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We present a study of electronic properties of zigzag graphene nanoribbons (ZGNRs) substitutionally doped with
nitrogen atoms at a single edge by first principle calculations. We find that the two edge states near the Fermi level sepa-
rate due to the asymmetric nitrogen-doping. The ground states of these systems become ferromagnetic because the local
magnetic moments along the undoped edges remain and those along the doped edges are suppressed. By controlling the
charge-doping level, the magnetic moments of the whole ribbons are modulated. Proper charge doping leads to interest-
ing half-metallic and single-edge conducting ribbons which would be helpful for designing graphene–nanoribbon-based
spintronic devices in the future.
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1. Introduction
Graphene, which is a single layer of graphite, has at-

tracted tremendous attention since its first isolation by K. S.
Novoselov and A. K. Geim in 2004.[1,2] Due to its fascinat-
ing physical properties, especially its potential applications in
nanoelectronics and spintronics, researchers have made great
efforts to work on it and its related materials.[3–7] Graphene
nanoribbons (GNRs), which can be seen as ribbons cut from
graphene,[8–11] show more interesting properties because of
the further confinement and the new emerging edge states.
According to the edge shapes of GNRs, there are two typical
kinds of graphene nanoribbons: zigzag graphene nanoribbons
(ZGNRs) and armchair graphene nanoribbons (AGNRs). The
edge states of ZGNRs bring about flat dispersion subbands
near the Fermi level and cause the magnetic ordering states
at the edge atoms,[12,13] which can be used as separate spin
channels for spin-polarized quantum transports.[14,15] Thus,
ZGNRs have become important candidates for the next gen-
eration of spintronic devices, and attracted a lot of attention
both in experimental and theoretical research.

Substitutional doping is a promising way to modulate
the electronic and magnetic properties of ZGNRs. Scien-
tists have realized experimentally the substitutional doping
with nitrogen atoms in GNRs.[16] Simultaneously, some the-
oretical works have been done on the effects of nitrogen or
boron doping in ZGNRs.[17–26] Much interesting physics has
been obtained, such as the half-metallic behavior,[18] the spin
gapless semiconducting behavior,[19] and the spin-polarized

quantum transport.[25,26] Besides, previous investigations have
shown that the dopants locate preferably at the edges of
ZGNRs.[17,19,21–24] It has also been demonstrated that edge
impurities can suppress the spin polarizations at the doped
edges.[19,20] Although the suppression of the local spin mo-
ments at the doped edges have been reported by several works,
further studies are still necessary to fully understand and pre-
cisely control magnetic configurations of edge states for prac-
tical applications in spintronic devices.

In this paper, we will construct a ZGNR and substitution-
ally dope it by nitrogen atoms only at a single edge. The
edge states are spin-polarized when they are shifted to the
Fermi level through charge doping, which can be explained
by the Stoner model for sp electrons forming a narrow band
to render instability of spin splitting.[27–29] In practice, charge
doping can be achieved by putting the samples on proper
substrates[28–32] or applying a gate voltage.[33–35] We will also
systematically discuss the change of the total magnetic mo-
ment of the whole ribbon and the distribution of the local mag-
netic moments in the ribbon. Results demonstrate that the di-
rection and the spatial localization of the magnetic moment
of this system are tunable via electrical methods. Besides,
spatially-localized half-metallic states can be realized by mod-
ulating charge-doping level properly.

2. Computational methods
The first principle calculations are carried out by using

the Vienna ab initio simulation package (VASP)[36–38] with a
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plane-wave-kinetic cutoff energy of 550 eV. The exchange–
correlation is approximated by the Perdew–Burke–Ernzernhof
(PBE)[39] generalized gradient approximation (GGA) both
for spin-unpolarized and spin-polarized cases. The pseudo-
potential of the core electrons are described by the projector
augmented wave (PAW) method.[40,41] A 9× 1× 1 gamma-
centered k mesh and Gaussian method with a smearing width
of 0.1 eV are employed for the structure optimizations and the
static self-consistent calculations. Denser k meshes are used
to obtain the electronic structures and the density of states.
For all the calculations, the atomic positions are relaxed suffi-
ciently and the force tolerance is set to be 0.01 eV/Å. In our
calculations, the supercells are periodic along the ribbon di-
rection X . The thicknesses of the vacuum region inserted in
two neighboring images in the Y and Z directions are about
2 nm, which are large enough to avoid interactions.

3. Results and discussion
3.1. Single-edge nitrogen doping
3.1.1. Spin-unpolarized case

Figure 1(a) shows the optimized atomic structure of an
undoped ZGNR with W = 4, where W is the number of the
zigzag lines along the ribbon. Here the C and H atoms are
shown in black and light pink colors respectively. Figures 1(b)
and 1(c) present the spin-unpolarized band structure and the
density of states (DOS) of the pristine ZGNR. Note that the su-
percell unit we used for the pristine ZGNR is three times that
of the primitive cell’s. The flat subbands (in magenta) near the
Fermi level originate from the edge states localized at the two
edges and cause a sharp DOS peak close to the Fermi level.
Figure 1(d) shows the isosurface of the partial charge densities
of the subbands marked by magenta color in Fig. 1(b), which
demonstrates their edge-localized characters.

Figure 2(a) shows a supercell of a single-edge nitrogen-
doped ZGNR with W = 4. The doping is achieved by substi-
tuting a single carbon (C) atom at one edge with a nitrogen
(N) atom in every three units. Here N atom is shown in green
color. After relaxation, the C–N and N–H bond lengths are
1.389 Å and 1.015 Å respectively, which are smaller than the
C–C bond length of 1.407 Å at the edge and the C–H bond
length of 1.093 Å for the pristine ZGNRs respectively. All the
atoms are still in the same plane after relaxation. The influence
of the N-substitutional doping upon the band structure and the
DOS are shown in Figs. 2(b) and 2(c). The most distinct differ-
ence after doping is the separation of the edge subbands with
an energy gap of 0.92 eV. The upper edge subband marked
with the red arrow relates to the edge states localized at the un-
doped edge, while the lower one marked with the blue arrow
relates to the edge states localized at the doped edge, which
are confirmed by their partial-charge-density contours plotted

in Figs. 2(d) and 2(e), corresponding to the red-arrow-marked
and the blue-arrow-marked subbands respectively. Thus, these
two subbands are edge states localized along the undoped edge
and the N-doped edge respectively.
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Fig. 1. (color online) (a) A supercell of a pristine ZGNR with W = 4. The
C–C and the C–H bond lengths are 1.407 Å and 1.093 Å respectively. Panels
(b) and (c) are the spin-unpolarized band structure and the density of states of
the pristine ZGNR. The green lines indicate the positions of the Fermi levels.
The magenta subbands are edge states, whose partial-charge-density contours
are shown in panel (d).[42] The magenta surfaces in panel (d) represent the
isovalues of 0.01 e/a3

0 (a0: Bohr radius).
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Fig. 2. (color online) (a) A supercell of an N-doped ZGNR with W = 4.
The C–N and the N–H bond lengths are 1.389 Å and 1.015 Å re-
spectively. Panels (b) and (c) are the spin-unpolarized band structure
and density of states of the N-doped ZGNR, respectively. Panels (d)
and (e) show the partial-charge-density contours of the magenta sub-
bands marked by the red and the blue arrows in panel (b), respectively.
The magenta surfaces in panels (d) and (e) represent the isovalues of
0.01 e/a3

0 (a0: Bohr radius).

3.1.2. Spin-polarized case

When spin degree is taken into consideration, edge states
of the pristine ZGNR in Fig. 1(a) split into different spins and
a small band gap appears, as shown in Figs. 3(a) and 3(b).
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The local magnetic moments emerge at the two edges and the
ground state of the magnetic configuration is ferromagnetic
on each edge and antiferromagnetic between the two opposite
edges which is illustrated in Fig. 3(c). Besides, the total mag-
netic moment of the system remains zero. All of these are
consistent with previous works.[12,13] The emergence of the
energy gap and the local magnetism can be understood and ex-
plained by the Stoner model for sp electrons[27,28] as follows.
If the Stoner criterion for ferromagnetism, IeffN(EF) > 1,[43]

(see Appendix A for details), is satisfied, the spin-degenerate
states near the Fermi level will split apart due to the spin-
exchange interactions. Here N(EF) is the density of one-
electron states at the Fermi level in the paramagnetic state and
Ieff is an on-site interaction parameter. For the pristine ZGNR,
the flat edge states localized along the two edges have a sharp
DOS near the Fermi level [see in Fig. 1(c)], which satisfies the
Stoner criterion.
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Fig. 3. (color online) (a) Spin-resolved band structure, (b) total den-
sity of states and (c) isosurface of the spin charge density of the pristine
ZGNR [Fig. 1(a)] when spin degree is taken into consideration. Here
the spin charge density equals ρ↑−ρ↓, where ρ↑ and ρ↓ are the charge
densities of the spin-up and the spin-down electrons respectively. The
blue and red surfaces in panel (c) represent the isovalues of 0.004 e/a3

0
and −0.004 e/a3

0, respectively (a0: Bohr radius). The same characteri-
zation methods are used throughout the rest of this paper.

Similar to the pristine ZGNR [Fig. 1(a)], the doped one
[Fig. 2(a)] also has a sharp DOS peak near the Fermi level, as
shown in Fig. 2(c). This peak corresponds to the edge state at
the undoped edge, and leads to instability when spin-exchange
interaction is taken into account. Figures 4(a) and 4(b) show
the spin-polarized band structure and the DOS of the ground
magnetic state which is about 74 meV lower than the spin-
unpolarized ground state. The subbands localized at the two
edges are plotted in bold for clarity. The blue and the red lines
represent the spin-up and the spin-down bands respectively.
The sharp DOS peak in Fig. 2(c) makes the Stoner criterion

more easily satisfied. Here in Figs. 4(a) and 4(b), the large sep-
aration of the spin-subbands near the Fermi level indicates that
the Stoner criterion has actually been obeyed. The spin split-
ting of the edge states localized at the undoped edge causes the
spin polarization and the local magnetic moments at this edge.
Because both the spin states localized at the doped edge are
below the Fermi level and occupied, the spin polarization and
the local magnetization of this edge are suppressed, which are
consistent with previous investigations.[19,20] So the undoped
and the doped edges are ferromagnetic and nonmagnetic re-
spectively and therefore the doped ZGNR has a ferromagnetic
ground state with a total magnetic moment of µ = 0.77 µB.
The isosurface of the spin charge density (magnetization den-
sity) is plotted in Fig. 4(c).
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Fig. 4. (color online) (a) Spin-polarized band structure, (b) total density
of states, and (c) isosurface of the spin charge density of the single-
edge-N-doped ZGNR [Fig. 2(a)] at neutral states with ∆e = 0 e. Here
∆e represents the change of valance electrons per supercell. Blue and
red colors in panels (a) and (b) represent spin-up and spin-down re-
spectively. Bold lines in panel (a) are used to highlight the two edge-
subbands.

3.2. Charge doping effect

The charge doping can be realized by metal substrates or
nearby electrostatic centers.[28–32] It can also be achieved by
applying a gate voltage on purpose.[33–35] Generally, gate volt-
age changes the number of electrons in a conductor through
electrostatic interaction.

In our calculations, the number of electrons in the su-
percell are changed starkly to simulate the effect of charge
doping.[44,45] For the single-edge-N-doped ZGNR shown in
Fig. 2(a), there are 23 C, 6 H, and 1 N atoms in one super-
cell. The 2s and 2p orbitals of the C and N atoms are treated
as valence electrons. So there are 103 valence electrons in one
supercell. ∆e is used to represent the change of the valence
electrons per supercell. Positive ∆e means that electrons are
added into the system, which simulates the effect of a positive
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gate voltage (electron doping). Negative ∆e means that elec-
trons are extracted from the system, which simulates the effect
of a negative gate voltage (hole doping).

In the above discussion of ∆e = 0 e, the subband of the
undoped edge near the Fermi level splits, and the spin polar-
ization induces the ferromagnetically coupled local magnetic
moments at this edge [Fig. 4]. When ∆e changes to −1 e, the
Fermi level shifts downward and the subband localized at the
undoped edge moves away from the Fermi level, which leads
to weaker satisfaction of the Stoner criterion for this subband.
Here, weaker satisfaction means the Stoner criterion is satis-
fied with a reduction of N(EF). Therefore, this subband does
not split as much as that of ∆e = 0 e. The splitting energy
gap of this subband reduces from 0.71 eV to 0.12 eV at the X
point and the local spin moments at the undoped edge almost
disappear, as shown in Fig. 5. Accordingly, the total magnetic
moment of the supercell reduces to 0.07 µB.
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Fig. 5. (color online) (a) Spin-polarized band structure, (b) total density
of states, and (c) isosurface of the spin charge density for the single-
edge-N-doped ZGNR [Fig. 2(a)] with ∆e =−1 e.

When ∆e changes −2 e, the spin-configuration of ∆e =

−1 e is used as the initial values for the next self-consistent
calculations. The electronic structure in Fig. 6(a) indicates
that the subband at the undoped edge moves far away from
the Fermi level and splits little, which leads to the suppres-
sion of the local spin moments of the undoped edge. However,
the flat subband from the N-doped edge moves closer to the
Fermi level, so that the Stoner criterion is preferably satisfied
due to the existence of the sharp DOS peak. It becomes al-
most totally spin-polarized with an energy gap of 0.62 eV at
the X point [Figs. 6(a) and 6(b)], which leads to the emer-
gence of the local magnetic moments at the doped edge, as
shown in Fig. 6(c). The total magnetic moment of the system
is −0.82 µB. It should be pointed out that the direction of

the magnetic moment of ∆e = −2 e [Fig. 6(c)] is opposite to
that of ∆e = 0 e [Fig. 4(c)], i.e., the spin-up and the spin-down
charges prevail respectively in these two cases. Besides, not
only the magnetization direction but also the distribution of
the local magnetic moments are controlled by charge doping.
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Fig. 6. (color online) (a) Spin-polarized band structure, (b) total density
of states, and (c) isosurface of the spin charge density for the single-
edge-N-doped ZGNR [Fig. 2(a)] with ∆e =−2 e.

The reason for the flipping of the magnetic-moment di-
rection can be understood as follows. During the charge-
doping process from ∆e = 0 e to ∆e = −2 e, the local mag-
netic moments at the undoped edge keep decreasing. But be-
fore the local magnetic moments at the undoped edge become
zero, small magnetic moments with opposite direction have
already emerged at the doped edge. For example, the total
magnetic moment for ∆e = −1 e almost equals zero, but it
has weak spin-up charges at the undoped edge and weak spin-
down charges at the doped edge simultaneously [this cannot
be directly viewed in Fig. 5(c) due to the small values of the
local magnetic moments]. With the further increase of charge
doping, the local magnetic moments at the doped edge with
opposite direction keep increasing, and the total magnetic mo-
ment begins to appear with the opposite direction. Thus, the
flipping of magnetic-moment direction is realized.

When ∆e equals −3 e, the Fermi level moves downward
further. As shown in Figs. 7(a) and 7(b), the subband from the
doped edge also moves away from the Fermi level. Therefore,
the splitting of this edge subband also reduces due to weaker
satisfaction of the Stoner criterion. The splitting energy gap
of this edge subband is decreased to 0.25 eV at the X point in
this case. As illustrated in Fig. 7(c), the local spin moments
of the doped edge are suppressed to a certain degree compared
with Fig. 6(c). Besides, the total magnetic moment reduces to
−0.21 µB.
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Fig. 7. (color online) (a) Spin-polarized band structure, (b) total density
of states, and (c) isosurface of the spin charge density for the single-
edge-N-doped ZGNR [Fig. 2(a)] with ∆e =−3 e.

In order to illustrate the change of the magnetic configu-
ration with charge-doping level clearly, the total magnetic mo-
ment and the local magnetic moments of the edge atoms as a
function of ∆e are plotted in Figs. 8(a) and 8(b) respectively.
In Fig. 2(a), the representative edge carbon atoms are labeled
by C1, C2, C3, and the nitrogen atom is labeled by N. The to-
tal magnetic moment changes greatly with the charge-doping
level as shown in Fig. 8(a). It changes from a positive value of
0.77 µB at ∆e = 0 e to almost 0 µB at ∆e = −1 e and then to
a negative value of −0.82 µB at ∆e =−2 e, which means that
the total magnetic moment can be quenched and its direction
can be flipped merely by charge doping. With further dop-
ing, the total magnetic moment decreases again to −0.21 µB

at ∆e = −3 e due to the reduction of the spin-splitting of the
subband from the doped edge. When ∆e < −3 e, both of the
edge-subbands are far away from the Fermi level. As a result,
no Stoner instability occurs, and the total magnetic moment
remains at 0 µB. The local spin moments of the edge atoms
contribute a large amount to the total magnetic moment. Fig-
ure 8(b) shows that along with the change of the doping level,
the local magnetic moments of the atoms at the undoped edge,
C1 and C2, and at the doped edge, C3 and N, show different
changing modes, which are consistent with the change of spin
charge density distribution with ∆e.

In addition, proper charge-doping levels can exhibit more
interesting half-metallic behaviors, as shown in Figs. 9(a) and
9(c), where ∆e equals −0.2 e and −2.4 e respectively. When
∆e =−0.2 e, it is metallic for spin-up electrons and insulating
for spin-down electrons. The electrons in the spin-up subband
crossing the Fermi level localize along the undoped edge as

shown in Fig. 9(b). However, when ∆e turns to −2.4 e, it
is metallic for spin-down electrons and insulating for spin-up
electrons, and the electrons in the spin-down subband cross-
ing the Fermi level localize along the doped edge as shown
in Fig. 9(d). Since it is the subband across the Fermi level
that determines the electronic transport properties, the spin-
polarized and the spatially-localized current simultaneously
occur in the single-edge-N-doped graphene for ∆e = −0.2 e
or ∆e =−2.4 e. These interesting results may be useful in the
application of spintronics in the future.
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Fig. 8. (color online) (a) Total magnetic moments and (b) local mag-
netic moments as a function of ∆e. The edge atoms C1, C2, C3, and N
are labeled in Fig. 2(a). The positive and negative signs of the magnetic
moments represent their directions.

Similar to the discussion about ∆e < 0 e, we can also dis-
cuss the case for ∆e > 0 e, simulating electron doping. In this
case, the Fermi energy shifts upward. The local spin moments
at the doped edge are zero, because the subband localized at
the doped edge is always far away from the Fermi energy.
Also, the subband localized at the undoped edge moves away
from the Fermi energy with the doping level, which leads to
weaker satisfaction of the Stoner criterion. Thus, with the in-
creasing of electron doping levels, the local magnetic moments
at the undoped edge and the total magnetic moment tend to be
suppressed.
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Fig. 9. (color online) Spin-polarized band structures and partial charge densities of subbands across the Fermi level for ∆e = −0.2 e
[panels (a) and (b)] and ∆e=−2.4 e [panels (c) and (d)]. Half-metallic behaviors are obtained because of the spin-up subband crossing
the Fermi level in panel (a) and the spin-down subband crossing the Fermi level in panel (c). Besides, the electrons in the subbands
crossing the Fermi level in panels (a) and (c) localize at different edges, as shown in panels (b) and (d) respectively.

The above results show that the electronic and magnetic
properties of N-doped ZGNRs can be tuned by charge dop-
ing. This is consistent with previous theoretical investigations
on ZGNRs and other graphene-based materials.[44,45] For ex-
ample, the edge magnetism of ZGNRs can become signifi-
cantly weak and even vanishing as the charge doping level
increases.[44] Experimentally, it has been demonstrated that
the properties of graphene-based materials can deviate from
the neutral states due to the charge doping.[46–49]

4. Conclusion

In conclusion, the electronic properties of ZGNRs with
single-edge N-doping have been studied through first prin-
ciple calculations. The two edge-states on the two opposite
edges of the pristine ZGNR with W = 4 will separate due to
the asymmetric nitrogen-doping. When spin polarization is
taken into account, the local magnetic moments are ferromag-
netically coupled at the undoped edge, and they are quenched
at the doped edge. By charge-doping, the Fermi level moves
from one edge-subband to the neighborhood of the other edge-
subband. Along with that, the local magnetic moments at the
undoped edge fade out and those at the doped edge emerge
gradually with the opposite magnetic moment direction. At
the same time, the total magnetic moment of the system de-
creases first, then changes its direction and increases its value.
All these phenomena can be understood by the Stoner crite-
rion. Our study shows the interesting results of modulating the
total and local magnetic moments of N-doped ZGNRs through
charge doping, which is enlightening for the application of
graphene-based materials in spintronic devices.

Appendix A
The Stoner criterion can be understood from the view of

energy balance for the ferromagnetic order.[43] When spin-
down electrons with energies from EF − δE up to EF flip
their spins and fill in spin-up band with energies from EF

up to EF + δE, the increase of kinetic energy ∆EK.E. equals
to 1

2 N(EF)(δE)2, where N(EF) is the density of one-electron
states at the Fermi level in the paramagnetic state. Simultane-
ously, the interaction of the magnetization M with the molec-
ular field gives an energy reduction of

∆EM.E. = −
∫ M

0
µ0(λM′)dM′ =−1

2
µ0λM2

= −1
2

µ0µ
2
Bλ (n↑−n↓)2.

Here µ0 is the permeability of free space and λ is a constant
which parameterizes the strength of the molecular field as a
function of the magnetization. The number density of up-spins
n↑ equals 1

2 (n+N(EF)δE) and the number density of down-
spins n↓ equals 1

2 (n−N(EF)δE). Writing Ieff = µ0µ2
Bλ , we

have ∆EM.E. = − 1
2 Ieff(N(EF)δE)2. Hence the total change

of energy is 4E = ∆EK.E. + ∆EM.E. =
1
2 N(EF)(δE)2(1 −

IeffN(EF)). Thus spontaneous ferromagnetism is energetically
favorable when IeffN(EF)> 1.
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