%): Necking oc-
curs, and propagated with the tensile process;  

Stage 3: (nominal strain 26.45%–60.41%): ZnO DC 
forms, and the atom number on the DC increases with 
elongation； 

Stage 4: (nominal strain 60.41%–64.57%): Number of 
atoms on DC maintains constant, and the DC is pulled tight 
gradually;  

Stage 5: Fracture occurs and the DC contracts.  
Further investigation shows two characteristics during 

the process. Firstly, most atoms on diatomic chain come 
from the original surface of ZnO NW [15]. In order to in-
vestigate the movement of atoms in ZnO NWs, we marked 
the inner atoms and the surface atoms with different colors, 
as shown in Figure 6(a). It was found that the atoms In ZnO 
DC are largely from the surface of ZnO NWs (Figure 6(b)). 
We attribute this phenomenon to the fact that the atoms on  

 
Figure 5  (Color online) Five stages during the tensile process. (a) Ho-
mogeneous deformation stage; (b) occurrence and propagation of necking; 
(c) occurrence of DC; (d) the atom number on DC mains and the chain was 
stretched gradually; (e) rupture and contract of DC. 

 
Figure 6  (Color online) Origin of the atoms on ZnO DC. (a) Cross-sec-            
tion of the ZnO NW before the tensile process, the inner atoms and the sur-     
face atoms were marked with different colors; (b) formation of the ZnO DC. 

the surface are more liable to slip than inner ones for the 
adjacent atoms are fewer. Therefore, inner atoms could 
maintain the crystal structure while surface atoms slip into 
the DC during the elongation process. 

Secondly, the tips of the DC were found to be pyra-
mid-like on the one end (Figure 7(a)) and cliff-like on the 
opposite end (Figure 7(b)). The pyramid tip comes from the 
necking part, and the surface atoms slipped in to the tip 
gradually. The atoms were pulled in to DC from the pyra-
mid tip. The other end shows a cliff shape, and no pyra-
mid-like tip was found. The reason may be that the geomet-
rical positions of holding part are fixed in the model. The 
basic principle for the rupture of DC is that the force to pull 
out new atoms from “pyramid” tip is larger than the rupture 
force of ZnO bond. Further investigation on the rupture 
force of Zn-O bond is determined to be about 3.12 nN. It is 
comparable with the rupture force of about 1.2 nN for a 
gold-gold bond obtained in Car-Parrinello molecular dy-
namics (CPMD) simulations for pulling monatomic gold 
chain from Parrinello’s group [26]. 

2.4  Temperature and strain rate effects 

As the temperature governs the activity of atoms, very low  
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Figure 7  (Color online) Two ends of the ZnO DC. (a) “pyramid” tip; (b) 
“cliff” tip. 

temperatures would constrain the movements of Zn and O 
atoms. Thus, it was well-known that ZnO DC will not come 
into being when ZnO NWs was stretched under very low 
temperature (that is 0.01 K). Sun [5] predict that the melting 
point of MC was proportional to the bond energy of atoms, 
whose coordination number is only two. Thus the melting 
point of MC is much lower than the bulk material. Too high 
temperature is not suitable for the formation of ZnO DC as 
the ZnO was in a possible liquid state [27]. The ZnO DCs 
under different temperatures are shown in Figures 8(a)–(d), 
in the temperatures of 0, 300, 500 and 700 K, respectively. 
The MD simulation results are in good agreement with the-
oretical predictions. 

The strain rate effect was calculated under two conditions: 
2.08 108 s1 and 2.08 109 s1, respectively. According to 
the calculation results, the ZnO DC under higher strain rate 
would be longer than the one under lower strain rate as 
shown in Figure 9, which may be considered as the forma-               

 

Figure 8  (Color online) Temperature effects under four typical tempera-
tures. (a) 0.01 K; (b) 300 K; (c) 500 K; (d) 700 K. 

 

Figure 9  (Color online) Strain rate effects of two typical samples. (a) 15 
Å  15 Å and 2.08×108 s1; (b) 15 Å  15 Å and 2.08×109 s1; (c) 20 Å  
20 Å and 2.08×108 s1; (d) 20 Å  20 Å and 2.08×109 s1.  

tion of ZnO DC, liable to occur under high strain rate. The 
simulation temperature is 300 K and the cross sections of 
two samples are 15Å  15 Å and 20 Å  20 Å. The calcula-
tion results are shown in Figure 9. However, we could as-
sume that the ZnO NW would rupture without much defor-
mation under very high strain rate. The formation process of 
ZnO DC has some similarity compared with the formation 
of natural silk. Tensile force is crucial for the formation of 
DC and silk. It was found that the silkworm could not pro-
duce silk while keeping its head steady. Thus, silk was 
pulled from the body of silkworm. Moderate strength is 
another important factor. Interactions between Zn atoms and 
O atoms ensure the strength and moderate elasticity of DC. 
Under high strain rates, the ZnO NWs show fluid-like be-
havior and ZnO DC was in neither solid state nor liquid 
state. 

2.5  Size effect 

Size effect is one important character of nanosacale objects 
that is different with macro mechanical problems. With the 
calculation results of ZnO DC formation, we can conclude 
DC could not form with a very small sample and a larger 
sample could produce a longer DC in a reasonable scope. 
DC is relatively short with larger samples as the inner atoms 
have larger restriction on the surface atoms than a smaller 
sample. Atoms of samples with small dimensions exhibited 
no-order distribution. The NW would rupture directly 
without much deformation and DC was short (Figure 10(a)). 
For the sample Figures 10(b) and (c), we can see that large 
samples could produce longer atomic chain as more surface 
atoms could be provided. Another tendency is seen in Fig-
ure 10(d). Compared with other samples, the atomic chain 
was much shorter. We attribute this phenomenon to the 
large constrain on surface atoms as the bulk atoms could 
maintain crystal structure largely. However, to increase the 
activity of surface energy by raising the temperature could 
be a possible solution for large samples. 
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Figure 10  (Color online) Size effect of four typical samples. (a) 10 Å  
10 Å; (b) 15 Å  15 Å; (c) 20 Å  20 Å; (d) 30 Å  30 Å. 

 

2.6  Mechanism 

The Arrhenius model could be used to describe the kinetics 
of an activated process as well as for the process in this pa-
per. The Arrhenius model describes that an energy barrier 
hinders the forward progress of a reaction (degradation, 
corrosion, and oxidation). The height of this energy barrier 
is, effectively, the measure of the resistance to reaction. The 
explicit description of the Arrhenius equation is as follows: 

 
0 B

ln const,
H

k T




 
 

 




 (2) 

where H is activation enthalpy, kB is Boltzmann constant, 

0  is characteristic strain rate and could be taken as 1,   

and T is strain rate and absolute temperature, respectively. 
From eq. (2), we can conclude that forward progress of 

the reaction requires the supply of activation energy to sur-
mount this barrier. Thus the rate at which the reaction pro-
ceeds depends on the momentum that is provided to sur-
mount the activation energy barrier. During the tensile pro-
cess of ZnO DC, we found that the temperature and strain 
rate are two important factors governing the formation of 
ZnO DC. With the Arrhenius model, we could explain cor-
responding phenomenon. As shown by the Arrhenius equa-
tion, low temperature and high strain rate have the same 
effect on the process. It has been shown that the high strain 
rate and low temperature in a limited scope are beneficial to 
the formation of DC. 

2.7  Energy release mechanism 

To illuminate the underlying mechanism of the formation of 
various structures under different combined effects, and to 
understand why the long DC at low stretching rate is less 
favored, we note that any single atomic chain structure will 
have a high energy state due to the very low coordination 
environment. The creation of such a high energy state could 
be taken as one method to release the internal strain energy 
accumulated during the tensile process. However, there are 
many other methods to release the strain energy through the 

formation of other defects, such as through atom disloca-
tions. Thus one assumption is that the way of releasing 
strain energy by the system depends on how fast its relaxa-
tions of certain modes of defects compared to the external 
loading rate. If the system relaxation of certain type of de-
fect is faster than the external loading rate, the formation of 
such defect should be dominant in the elongation process 
[15]. For the simulation in this paper, the strain rate is high, 
thus the ZnO NWs tend to form DC to release accumulated 
energy.  

3  Vibration modes for ZnO DC 

It is well-known that the DC is one simple and classic pro-
totype in condense matter physics [28]. The discovery of 
MC or DC in various materials makes that prototype from 
theory to reality for 1-D Lattice diatomic model. Consider-
ing a stationary linear DC of atoms in equilibrium (Figure 
11), we apply Newton’s Second Law and the near-
est-neighbor approximation to this system which gives a 
dispersion relation with two “branches”; acoustic mode (for 
“+”) and optical mode (for “”),  
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where  is vibration frequency,  is stiffness coefficient, a 
is distance between adjacent atoms, M1 and M2 are masses 
of Zn and O atoms.  

The relationships among bond length, stiffness coeffi-
cient and frequencies of vibration modes are shown in Fig-
ure 12. Increasing bond length lead to small interactions 
between Zn and O atoms, which makes the stiffness coeffi-
cient become smaller. With the increase of bond length, the 
stiffness coefficient decrease gradually and become 0 while 
bond length is about 2.06 Å, meaning that the limitation 
length for Zn—O bond is 2.06 Å. Furthermore, the frequen-
cies of both acoustic and optical modes decrease with the 
increasing bond length. According to simulation results, the 
bond length of Zn—O bond cannot be maintained during 
tensile process, but the geometrical structures is constant for 
steady existing ZnO DC. Considering the vibration patterns 
of ZnO DC, the ZnO DC may only carry waves with spe-          

 

Figure 11  (Color online) Stationary linear model of ZnO DC. 
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Figure 12  Relationships among bond length, stiffness coefficient and 
vibration frequency. (a) Bond length-stiffness coefficient; (b) stiffness 
coefficient- acoustic mode; (c) stiffness coefficient-optical mode. 

cific frequency (acoustic and optical modes), thus the ZnO 
DC could be applied to fabricate micro wave filter. 

4  Stable structure and I-V curve of ZnO DC 

The MC has been found in three types: linear, dimers, and 
zigzag (Figure 13). The fundamental difference between 
former two types and zigzag is the bond angle. The bond 
angles between two adjacent bonds is 180° for linear and 
dimers, while bond angle is less than 180° for zigzag. Bond 
length is the factor that makes a distinction between linear 
and dimmers. The adjacent bond length of linear MC is 
nearly equivalent, while the one bond length is much larger 
than adjacent bond for dimmers type. To investigate the 
most stable configuration of one dimensional ZnO diatomic 
chain, we used DFT calculations implemented in GAUSSI-                               
ON03 [29] to scan its potential surface with respect to the 
bond length LZn—O and angle O—Zn—O. LZn—O starts from  

 

Figure 13  Three types of MC: linear (a), dimers (b), and zigzag (c). 

1.45 Å to 2.45 Å with increment of 0.1 Å, O—Zn—O starts from 
120° to 180° with increment of 10°. B3LYP method with 
6-311g basis set was used in order to fully consider the in-
teractions between zinc and oxygen atoms. From the potential 
surface (Figure 14), we found that the global minimum po-
tential locates at (LZn—O~1.75 Å, O—Zn—O=180°). The most 
stable one dimensional ZnO diatomic chain is a linear chain. 
A more precise scan of the potential surface with respect to 
LZn—O when O—Zn—O=180° is performed employing ATK 
[30] (Figure 15). Making a quadratic fit to these points, the 
global minimum potential locates at LZn—O = 1.745 Å.  

We built a two-probe system (Figure 16(a)) in ATK, 
whose two probes and scattering region all consist of one 
dimensional ZnO diatomic chains with LZn—O=1.745 Å. A 
bias voltage, ranging from 0.0 V to 0.09 V with increment 
of 0.01 V, was applied between the two probes. Hence, the 
corresponding current can be calculated according to DFT 
and non-equilibrium Green’s functions (Figure 16(b)). 
Making a differential of the current to the voltage at V=0, 
zero bias conductance C0 can be obtained, C0=7.68×105 
Siemens. It can be seen by the ATK simulation that the 
most stable state of ZnO DC is linear as shown in Figure 17. 
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Figure 14  (a) Perspective view of the potential surface of one-dimen-                        
sional ZnO DC with respect to the bond length LZn—O and angle O—Zn—O;  

(b) projection of the potential surface on -E surface; (c) projection of the 
potential surface on L-E surface. 

 
Figure 15  Potential surface of one-dimensional ZnO DC with respect to 
the bond length LZn—O when O—Zn—O=180°. Data points are calculated 
points by ATK, and the solid line is a quadratic fit to these points. The 
global minimum potential locates at LZn—O=1.745 Å. 

 
Figure 16  Model of ZnO DC in ATK and simulation result. (a) A two 
probe system built in ATK. The two probes and the scattering region all 
consist of one-dimensional ZnO DC; (b) I-V curve of one-dimensional ZnO 
DC. 

 
Figure 17  Electron density (ATK). The bond angle between adjacent   
O—Zn—O bonds is exactly 180°. 
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5  Conclusions 

In this paper, the formation of ZnO DC via MD simulation 
was studied in detail. The tensile process could be classified 
into five stages: (a) Homogeneous elongating deformation; 
(b) Occurrence and propagation of necking; (c) Occurrence 
of DC; (d) Pulled tight stage; and (e) rupture stage.  

Based on our calculation results, it was found that most 
atoms come from the surface of ZnO NW. Both temperature 
and strain rate have important effect on the formation of 
ZnO DC. Too low and too high temperature are not suitable 
for DC. The effect of strain rate has the similar tendency 
with temperature, which could be explained by the Arrhe-
nius model and energy release mechanism. Furthermore, 
size effect was also studied which showed that DC could 
not form in the small sample and larger sample could pro-
duce longer DC. Since the inner atoms have large restriction 
on the surface atoms, DC is relatively short for even larger 
samples. However, to increase the activity of surface energy 
by raising the temperature may be a possible solution for 
large samples. 

Moreover, multi-shell structure formed under tensile 
strain, and the distance between each layer was about 3 Å 
which indicates that the attractive force is assumed to be 
relatively small. 

Calculations based on density functional theory in 
GAUSSION03 showed that the stable configuration for 
ZnO DC is linear. Furthermore, the I-V curve was obtained 
using ATK. 

These architectures, such as ZnO DC and the multi-shell 
structure of ZnO NW, are intriguing for further exploration 
of the physical properties and possible applications of ad-
vanced molecular or atomic devices using ZnO nanomateri-
als. 

This research was supported by the National Natural Science Foundation 
of China (Grant No. 60936001).  
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