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1.  Introduction

As the first member of single-atom-thick two-dimensional 
(2D) material obtained in experiment [1], graphene draws 
numerous attentions of researchers and has been studied 
extensively due to the distinctive properties such as the per-
fect Dirac cone [2], obvious quantum Hall effect [3], excellent 
mechanical property [4], high carrier mobility [5] and thermal 
conductivity [6], and unique transport property [7]. Although 
many other 2D materials such as silicene [8], graphdiyne 
sheet [9–11], boron nitride sheet [12], layered transition-metal 

dichalcogenides (TMDs) [13–15], phosphorene [16], boro-
nene [17], tellurene [18], and the planar metal-organic frame-
work [19] gradually stepped into people’s horizon, graphene 
remains one of the focuses of nano-materials and nano-elec-
tronics owing to the mature preparation method, and oppor-
tunities for functionalization, such as cutting [20, 21], doping 
[22, 23], stacking [24, 25], strain [26, 27], external field [28], 
and covalent decoration [29].

Owing to the spin polarized edge states, zigzag graphene 
nanoribbons (ZGNR) aroused much interest for the potential 
applications in spintronics. The unpaired electrons caused by 
the breaking C–C bond formed two subbands near the Fermi 
level (FL), which induce the high density of states (DOS) at 
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In zigzag graphene nanoribbons (ZGNRs), the spin polarized edge states play a significant role 
in the electronic structure. The two ferromagnetically ordered edges anti-ferromagnetically 
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the tensile strain, transverse electric field, and asymmetric edge decoration by  −OH and  −CN 
groups on the magnetism and electronic property of 8-ZGNR have been studied using the 
density functional theory. The calculational results indicate that the arising strain can modulate 
the response of electronic and magnetic properties to external electric field, improving the 
magnetism and extending the electric field range in which the ZGNR presents half-metallicity. 
In addition, the O-H/C-N groups decorated ZGNR possesses a lower critic electric field and a 
larger electric field range for realizing half-metallicity comparing with the unstrained pristine 
ZGNR.
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the FL and lead to the metallicity of ZGNR [21, 30]. When the 
coulomb repulsion between electrons is taken into account, 
to lower the total energy, the system tends towards splitting 
the edge states, and then anti-ferromagnetically couples the 
opposite edges [30]. When a transverse electric field is applied 
in paralleling with the plane of ZGNR, the local edge states 
corresponding to the edge with high electrostatic potential are 
shifted downwards and the other edge with lower electrostatic 
potential are shifted upwards, leading to the half-metallicity 
[31]. Owing to the symmetry-dependent coupling between 
π and π* subbands, the charge transport property of ZGNR 
are closely related to the symmetry. The asymmetric ZGNRs 
present distinctly different transport behavior from the sym-
metric ones under bias voltages [7]. In addition, the perfect 
spin-filtering effect can be achieved in ZGNR with asym-
metry edge hydrogenation by boron or nitrogen doping [32]. 
In experiment, the perfect ZGNR with atomically precise 
zigzag edges can be synthesized using the bottom-up method 
through surface assisted polymerization and cyclodehydro-
genation of specifically designed precursor monomers [33]. 
And the growth of graphene nanoribbon (GNR) with smooth 
edge and controllable width can be achieved on the substrates 
of hexagonal boron nitride by using chemical vapour deposi-
tion [34].

The spin polarization closely depends on the (DOS) at the 
FL according to the Stoner criterion [35–37]. Meanwhile, 
many studies have demonstrated that the strain has a signifi-
cant influence on band structure and DOS near the FL in most 
of 2D materials. For example, in the black phosphorene with 
vacancy, sufficient strain can break the bonds formed by the 
phosphorus atoms near the vacancy and lead to the local-
ized magnetic moment on the under-coordinated phosphorus 
atoms [38]. In the graphene monolayer with 558 linear defect, 
the strain can enhance the localization of the defect states and 

flat the corresponding subbands near the FL, which greatly 
raises the DOS at the FL and brings the spin polarization of 
the defect states [37]. Thus, applying strain on ZGNRs would 
be an effective method for spin polarization. However, most 
studies focus on some single factor, such as doping, strain, 
external electric field or edge decoration, the study that con-
cerns the combining effects of these elements on the electronic 
structure of ZGNR is lacking. Furthermore, it is inevitably to 
ignore the effect of strain in the reality owing to the geometric 
deformation induced by the substrate. In addition, the study 
of the coupling effect of two or more factors including strain 
would give some more useful suggestions in a real-world 
application and lead to some interesting results. Therefore, 
in this work, using the density functional theory, the strain 
effect on the magnetism and electronic structure under the 
transverse electric field of the pristine and the  −OH and  −CN 
groups decorated ZGNRs have been studied, and the results 
show that the strain greatly enhanced the magnetism of ZGNR 
and the half-metallicity can be preserved in the wider range of 
electric field.

2.  Model and method

ZGNR is a structure that can be obtained by cutting graphene 
along the zigzag direction, and its width is usually character-
ized by the number of carbon chain along the periodic direc-
tion, conventionally named as n-ZGNR. Figures 1(a) and (b) 
present the geometric structures of the pristine ZGNR and the 
edge decorated ZGNR by  −OH and  −CN groups, respec-
tively. The strain is applied along the periodic direction and 
the electric field is perpendicular to the periodic direction and 
parallel to the plane of ZGNR.

The geometry optimization and electronic properties are 
calculated by using the AtomistixToolKit (ATK) package, in 

Figure 1.  (a) The geometric structures of pristine ZGNR. (b) The geometric structures ZGNR that edge decorated by  −OH and  −CN 
groups. The gray, blue, red, and white balls represent the C, N, O, and H atoms, respectively. The pale green and yellow arrows show the 
directions of electric field and strain applied on ZGNR respectively. D1 and D2 denote the bond length of C–C located at the nearest edge 
and the next nearest edge, respectively.
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which the density functional theory (DFT) and nonequilibrium 
Green’s function (NEGF) method [39, 40] are implemented. 
The Perdew–Burke–Ernzerhof (PBE) functional based on the 
generalized gradient approximation (GGA) is employed to 
describe the exchange correlation interaction [41]. The norm-
conserving Troullier–Martins pseudopotentials are employed 
to deal with the interaction between the electrons and the ions. 
The spin-unrestricted ground state wave function is expanded 
with the duoble-zeta polarized (DZP) basis set. The cutoff 
energy of the real space grid is 75 Hartree and the k-point 
sampling is 1  ×  1  ×  101. A vacuum layer of 20 Å is added 
to avoid the interaction between adjacent ribbons. The conv
ergence criterion is that the change of total energy is less than 
10−4 Hartree and the electron temperature is 300 K. The atom 
positions are optimized by using the Quasi-Newton method 
until the absolute value of force acting on each atom is smaller 
than 0.02 eV Å−1.

In addition, the exchange correlation functional is also 
critical in DFT calculation. The exact exchange energy in 
spin-unrestricted Hartree–Fock (HF) method usually brings 
the artificial symmetry breaking and overestimated band gap 
owing to the lack of correlation term [42–43]. Reasonably 
consider the correlation energy can removal the artificial sym-
metry breaking [44]. The PBE functional simultaneously con-
sidered the exchange and correlation energy, possesses low 
computation cost, and can yield reasonable results in most 
cases, thus widely adopted by many researchers, but which 
tends to underestimate the band gap. Therefore, the screened 

exchange hybrid functional proposed by Heyd, Scuseria, and 
Ernzerhof (HSE06) [45–47], including one quarter of the 
exact exchange, has also been used to check the result espe-
cially the half-metallicity.

3.  Results and discussions

The ground state of the unstrained ZGNR is antiferromagnetic. 
To know whether the strain can change the ground state of the 
ZGNR, the total energy of the strained ZGNRs with different 
width has been calculated in three kinds of spin-polarized con-
figurations: nonmagnetic (NF), ferromagnetic (FM) and anti-
ferromagnetic (AF). Figures 2(a) and (b) present the total energy 
differences ∆ENF-FM (∆ENF-FM = Etot(NF)− Etot(FM)) and 
∆EFM-AF (∆EFM-AF = Etot(FM)− Etot(AF)) under different 
strains as a function of the width of ZGNR, respectively. 
Note that the ∆ENF-FM gradually increases with the increase 
of the width of ZGNR and finally approaches a constant as 
shown in figure 2(a). The effect of the rising strain is evidently 
enhancing the value of this constant, approximately from the 
75 meV under the strain of 0% to the 175 meV under the strain 
of 15%. For the ∆EFM-AF, as shown in figure 2(b), although 
all curves eventually decrease to zero with the increase of the 
width of the ribbon, the strained one drops with slower speed, 
which indicates that the strain can effectively slow down this 
tendency of decreasing. Since both ∆ENF-FM and ∆EFM-AF are 
always larger than zero, the AF state remains the ground state.

Figure 2.  The total energy differences between (a) NF and FM states and (b) FM and AF as a function of the width of ZGNRS under 
different strains. The transformation temperatures of ZGNRs from (c) FM to NF and (d) AF to FM.
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In addition, figures 2(c) and (d) plotted the corresponding 
transformation temperature from FM to NF, AF to FM calcu-
lated by the mean field theory (MFT) in which KBT = 2

3∆E 
[48, 49], where KB and ∆E represent the Boltzmann’s constant 
and the energy difference (∆ENF-FM or ∆EFM-AF) between 
different spin-polarized configurations, respectively. It is 
remarkable that the strain can effectively improve the transfor-
mation temperature between different spin-polarized configu-
rations. And some transformations occur at higher than room 
temperature. For example, the transformation temperature of 
4-ZGNR from the FM state to the NF state increases from 
304.66 K under the strain of 0% to 716.54 K under the strain 
of 15%, and that from the AF state to the FM state increases 
from 121.38 K under the strain of 0% to 334.21 K under the 
strain of 15%.

To give an intuitive understanding on the strain effect, 
taking 8-ZGNR as an example, the influences of strain on the 
length of C–C bonds located at the nearest edge (D1) and the 
next nearest edge (D2) have been plotted in figure 3(a). D1 is 
very sensitive to the strain and almost linearly increases with 
the increase of the external strain. While D2 is not suscep-
tible to the strain and barely changes in the whole strain range. 

The main reason is that the strain is along the zigzag direction 
and perpendicular to the C–C bond corresponding to D2, thus 
there is little influence on D2 while linearly stretches the D1.

Figure 3(b) presents the effect of strain on the magnetism 
of the carbon atom located at the edge of the 8-ZGNR. It is 
obvious that the magnetic moment is approximately a linear 
function of the strain, which indicates that the strain can effec-
tively improve the magnetism moment. To intuitively exhibit 
the effect of strain on magnetism, we plotted the electron den-
sity and the spin density under the strains of 3%, 9% and 15%. 
It is found from figures 3(d)–(f), the electrons gradually con-
centrate on the C–C bond perpendicular to the periodic direc-
tion with the rising strain due to a large variation of the D1 
bond. At the same time, as shown in figures 3(d)–(f), the spin 
density is delocalized in the nanoribbon with the increasing 
strain.

Moreover, the combined effect of the strain and the electric 
field on the gap has been considered. The the spin-dependent 
gaps as a function of the electric field under different strains 
are plotted in figures 4(a) and (b), respectively. For the spin-up 
states, under the strain of 0%, as shown by the magenta line 
in figure 4(a), we can see that the gap first decreases with the 

Figure 3.  (a) D1 and D2 as a function of the strain. Here, as shown in (c), D1 and D2 represent the bond lengths of C–C located at the 
nearest edge and the next nearest edge of 8-ZGNR, respectively. (b) The magnetic moment of the carbon atom located at the nearest edge 
of 8-ZGNR under different strains. (c) The geometric structure of 8-ZGNR. (d)–(f) The electronic density of 8-ZGNR under the strains 
of 3%, 9%, 15% respectively. The isovalue is taken as 0.25 e Å−3. (g)–(i) The spin density of 8-ZGNR under the strains of 3%, 9%, 15% 
respectively. The isovalue is taken as 0.005 e Å−3.
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increasing electric field, and then keeps zero in the range from 
0.33 V Å−1 to 0.70 V Å−1, finally increases with the rising 
electric field. This behavior is consistent with the previous 
study [50]. Under the strain of 3%, as shown by the cyan line 
in figure 4(a), it is clearly that the curve varies with the electric 
field similar to the case without strain, the main difference is 
that the range of the electric field in which the gap keeps zero 
has been broadened, from 0.33 V Å−1 to 0.76 V Å−1. When the 
strain increases, as the blue, the green, the red and the black 
lines shown in figure 4(a), this range gradually extends with 
the increasing strain. At the same time, for the spin-down, as 
exhibited in figure 4(b), all gaps are larger than zero. These 
indicate that the range of the electric field to preserve the half-
metallicity has been broadened by the rising strain. In addi-
tion, considering that the PBE tend to underestimate the band 
gap, thus we also checked the half-metallicity employing the 
hybrid functional HSE06 for the 8-ZGNR under the strain of 
9% and the electric field of 0.8 V Å−1, and we found that the 

calculated band structure remains the half-metallicity, which 
is consist with the previous studies [51, 52], this manifests our 
results are qualitively realiable.

For the unstrained ZGNR, the increasing transverse electric 
field can converts it from an antiferromagnetic semiconductor 
to a half metal and then to a nonmagnetic semiconductor 
according to the previous work [50]. Here, to explore the 
influence of the strain on the evolution of the electronic struc-
ture under the transverse electric field, figure 5 presents the 
band structures of the pristine 8-ZGNR under different elec-
tric fields and strains. By and large, the band structures of the 
strained ZGNR evolve as the unstrained one under the electric 
field [43]. For example, under the strain of 3%, as the rising 
of the electric field, the spin-degenerated band first splits and 
then displays the half-metallicity, finally exhibits the prop-
erty of the spin-degenerated semiconductor, which is similar 
with the unstrained one. And under the stains of 9% and 15%, 
the band first splits and then presents the half-metallicity, 

Figure 4.  (a) The energy gap of spin-up and spin-down subbands for the pristine 8-ZGNR under different strains and electric fields. (b) The 
energy gap of spin-down subbands for the pristine 8-ZGNR under different strains and electric fields.

Figure 5.  The band structures of the pristine 8-ZGNR under different electric fields and strains. The black short dash lines and red solid 
lines refer to spin-up and spin-down states, respectively. The FL is set to zero as the blue dash line shown.
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comparing with the unstrained one, the main difference is that 
the transformation from a half metal to a spin-degenerated 
semiconductor does not occur in the range from 0 V Å−1 to 
1.0 V Å−1.

On the other hand, the influences of the strain on the band 
structures of ZGNR also depend on the electric field. When 
the electric field is smaller than 0.8 V Å−1, the band structures 
are not sensitive to the strain. For example, without the elec-
tric field, the band structures under 3%, 9% and 15% are spin-
degenerated. And under the electric field of 0.4 V Å−1, the 
band structures always present the half-metallicity, regardless 
of the strains 3%, 9%, 15%. While when the electric field is 
larger than 0.8 V Å−1, the strain can effectively modulate the 
band structure. For example, under the electric field of 0.9 V 
Å−1, the system evidently exhibits different properties under 
different strains. Under the strain of 3%, the band of 8-ZGNR 
is spin-degenerated, when the strain increases to 9%, the 
band splits with a energy gap of 0.005 eV, and when the strain 
approaches to 15%, the spin-up subbands cross the FL and the 

system converts into a half metal. Thus the strain can broaden 
the range of the electric field to preserve the half-metallicity.

This strain-induced transformation from the semicon-
ductor to the half metal under 0.9 V Å−1 can be understood 
by the Hubbard model [35], based on which the energy of the 
spin-up and the spin-down edge states can be approximately 
expressed as Ek↑ = Ek + UN↓ and Ek↓ = Ek + UN↑ respec-
tively. Here, Ek represents the energy without considering spin 
polarization, parameter U is the exchange integral describing 
the Coulomb repulsion interaction between the spin-up elec-
tron and the spin-down electron of the edge carbon atom, N↓ 
and N↑ represent the number of the spin-up and the spin-down 
electrons of the edge carbon atom, respectively. Under the 
electric field of 0.9 V Å−1, when the strain of 3% was applied, 
as shown in figure 6(a), we can see that the highest occupied 
molecular orbital (HOMO) mainly contributed by C atom 
located at the edge with high electrostatic potential, using C1 
denoting this C atom. For the 8-ZGNR under the electric field 
of 0.9 V Å−1, figure 6(c) presented the number of the spin-up 

Figure 6.  (a) HOMO and (b) LUMO Under the electric field of 0.9 V Å−1, the Bolch state of the HOMO and the LUMO under the strain of 
3%, respectively, using C1 and C2 denote the carbon atom located at the edge with high and low electrostatic potential, respectively. (c)–(d) 
The number of the spin-up and the spin-down electrons of the edge carbon atoms C1 and C2 as a function of strain under the electric field 
of 0.9 V Å−1, respectively. (e)–(f) The magnetic moments of the edge carbon atoms C1 and C2 under different strains and electric fields, 
respectively.
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and the spin-down electrons of the C1 atom as a function of 
strain under the electric field of 0.9 V Å−1. It can be noted that 
the number of the spin-down electrons gradually increases with 
the rising strain, while that of the spin-up gradually decreases 
within the range from 6% to 15%. Thus under the electric field 
of 0.9 V Å−1, as the increase of the strain, the spin-up HOMO 
shift upward owing to Ek↑ = Ek + UN↓, while the spin-down 
HOMO shift downward owing to Ek↓ = Ek + UN↑.

For the lowest unoccupied molecular orbital (LUMO), 
as shown in figure  6(b), it mainly contributed by C atom 
located at the edge with low electrostatic potential, using C2 
denoting this C atom. Figure  6(d) presented the number of 
the spin-up and the spin-down electrons of the C2 atom as a 
function of strain under the electric field of 0.9 V Å−1. It can 
be noted that the number of the spin-down electrons gradu-
ally decreases with the rising strain, while that of the spin-
up gradually increases with the increasing strain. Therefore, 
under the electric field of 0.9 V Å−1, as the increasing of 
the strain, the spin-up LUMO shift downward owing to 
Ek↑ = Ek + UN↓, while the spin-down LUMO shift upward 

owing to Ek↓ = Ek + UN↑. Therefore, from above analysis, 
the strain-induced transformation from the semiconductor 
to the half metal mainly originates from the strain-induced 
improvement of the spin polarization of the C1 and the C2 
atoms. In addition, figures 6(e) and (f) present the magnetic 
moment of the C1 and the C2 atoms respectively, which 
monotonously decreases with the increasing electric field 
while gradually increases with the rising of the strain. This 
further indicates that the strain can enhance the spin polariza-
tion of the edge carbon atoms.

To further understand why the strain can raise the spin 
polarization of the edge carbon atoms in 8-ZGNR, the band 
structures and the DOS without considering spin-polarization 
under different strains and electric fields have been shown in 
figure 7. Under the zero electric field, as shown in figure 7(a), 
it is obvious that the flat part of the edge subbands near the 
FL is extended by the increasing strain. Accordingly, as 
shown in figure 7(d), the peak of the DOS at the FL gradually 
increases with the rising of the strain. When the electric field 
was applied, the states contributed by different edge move 

Figure 7.  The band structures and the DOS under different strains and electric fields without the consideration of spin-polarization.  
(a)–(c) The band structures of the 8-ZGNR under the strains of 3%, 9% and 15%, corresponding to the electric fields of 0.0 V Å−1,  
0.5 V Å−1, 1.0 V Å−1 respectively. (d)–(e) The DOS of the 8-ZGNR under the strains of 3%, 9% and 15%, corresponding to the electric fields 
of 0.0 V Å−1, 0.5 V Å−1, 1.0 V Å−1 respectively.

Table 1.  Calculated ranges of electric field to preserve the half-metallicity for the pristine and the O–H/C–N-functionalized 8-ZGNR under 
different strains, labeled as ER1 and ER2 respectively.

Strain (%) ER1 (V Å−1) ER2 (V Å−1)

Positive Negative Positive Negative

0 0.33–0.70 −0.33 to  −0.70 0.45–0.72 −0.15 to  −0.45
3 0.33–0.76 −0.33 to  −0.76 0.46–0.77 −0.16 to  −0.50
6 0.33–0.81 −0.33 to  −0.81 0.46–0.83 −0.16 to  −0.55
9 0.33–0.89 −0.33 to  −0.89 0.47–0.90 −0.17 to  −0.60
12 0.36–0.96 −0.36 to  −0.96 0.49–0.96 −0.18 to  −0.66
15 0.37–1.00 −0.37 to  −1.05 0.53–1.05 −0.19 to  −0.74
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apart each other owning the different electrostatic potential of 
the two edges introduced by the electric field, which accord-
ingly brings the decrease of the DOS at the FL. For example, 
under the electric field of 0.5 V Å−1, as shown in figure 7(b), 
there is a very small gap between the two subands, and the 
corresponding DOS has also been presented in figure  7(e), 
comparing with that under zero electric field as shown in 
figure  7(d), we can find that the DOS at the FL decreased 
for the same strain. Under the electric field of 1.0 V Å−1, as 
shown in figure 7(c), there is an obvious gap between the two 
subands can be observed, which is corresponding to the DOS 
greatly decrease as exhibited in figure 7(f). In short, the strain 
enhances the DOS at the FL while the electric field reduces it. 
And thus according to the Stoner criterion, spin polarization is 
closely dependent on the DOS of local states at FL, the higher 
peak of DOS, the more beneficial to spin-splitting. So it can 
be concluded that the strain can enhance the spin-splitting of 
ZGNR, while the electric field can weaken this effect.

In addition to the effects of the strain and electric field, 
another important factor in turning the electronic structure and 
spin polarization is edge decoration. Here, the strain effect on 
the O-H/C-N-decorated 8-ZGNR has also been calculated. 
Table 1 lists the ranges of electric field to preserve the half-
metallicity for the pristine and the O–H/C–N-functionalized 
8-ZGNR under different strains. Obviously, the external 
strain also extends the range of electric field to preserve the 
half-metallicity. The mechanism is same as in the pristine 
8-ZGNR. In addition, the O–H/C–N-functionalized 8-ZGNR 
possesses lower critical electric field to realize half-metallicity 
comparing with the pristine 8-ZGNR. The reason is that the 
functional groups result in the shift of edge subbands, which 
bring the similar effect as the transverse electric field, thus 
a smaller electric field can induce the half-metallicity [50]. 
These results manifest that one can simultaneously extend the 
range of electric field and lower the critical electric field by 
combining external strain and edge decoration to improve the 
half-metallicity.

4.  Conclusions

In conclusion, the influences of strain on the spin-dependent 
electronic structures of the ZGNR under transverse electric 
field have been calculated. The results indicated that instead 
of changing the ground state of ZGNR, the tensile strain 
makes the antiferromagnetic state becomes more stable. 
Furthermore, when the electric field is larger than 0.8 V Å−1, 
the strain can transform the 8-ZGNR from a semiconductor to 
a half metal, which broadened the range of the electric field to 
preserve the half-metallicity. In addition, the coupling effect 
of external strain, transverse electric field and O–H/C–N dec-
oration for 8-ZGNR has been studied. Moreover, the strain 
can localize the edge states and then enhance the spin polar-
ization, but which fail to effectively move the edge states. On 
the contrary, the transverse electric field can effectively shift 
the edge states, but which tend to reduce the spin polarization 
of the ZGNRs. The O–H/C–N decoration possesses similar 
effect as the electric field and can lower the critical electric 

field to realize half-metallicity. Combining the three factors, 
the range of electric field to realize half-metallicity can be 
widened by applying strain due to the enhanced spin polariza-
tion of edge states, at the same time, the critical electric field 
can be lowered by the O–H/C–N decoration.
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