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Using first-principles calculations based on density functional theory, we show that the ground state of zigzag-edged
graphene nanoribbons (ZGNRs) can be transformed from antiferromagnetic (AFM) order to ferromagnetic (FM) order by
changing the substitutional sites of N or B dopants. This AFM–FM transition induced by substitutional sites is found to be a
consequence of the competition between the edge and bulk states. The energy sequence of the edge and bulk states near the
Fermi level is reversed in the AFM and FM configurations. When the dopant is substituted near the edge of the ribbon, the
extra charge from the dopant is energetically favorable to occupy the edge states in AFM configuration. When the dopant is
substituted near the center, the extra charge is energetically favorable to occupy the bulk states in FM configuration. Proper
substrate with weak interaction is necessary to maintain the magnetic properties of the doped ZGNRs. Our study can serve
as a guide to synthesize graphene nanostructures with stable FM order for future applications to spintronic devices.

Keywords: graphene nanoribbon, substitutional doping, magnetic order, first-principles calculation
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1. Introduction

Magnetic carbon-based materials have attracted consider-
able research attention during the past decades.[1] Compared
to the conventional d or f electron based magnetic systems,
the magnetism of carbon-based materials is related to sp elec-
trons, with the advantages of smaller spin–orbit coupling and
longer spin coherent length. One of the interesting magnetic
carbon-based materials is the graphene nanostructures with
zigzag edges.[2–7] The carbon atoms on zigzag edge belong to
the same sublattice of graphene, and will introduce flat bands
near the Fermi level.[8] These flat bands correspond to local-
ized edge states that are half-filled and spin-polarized, with
parallel spins on the same edge.[2,4] In triangular zigzag-edged
graphene nanoflakes, the spins on the three edges are ferro-
magnetically coupled due to topological frustration of the π-
bonds, which is a generalization of the counting rule in mag-
netic organic molecules.[2] The magnetic coupling between
two triangular nanoflakes that are linked by carbon chain can
be ferromagnetic (FM) or antiferromagnetic (AFM), depend-
ing on the number of carbon atoms in the chain.[3] Compared
to the triangular nanoflakes, one-dimensional zigzag-edged
graphene nanoribbons (ZGNRs) are easier to synthesize via
different methods.[5–7] In the ground state, the spins on the
two edges of ZGNRs are predicted to be antiferromagneti-
cally coupled, opening a bandgap in the otherwise metallic

ribbons.[4,8] The opening of the bandgap and the edge states
associated with the AFM coupling in ZGNRs have been con-
firmed by experiments, and the magnetic order is found to be
stable up to room temperature.[6,7,9] Therefore, ZGNRs are
considered as promising materials for future applications in
graphene-based spintronic devices operating under ambient
conditions.[6]

However, the AFM order in ZGNR results in zero mag-
netic moment and non-spin polarized transport, hindering its
application to spintronic devices. Since the magnetism in
ZGNRs is directly related to the spin-polarized edge states,
various methods have been proposed to introduce non-zero
magnetic moment by breaking the spin degeneracy of the edge
states, such as substitutional doping,[10–16] edge functional-
ization with chemical groups,[17–19] geometric modification of
the edges,[20] and external field.[21] Substitutional doping with
heteroatoms such as N and B dopants is predicted to be stable
at the edge,[22] which can obviously remove the spin degener-
acy. Most previous studies have been focused on the edge sub-
stitution, and the spin-polarized transport has been predicted
as expected.[11–16] On the contrary, much less effort has been
devoted to the far-edge substitution.[10,12,23] In most studies,
an AFM coupling with broken inversion symmetry is usually
supposed to be the ground state for the substitutionally doped
ZGNRs, even though the energy difference between the AFM
and FM states has not been carefully compared.[11]
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ZGNRs with FM order are more desirable for spintronic
devices. However, the FM order is less stable than the AFM
order in ZGNRs. Several groups proposed different methods
to convert the AFM ZGNRs into FM materials. Kan et al.
found that the ground state of ZGNRs with line defects at the
center can be transformed from AFM to FM by applying uni-
axial strain or substituting with foreign atoms.[24] The trans-
formation is ascribed to the defect mediated magnetic cou-
pling, which can be tuned by strain or substitution. Nam et
al. studied the magnetism of ground state of edge-terminated
ZGNRs with organic radicals, and revealed a switch between
AFM and FM configurations by additional N or B doping.[19]

The switching of the magnetic order is explained by the spin
alternation rule where adjacent carbon atoms show opposite
spin directions. Another two groups reported a transition
from AFM to FM configuration within a certain carrier dop-
ing range in ZGNRs, since the FM configuration do not have a
bandgap and is more favorable by carrier doping.[25,26] How-
ever, the effects of substitutional sites on the magnetic proper-
ties in ZGNRs have not been carefully investigated.

In this paper, using first-principles calculations based on
density functional theory, we show that the ground state of
ZGNRs can be transformed from the AFM order to FM order
by changing the substitutional doping sites. If N or B atom
is doped near the edge of the ribbon, the ground state of the
doped ZGNRs remains the AFM order, the same as the pris-
tine ZGNRs. If N or B atom is doped near the center of the rib-
bon, the FM configuration of the doped ZGNRs becomes more
stable than the AFM configuration. This AFM–FM transition
induced by substitutional sites has never been reported before,
and is found to be a consequence of the competition between
the edge and bulk states. When the dopant is substituted near
the edge, the extra charge introduced by the dopant is ener-
getically more favorable to occupy the edge state in the AFM
configuration. When the dopant is substituted near the cen-
ter, the extra charge is energetically more favorable to occupy
the bulk state in the FM configuration. We also discuss the
effects of doping concentration and substrate on the magnetic
properties of the doped ZGNRs. Our study might provide a
guide to the experiment to synthesize graphene nanostructures
with stable FM order, which is highly desirable for the future
application of graphene-based spintronic devices.

2. Computational methods
We perform spin-polarized first-principles calculations

using the Vienna ab-initio simulation package (VASP)[27]

with the Ceperley–Alder local density approximation
(LDA) for the exchange–correlation functional.[28] We em-
ploy the all-electron-like projector-augmented wave (PAW)
pseudopotentials[29] and an energy cutoff of 450 eV for the
plane-wave expansion. The Brillouin zone is sampled by

Monkhorst–Pack mesh[30] of the form of 1 × 1 × K, with
K = 6–30 depending on the length of ZGNR in the supercell
along the growth direction. All the atomic coordinates are
fully relaxed until the Hellmann–Feynman forces on atom are
less than 0.001 eV/Å. Different initial magnetic couplings on
the two edges are considered to get the energy difference be-
tween AFM and FM configurations for each doped ZGNR.
We calculate selective systems using more accurate HSE06
functional, and find that LDA predicts the same structure sta-
bility between the AFM and FM configurations for the doped
ZGNRs.

A one-dimensional periodic boundary condition is used
along the growth direction (z direction) of ZGNRs (Fig. 1). A
vacuum larger than 15 Å is introduced along both the x and y
directions to avoid interactions between images. The edges of
the ribbons are passivated by H atoms. We name the ZGNR
with a ZM ×N notation similar to Ref. [10], where M and N
are the numbers of C lines across the ZGNR width and length
in the supercell, respectively. The substitutional site for N and
B dopants is denoted by numbers 1, 2, 3, ... from the edge to
the center, as shown in Fig. 1. The N and B doped ribbons are
denoted by N-ZM×N and B-ZM×N, respectively.

1

2 3

4 5

6

M

N

Fig. 1. Scheme of one N atom substituting at the edge of Z6× 6 zigzag
nanoribbon. The substitutional sites are denoted by numbers 1–6, from
the edge to the center of the nanoribbon. The gray, blue, and white balls
represent the C, N, and H atoms, respectively.

3. Results and discussion
As predicted by previous calculations, the ZGNR has

an AFM ground state with opposite spins on the two
edges.[4,31,32] Figure 2(a) shows the band structure of pristine
Z6×6. The charge density of the two flat bands near the Fermi
level (EF) is mostly localized at the edges, and decays into the
bulk of the ribbon. These states are referred to edge states
hereafter. The spin-up and spin-down components of the flat
bands are degenerate in energy, but separated in space, with
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spin-up states localized on one edge and spin-down states on
the other edge. The AFM order of ZGNRs is consistent with
Lieb’s theorem for bipartite system.[33] The atoms on the same
edge belong to the same sublattice of graphene and have paral-
lel spins, while the atoms on different edges belong to different
sublattices and have opposite spins. The spin splitting of the
edge states opens a band gap near k = 2π/3a (a is the lat-
tice constant of graphene).[4,31] On the other hand, the charge
density of the other dispersed bands is distributed across the
whole ribbon, and thus is referred to bulk states. As seen from
Fig. 2(a), in the AFM ground state, the occupied edge states
(flat band below EF) have higher energies than the occupied
bulk states, while the unoccupied edge states (flat band above
EF) have lower energies than the unoccupied bulk states.

The metallic FM configuration of ZGNRs is less stable
than the semiconducting AFM configuration.[4] As shown in
Fig. 2(e), two bulk bands cross at EF, whereas two flat bands
(edge states) are further away from EF. In other words, in the
FM configuration, the occupied edge states (flat band below
EF) have lower energies than part of the occupied bulk states,
while the unoccupied edge states (flat band above EF) have
higher energies than part of the unoccupied bulk states. Due
to the occupation of high-energy bulk states, the total energy

of the FM configuration is higher than that of the AFM config-
uration. In this study, we find that the energy sequence of the
localized edge states and the delocalized bulk states influences
the magnetism of the substitutionally doped ZGNRs, as will
be discussed in detail in the following.

To study the magnetic properties of N-doped ZGNRs, we
introduce a single N dopant in a Z6×6 supercell, correspond-
ing to a doping concentration of 1.39 % (or carrier concentra-
tion per unit length of 0.68 e/nm). For the pristine Z6×6, the
AFM configuration is lower in energy than the FM configura-
tion by 26.8 meV per supercell. When N dopant is substituted
near the edge of the ribbon, the ground state of N-Z6×6 re-
mains the AFM order, the same as the pristine ribbon. The
energy of the AFM configuration is found to be lower than
the FM configuration by 14.8, 0.5, and 3.5 meV per supercell
when N is doped at sites 1, 2, and 3, respectively. Interestingly,
when the N dopant is substituted near the center, the FM con-
figuration becomes the ground state, with energy lower than
the AFM configuration by 4.6, 3.4, and 5.5 meV per supercell
when N is doped at sites 4, 5, and 6, respectively. In other
words, the magnetic order of the doped ZGNRs can be con-
trolled by the N substitutional sites, without further modifica-
tion to the ribbons.

Γ Z

↩.

↩.

↩.

↩.

↩.

↩.

↩.

↩.

↩.

↩.

Γ Z Γ Z

Γ Z Γ Z Γ Z

Z6x6

AFM

FM

site 1 site 6

(b)

(f) (g) (h)

(a)

(e)

(c) (d)

E
n
e
rg

y
/
e
V

E
n
e
rg

y
/
e
V

Fig. 2. The band structures of (a) pristine Z6× 6, (b) N-Z6× 6 with N dopant substituted at site 1, and (c) N-Z6× 6 with N dopant substituted at site 6
in AFM configurations. The black and red lines correspond to spin-up and spin-down components, respectively. Fermi level is denoted by horizontal blue
dotted line. (d) Integrated spin density of N-Z6×6 with N doped at site 1 in AFM configuration. The spin density is integrated in the normal direction to the
ribbon plane, with red and blue colors representing the up and down spin components, respectively. The band structures of (e) pristine Z6×6, (f) N-Z6×6
with N dopant substituted at site 1, and (g) N-Z6×6 with N dopant substituted at site 6 in FM configurations. (h) Integrated spin density of N-Z6×6 with
N doped at site 6 in FM configuration.
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The AFM–FM transition induced by the N substitutional
sites is found to be general to ZGNRs. In our study, we con-
sider N substitutional doping in various ZGNRs with differ-
ent doping concentrations and different ribbon widths: Z6×N
(N = 1, 2, 3, 4, 5, 6, 10, 15) and ZM × 5 (M = 2, 3, 4, 5, 6,
7, 8). If the N doping concentration is not too high (N > 2
and M > 2), all the N-doped ZGNRs experience the AFM–
FM transition induced by N substitutional sites. All the doped
ZGNR has an AFM ground state when N atom is doped at
the edge (site 1). As the substitutional site moves towards the
center of the ribbon, the energy difference between the AFM
and FM configurations gets smaller, as shown in Fig. 3. When
N is doped near the center (sites 4–8), the energy of the FM
configuration becomes lower than that of the AFM configura-
tion. The AFM–FM energy difference is about 2–10 meV per
dopant when N is substituted near the center of the ribbons.
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Fig. 3. The energy difference between the AFM and FM configurations
as a function of substitutional sites (a) for N-Z6×N and B-Z6×N nanorib-
bons, and (b) for N-ZM×5 nanoribbons.

Next, we discuss the mechanism of the AFM–FM transi-
tion. Here we take N-Z6×6 as an example. N dopant will in-
troduce an extra electron to the ribbon. When N dopant is sub-

stituted at the left edge (site 1), the extra electron will mainly
occupy the spin-down edge states localized on the left edge,
since the spin-up state on the same edge has been fully oc-
cupied. Consequently, the originally empty spin-down states
localized on the left edge will shift downwards below EF and
becomes occupied as shown in Fig. 2(b), leading to a decrease
in the band gap compared to pristine Z6× 6.[34] When N is
substituted at the center of the ribbons (site 6), the extra elec-
tron will mainly occupy the bulk states. If the doped ribbon
remains the AFM coupling, the low-energy edge states have
to shift upwards to maintain the empty feature, while the high-
energy bulk states have to shift downwards to become occu-
pied, as shown in Fig. 2(c). This band distortion is energeti-
cally unfavorable, and the occupation of the high-energy bulk
states significantly increases the total energy of the AFM con-
figuration. On the other hand, in the FM configuration, part
of the unoccupied bulk states have lower energies than the
unoccupied edge states (Fig. 2(e)). The occupation of these
low-energy bulk states by the extra electron is energetically
more favorable, with EF slightly shifted upwards as shown in
Fig. 2(g). As a result, the FM configuration has a lower energy
than the AFM configuration when N is substituted at the cen-
ter. When N is substituted in the intermediate sites, the extra
electron would occupy both of the edge and bulk states (not
shown). As the doping site moves to the center, the compe-
tition between the occupation of edge states and bulk states
leads to the AFM–FM transition in the substitutionally doped
ZGNRs.

The unstableness of the FM configuration when N is
doped near the edge can also be understood by the competi-
tion between the edge and bulk states. Suppose that the doped
ZGNR has FM order when N is doped near the edge. Since the
extra electron will mainly occupy the edge states, the unoccu-
pied high-energy edge states have to shift downwards to be-
come occupied, while the unoccupied low-energy bulk states
should shift upwards to remain empty, as shown in Fig. 2(f).
This induces a significant distortion in band structure and an
increase in total energy. Therefore, the FM configuration is
quite unfavorable. For some N-ZM ×N ribbons with N ≤ 6,
we failed to obtain a metastable FM configuration when N is
substituted near the edge (sites 1 and 2), and thus we have
some missing points in Fig. 3.

The magnetic orders of the doped ZGNRs can be visu-
alized by the integrated spin density in Figs. 2(d) and 2(h).
When N is doped at the left edge, the ground state remains the
AFM order, as seen from Fig. 2(d). The total magnetic mo-
ment is almost 1.0 µB, mainly contributed by the extra elec-
tron localized on the N dopant. The extra electron has an op-
posite spin and partially reduces the local magnetic moments
on the same edge near the dopant.[12,34] For N-Z6×N ribbons
with N ≤ 4 where doping concentration is relatively high, the
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spin polarization on the doped edge can be almost completely
suppressed.[35] However, the N dopant has little effect on the
spins of the other edge, due to the localization of the extra
electron. Apparently, the edge doping destroys the spin de-
generacy of the edge states. The spin anisotropy of the two
edge states is predicted to give rise to spin-polarized transmit-
tance channels.[32] On the other hand, when N is doped near
the center in FM configuration, the extra electron mainly oc-
cupies the bulk states and has little effect on the spins of the
two edges, as shown in Fig. 2(h). When N is doped at site
6 in Z6× 6, the total magnetic moment is 2.3 µB, similar to
the value of 2.8 µB for pristine Z6×6. Compared to the edge
doping, central doping results in larger magnetic moment and
possible larger spin currents.

We also notice that there is no AFM–FM transition at very
high doping concentrations or in very narrow ribbons. In N-
Z6× 1 and N-Z6× 2 ribbons with doping concentrations of
8.3% and 4.2% respectively, the ground state is always AFM
regardless of N substitutional sites. In these systems, strong
N–N interaction would introduce significant band distortion.
The edge and bulk states near EF are not well separated in en-
ergy. In very narrow ribbons such as Z2×N, the edge states
and bulk states are spacially not well separated. The extra elec-
tron from dopant will occupy both the edge and bulk states re-
gardless of the substitutional sites. In these two cases, there is
no noticeable competition between the edge and bulk states in-
duced by N doping sites, and thus no AFM–FM transition can
be observed. However, too low doping concentration seems
unfavorable to stabilize the FM configuration. In Z6×10 rib-
bon, the FM configuration is more stable than the AFM config-
uration when N is doped at sites 5 and 6, as shown in Fig. 3(a).
In a longer Z6× 15 supercell, the FM configuration is more
stable only when N is doped at site 6. This can be ascribed to
the large AFM–FM energy difference for pristine ribbons with
large N. The energy difference is 68 meV for Z6×15 surper-
cell. One N dopant is difficult to overcome the large energy
difference and reverse the relative stability.

The competition between the edge and bulk states can be
generalized to hole doping. By introducing one B dopant at
different sites in Z6×N ribbons (N = 5, 6, 10), we observe
similar AFM–FM transition depending on the B substitutional
sites (see Fig. 3(a)). Unlike N doping, B dopant introduces
an extra hole to the ribbon that prefers to occupy high-energy
states. When B is doped near the edge of the ribbon, it is ener-
getically favorable for the extra hole to occupy the edge states
in the AFM configuration, and thus one edge band shifts up-
wards above EF (Fig. 4(a)). The local magnetic moments on
the nearby edge C atoms are suppressed, as shown in Fig. 4(b).
On the other hand, when B is doped near the center, it is ener-
getically favorable for the hole to occupy the bulk states in the
FM configuration, and only the bulk states near EF are shifted

upwards as shown in Fig. 4(c). The spin density distribution on
the edges is similar to the pristine ribbon in FM configuration
(Fig. 4(d)). As seen from Fig. 3(a), the AFM–FM energy dif-
ference can reach up to 25 meV per B dopant when the dopant
is near the center, larger than the N substitution. Therefore, B
substitution is more effective to stabilize the FM configuration
in ZGNRs.
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Fig. 4. (a) The band structure and (b) the integrated spin density of B-
Z6× 6 with B dopant at site 1 in the AFM configuration. (c) The band
structure and (d) the integrated spin density of B-Z6×6 with B dopant at
site 6 in the FM configuration. The gray, green, and white balls represent
C, B, and H atoms, respectively.

The AFM–FM transition induced by substitutional dop-
ing sites originates from the competition between the edge and
bulk states, taking advantage of the properties that the edge
states and the bulk states are separated in energy and in space.
Previous studies on carrier doping only made use of the prop-
erty that the edge and bulk states are separated in energy.[25,26]

For carrier doping, the injecting carrier will firstly occupy the
low-energy edge states in AFM configuration, and then the
high-energy bulk states. Only when the carrier doping con-
centration exceeds a critical point, the occupation on the bulk
states in FM configuration becomes more favorable than in the
AFM configuration, leading to the AFM–FM transition.[25,26]

The critical doping concentration was found to depend on the
width of the ribbon.[25,26] This is consistent with our finding
that too low doping concentration is difficult to stabilize the
FM order. Sawada et al. suggested that carrier doping can
be performed by substitutions of B or N atoms. In N = 10
ribbon with doping concentration of 0.41 e/nm (one dopant
in a Z10× 10 supercell), they claimed that the B or N doped
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ZGNRs have FM ground state, without considering the sub-
stitutional sites.[25] Our study suggests that the substitutional
sites should be an additional variable to control the magnetic
property of ZGNRs. For N-Z10×10 ribbon, our calculations
show that the FM configuration is indeed the ground state
when N is doped at the center. However, the AFM config-
uration is more favorable than the FM configuration by 22.8
meV when N is doped at the edge.

As seen from Fig. 3, several substitution sites near the
center can stabilize the FM configuration. To study the effect
of combination of different substitutional sites, we introduce
two B dopants in Z6×10 ribbon (the same doping concentra-
tion as B-Z6× 5 with one dopant in Z6× 5 supercell). The
two B dopants are substituted at sites 5 and 6, and kept far
away from each other. We consider five different geometries
and find that the FM configuration is always more stable than
the AFM configuration. The energy difference is 6.2–8.9 meV
per B dopant, similar to the energy difference of B-Z6 × 5.
This indicates that at this doping concentration each B dopant
can contribute 5–10 meV to the energy difference as long as
the dopants are separated from each other, in spite that they
substitute different central sites.

Previous studies showed that the substrate could affect
the magnetic ordering of ZGNRs.[36,37] The experimental con-
firmation of the edge magnetism of pristine ZGNRs was re-
alized much later than its theoretical prediction,[6,7,9] which
was ascribed to the unperfect edge orientations and the pos-
sible strong edge–substrate interactions.[6] In our previous
studies,[38,39] we found that strong edge–substrate interactions
with Si substrates can destroy the edge magnetism of both pris-
tine ZGNRs and N-doped ZGNRs, in agreement with other
theoretical studies.[36] Au(111) substrate was predicted to in-
teract with ZGNR edges sufficiently weak and preserve the
edge magnetism of ZGNRs,[37] which was confirmed by later
experiments.[6] Similarly, we speculate a weak substrate in-
teraction should be necessary to maintain the edge magnetism
of the doped ZGNRs. Here we take the BN substrate as an
example. For pristine Z6×6 on BN sheet, the AFM configu-
ration is more stable than the FM configuration by 31.9 meV.
When N is doped at the edge, the AFM configuration is still the
ground state, with an energy lower than the FM configuration
by 21.7 meV. When N is doped at the center, the FM config-
uration becomes more stable than the AFM configuration by
5.0 meV. Clearly, the weak interaction with BN substrate can
preserve the edge magnetism and the relative stability of the
AFM and FM configurations in doped ZGNRs.

4. Conclusion
We have systematically studied the electronic and mag-

netic properties of N- and B-doped ZGNRs, and reveal
an AFM–FM transition induced by the substitutional sites.

Within appropriate doping concentration, the ground state of
the doped ZGNRs is AFM order when the dopant is substituted
near the edge of the ribbons, while its ground state becomes
FM order when the dopant is substituted near the center. The
AFM–FM transition is well explained by the competition be-
tween the edge and bulk states. Due to the energy difference
of the edge and bulk states, the extra charge from the dopant
is energetically more favorable to occupy the low-energy edge
states in the AFM configuration when the dopant is doped near
the edge. On the other hand, the extra charge is energetically
more favorable to occupy the low-energy bulk state in the FM
configuration when the dopant is near the center. We also sug-
gest that suitable substrates with weak van der Waals inter-
actions should be necessary to study the magnetism of doped
ZGNRs. Our studies provide a guide to synthesize graphene-
based nanostructures with stable FM order via a relatively sim-
ple doping method, which is highly desirable for the potential
applications of graphene-based spintronic devices.
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