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ABSTRACT The geometries, formation energies, and electronic and magnetic properties of N-doping defects,

including single atom substitution and pyridine- and pyrrole-like substructures in zigzag graphene nanoribbons

(ZGNRs), were investigated by means of spin-unrestricted density functional theory computations. The edge

carbon atoms are more easily substituted with N atoms, and three-nitrogen vacancy (3NV) defect and four-

nitrogen divacancy (4ND) defect also prefer the ribbon edge. Single N atom substitution and pyridine- and pyrrole-

like N-doping defects can all break the degeneracy of the spin polarization of pristine ZGNRs. One single N atom

substitution makes the antiferromagnetic semiconducting ZGNRs into spin gapless semiconductors, while double

edge substitution transforms N-doped graphenes into metals. Pyridine- and pyrrole-like N-doping defects make

ZGNRs into half-metals or spin gapless semiconductors. These results suggest the potential applications of N-doped

ZGNRs in nanoelectronics.
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ince its experimental realization in

2004,"2 graphene, a single atomic

layer of graphite, has shown exciting
unusual properties and is bringing us revo-
lutions to many advanced materials that we
desire.>© Two dimensional (2D) graphene
has many advantages over other carbon
nanomaterials (fullerenes and nanotubes),
such as massless relativistic Dirac
Fermion,”® room-temperature quantized
Hall effect,® high-speed mobility of
carriers,'®"" and the largest strength ever
measured.'? Very recently, it has been re-
ported that graphene can react with atomic
hydrogen to form the insulating derivate,
graphane.’® All these make graphene an
important candidate for the future
nanoelectronics.'* " '°

Following graphene, one-dimensional

(1D) graphene nanoribbons (GNRs) have
also been realized experimentally by cut-
ting graphene in nanometer-sized width."
Due to the excellent geometrics, GNRs can
be conveniently designed into various de-
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vices. The electronic and magnetic proper-
ties of graphene nanoribbons have been in-
tensively studied theoretically."” 3 Son et
al** demonstrated that H-terminated GNRs
with either armchair or zigzag shaped
edges have a nonzero energy gap, which
has been confirmed experimentally by Li et
al®® and Riter et al.>* very recently. Espe-
cially, Ritter and Lyding®* demonstrated
that GNRs with a higher fraction of zigzag
edges exhibit a smaller energy gap than a
predominantly armchair edge ribbon of
similar width.

The zigzag graphene nanoribbons
(ZGNRs) have special localized edge states,
which are antiferromagnetically coupled to
each other."”'®2% |nterestingly, under an
external transverse electronic field,' the
degeneracy of the edge states is broken and
the intriguing half-metallicity (the coexist-
ence of metallic nature for electrons with
one spin orientation and insulating nature
for electrons with the other) can be realized
in zigzag GNRs. Hod et al.?® reported that
edge oxidation can make the ribbons more
stable and lower the onset electron field re-
quired to induce half-metallic behavior.
Kan et al.* showed that without external
electron field zigzag GNRs with —NO,
groups at one edge and —CHs groups at
the other could also be half-metals. The
aforementioned studies hold the promis-
ing applications in nanoelectronics.

Doping with foreign atoms, such as B
and N, has proven to be an effective way
to tune the electronic properties of carbon
nanotubes and widen their
applications.®*~** Nitrogen doping brings a
carrier, while B doping gives birth to a hole,
which could turn carbon nanotubes into n-
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and p-type semiconductors, respectively. Doping is
also feasible to modify the electronic properties of
GNRs.*¢ >3 Martins et al. reported that B*® and N*” dop-
ing at the edges of ZGNRs results in distinct charge
transport properties for each spin channel of GNRs;
therefore, the doped GNRs can be used as spin filter de-
vices. Yu et al.*® studied the effect of N doping on the
electronic properties of zigzag GNRs and found that the
electronic properties of N-doped GNRs are dependent
on the doping site. Several groups found that the dop-
ing can lead to a metal—semiconductor transition.*®>°
However, some issues have not been clearly resolved,
for example, the effects of N doping on the magnetic
properties of GNRs are not involved and also the substi-
tution concentration effect has not been investigated.

Besides single atom substitution as mentioned
above, some special doping defects, such as pyridine-
like substructures, can also form in graphene nanorib-
bons. The effects of pyridine-like substructures have
well been studied on the electronic structures of car-
bon nanotubes.**>*>> There are two kinds of pyridine-
like substructures, namely, three-nitrogen vacancy
(3NV) and four-nitrogen divacancy (4ND). In most previ-
ous studies,*>** a pyridine-like structure was referred
to as 3NV defect, where nitrogen atoms are substituted
for three carbon atoms neighboring the vacancy. Very
recently, Rocha et al.>® suggested that the 4ND defect is
actually more stable in carbon nanotubes, which was
also confirmed by our recent theoretical study.>> How-
ever, the relative stability of 3NV and 4ND defects in
GNRs is still an open question. Cervantes-Sodi et al.*® re-
ported that 3NV defects in armchair GNRs could in-
duce a semiconductor—metal transition. However,
pyridine-like N-doping defects in zigzag GNRs have
not been studied to our best knowledge.

Not only the above inspiring theoretical findings
but also the very recent experimental achievements
are exciting. Wei et al.>” synthesized N-doped graphene,
the first experimental example of the substitutionally
doped graphene, by a chemical vapor deposition
method. Three types of N atoms were simultaneously
identified in the N-doped graphene, namely, the “gra-
phitic” (single N atom substitution), “pyridinic”
(pyridine-like), and “pyrrolic” (pyrrole-like) nitrogen,
among which the graphitic nitrogen dominates. They
also found that the N-doped graphene exhibits n-type
semiconductor behavior, consistent with previous theo-
retical prediction.**>° Quite recently, Wang et al.>® re-
ported that via high-power electrical joule heating in
ammonia gas C—N bonds form at the high reactive
edges of GNRs, resulting in n-type semiconductors.

In this work, we carried out density functional theory
(DFT) computations to investigate the effects of
N-doping defects, including single N atom substitu-
tion, pyridine- and pyrrole-like N substructures, on the
geometries, formation energies, and the electronic and
magnetic properties of ZGNRs. Several findings are es-
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Figure 1. (a) Structural model of 10-ZGNR. The ribbon is as-
sumed to be infinite along the z direction. Carbon and hy-
drogen atoms are denoted with gray and white balls, respec-
tively. The N doping sites are also indicated with shrunken
balls. (b) Antiferromagnetic band structure of 10-ZGNR. The
dashed line denotes the position of Fermi level.

pecially intriguing: the recently proposed spin gapless
semiconductor (SGS)*° can be realized in ZGNRs by
single edge substitution; double edge substitution can
transform ZGNRs into metals; pyridine- and pyrrole-like
substructures make ZGNRs into half-metals or SGSs.
These findings suggest the potential applications of
N-doped ZGNRs to spintronics.

RESULTS AND DISCUSSION

10-ZGNR. Following the previous convention,
we define the width parameter N, of zigzag graphene
nanoribbons as the number of zigzag lines across the
ribbon width, as exemplified by 10-ZGNR (Figure 1a).
The edge carbon atoms of the nanoribbon are all satu-
rated with H atoms to avoid the dangling bond states.
Several sites for single N substitutions were considered
(NT—N9 in Figure 1).

First, we computed the total energies for different
magnetic phases of 10-ZGNR, including nonmagnetic
(NM), ferromagnetic (FM), and antiferromagnetic (AFM)
ones, to determine the ground state. The total energy of
the FM phase is 8.5 meV/unit lower than that of the
NM phase but 0.2 meV/unit higher than that of the AFM
phase. Therefore, energetically, the AFM phase is the
most favorable for 10-ZGNR. The magnetization per
edge atom for each spin on each sublattice of the AFM
phase is 0.19 g with opposite orientations, and the net
magnetic moment of the system is zero. Figure 1b pre-
sents spin-resolved band structures of pristine 10-
ZGNR. The spin-up and spin-down bands are fully de-
generate, and a 0.27 eV energy gap is opened between
spin-polarized m and 7* bands, which are quite flat
near the Fermi level. Our results achieve good agree-
ment with previous studies,>**>>" indicating that the
methodology adopted in this work can give a reliable
description of electronic and magnetic properties of
ZGNRs.
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(a)
Figure 2. (a) Band structure for N1 configuration. The blue
and red dots denote spin-up and spin-down channels, re-
spectively. (b) Ground state spatial distribution of charge dif-
ference between spin-up and spin-down channels for N1
configuration. The N atom is denoted with a purple ball. The
isovalues for the blue and red isosurfaces are 0.01 and —0.01
e/A3, respectively.

(b)

One N Atom Substitution in 10-ZGNR. We considered sev-
eral configurations for 10-ZGNR containing a substitu-
tional N atom, such as N1, N2, and N3 configurations, as
denoted in Figure T1a. Our computations show that the
N doping at the edge of 10-ZGNR (N1) is energetically
the most favorable. For N1 configuration, the substitu-
tion leads to a slight local deformation. The lengths of
C—N and N—H bonds are 1.38 and 1.02 A, respectively,
slightly shorter than the edge C—C and C—H bonds
(1.41 and 1.09 A, respectively). The formation energy
of N1 configuration is exothermic (—0.63 eV). However,
for N2 and N3 configurations, the formation energies
are endothermic (0.48 and 0.77 eV, respectively). Thus,
the carbon atoms close to the edges are more likely to
be substituted than those in the interior sites (such as
N2 and N3), which can be attributed to the decay of
edge states. Similar results were reported previously.*®

In Figure 2a, we show the spin-resolved band struc-
ture of the most stable configuration N1. Compared
with pristine 10-ZGNR (Figure 1b), N1 configuration pre-
sents asymmetrical spin-up and spin-down bands,
which means that the spin degeneracy has been bro-
ken. Moreover, one spin-polarized band below the
Fermi level in the spin-up channel and one spin-
polarized band above the Fermi level in the spin-down
channel are both removed. Each spin channel shows
semiconducting characteristics; the band gaps are 0.18
and 0.10 eV for spin-up and spin-down channels, re-
spectively, which are lower than pristine 10-ZGNR. Be-

sides the perturbation to the edge bands, N doping
also brings impurity states in both spin-up and spin-
down channels below the Fermi level (marked with an
arrow). Note that the impurity states in two spin bands
are almost degenerate.

Interestingly, as can be seen in Figure 2a, the con-
duction band minimum (CBM) of the spin-up channel
and the valence band maximum (VBM) in the spin-
down channel touch each other at the Fermi level, and
the band gap is therefore closed. It implies that N1 con-
figuration is a typical spin gapless semiconductor (SGS)
(or a semimetal with a vanishing density of states), pro-
posed by Wang very recently.>® For N1 configuration,
no energy is required to excite the electrons from the
valence band to the conduction band, and the excited
electrons can achieve 100% spin polarization at the
Fermi level, like half-metals. Spin gapless semiconduc-
tors are quite promising candidates for spin devices. To
test the dependence of the “spin gapless” property on
the ribbon width, we have computed the band struc-
tures of several ribbons in addition to 10-ZGNR. The re-
sults (see Figure S1 in Supporting Information) show
that they are all SGSs. The traditional methods used to
design SGSs usually accompany with toxic gapless
semiconductors and doped transition metals. How-
ever, our study proposes a flexible way of designing
metal-free SGSs though N doping at the edge of zig-
zag GNRs. To our best knowledge, this is the first re-
port of SGSs based on GNRs.

To clarify the origin of the broken spin degeneracy,
we computed the ground state spatial spin distribu-
tion of N1 configuration. When one N atom is intro-
duced to the edge of 10-ZGNR (Figure 2a), the spin po-
larization on the doped edge (upper) is completely
suppressed, and there is no unpaired spin localized on
the N atom, which can explain why the impurity states
are nearly degenerate. In contrast, the spin polarization
on the undoped edge (lower) is less influenced, and
the magnetization per edge atom is still 0.19 g, which
is equal to that of pristine 10-ZGNR. The net magnetic
moment of N1 configuration is 0.95 . Moreover, we
found that one substitutional N atom at the N2 site (N2
configuration) can also lead to the suppression of spin
polarization (see Figure S2 in Supporting Information).
Huang et al.>° have recently reported that vacancies
and B doping at the edge of zigzag GNRs have the same
effect. Thus, the heteroatom doping is indubitably re-
sponsible for the breaking of spin degeneracy.

Two Substitutional N Atoms in 10-ZGNR. We examined sev-
eral possible N—N configurations, as indicated in Fig-

TABLE 1. N—N Distance and Formation Energy per N Atom for Two Substitutional N Atoms in 10-ZGNR (See Text for the
Definition of Formation Energy)

configuration N1-—N2 N1—N4 N1—N5 N1—Né N1-—N7 N1—N8 N1-—N9
N—N distance (A) 139 238 433 7.88 278 238 19.78
formation energy (eV) 0.65 0.08 —0.42 —0.53 —0.04 0.10 —0.63
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(b)
Figure 3. (a) Electronic band structure of the N1—N9 config-

uration. (b) Ground state spatial spin distribution of the
N1—N9 configuration.

ure 1a, including N1—N2, N1—N4, NT—N5, N1—N6,
N1—N7,N1—N8, and N1—N9. Table 1 shows the forma-
tion energies of two substitutional N atoms and opti-
mized N—N distances in 10-ZGNRs for various configu-
rations. The N1—N9 configuration, in which two N
atoms are localized in the opposite edges, has the low-
est formation energy (—0.63 eV/N) and is the most fa-
vorable energetically. This formation energy per N atom
is equal to that of the N1 configuration. The N1T—N2
configuration, in which two N atoms are the nearest
neighbors, has the highest formation energy (0.65 eV/
N). The same trend was reported by Martins et al. for
two doped B atoms in graphene nanoribbons.*®
Figure 3 presents the electronic band structure for
the N1—N9 configuration. The spin-up and spin-down
channels are both fully degenerate, and the lowest con-
duction band and the highest valence band touch at
the Fermi level; hence, this N-doped nanoribbon be-
comes metallic. Similar band structures were found for
other zigzag nanoribbons (see Figure S3 in Supporting
Information). To study the magnetic properties, we
have also computed the spin distribution of the N1—N9

(a) (b)

configuration at the ground state. As shown in Figure
3b, the spin polarizations on two edges are both sup-
pressed and the net magnetic moment of the supercell
is zero, which means that 10-ZGNR becomes
nonmagnetic.

Defects with Pyridine- or Pyrrole-like Subunit. One special
N-doping defect, pyridine-like structure, usually exists
in graphene-based systems. Here, three types of
pyridine-like structures are considered: 3NV defect,
4ND defect, and pyridine-like N atom on the edge (Fig-
ure 4). A 3NV defect in 10-ZGNR can be constructed by
removing a C atom and substituting the three nearest
neighbor C atoms with N atoms (see Figure 4a), while a
4ND defect can be constructed by deleting a C—C bond
and substituting the four nearest neighbor C atoms
with N atoms (see Figure 4b). The edge pyridine-like N
atom is constructed by substituting one C—H with a N
atom. For 3NV and 4ND defects, we have considered
many possible configurations since the defect can ex-
ist in different sites of ZGNR (see Figure S4 in Support-
ing Information). Our computations show that the con-
figuration with defects close to the edge is favorable
energetically. The schematic representations for the
most stable configurations of 10-ZGNR containing a
pyridine-like N-doping defect are shown in Figure
4a—c. The formation energy for 10-ZGNR containing a
3NV defect is 2.73 eV, which is 0.87 eV lower than that of
4ND defect. Therefore, the 3NV defect is more likely to
form in 10-ZGNR than the 4ND defect. Note that 4ND is
more preferred in carbon nanotubes,>>>® which is due
to the fact that a divacancy is more favorable for nano-
tubes to release surface strain than a single vacancy.

The formation energy for the edge pyridine-like N
atom (see Figure 4c) is 0.48 eV, which is higher than
that of substitutional N atom (—0.63 eV) due to the re-
moval of H atom. Moreover, we have also considered
the case of 10-ZGNR containing a pyrrole-like N-doping
defect (see Figure 4d). Following the proposal of ref
51, the pyrrole-like N atom is constructed by deleting a
C—C bond and substituting the two nearest neighbor

©

<

(c) (d)

Figure 4. Schematic representations for 10-ZGNR containing a 3NV (a), 4ND (b), edge pyridine-like N atom (c), and pyrrole-

like N-doping defect (d).
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Figure 5. Band structures and isosurfaces of charge difference between spin-up and spin-down
channels for 10-ZGNR containing a 3NV (a,e), 4ND (b,f), edge pyridine-like N atom (c,g), and
pyrrole-like N doping (d,h) defect.

C atoms with N atoms, the left two nearest neighbor C
atoms are substituted by N—H to form a five-
membered ring. Pyrrole-like N-doping defect in 10-
ZGNR also prefers to be localized near the ribbon edge
and introduces remarkable geometry deformation to
the ribbon edge. The formation energy for 10-ZGNR
containing a pyrrole-like N-doping defect is 2.96 eV,
which is lower than those of 3NV and 4ND defects.
The pyridine- or pyrrole-like N-doping defects bring
remarkable changes into the band structure of 10-ZGNR
(Figure 5). After the introduction of a 3NV defect, the
energy bands near the Fermi level become asymmetric
for different spin channels: in the spin-up channel, the
Fermi level is shifted into the conduction band and the
metallicity is thus obtained, while the spin-down chan-
nel is semiconducting with a 0.12 eV gap. Therefore, the
10-ZGNR containing a 3NV defect is half-metallic. Simi-
larly, the 10-ZGNR containing a 4ND defect is also half-
metallic, with a metallic spin-down channel and a 0.38
eV gap for the spin-up channel. The introduction of 3NV
and 4ND defects gives many impurity states in both
conduction and valence bands. When a pyridine-like N
atom appears at the edge of 10-ZGNR, both spin chan-
nels show semiconducting characteristics with 0.19 and
0.10 eV band gap for spin-up and spin-down channels,
respectively. Especially, the CBM of the spin-up channel
and the VBM in the spin-down channel touch each
other at the Fermi level. Therefore, similar to N1 config-
uration, 10-ZGNR containing an edge pyridine-like N
atom is also a SGS. For 10-ZGNR containing a pyrrole-
like N-doping defect, the energy bands close to the

Am\\ N TVL ‘\\ - =
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down channel with a 0.13 eV band
gap, thus the half-metallic behavior is
obtained. The above results demon-
strate that the introduction of
pyridine- and pyrrole-like subunits in
zigzag GNRs can also lead to the
breaking of spin degeneracy, suggest-
ing a feasible way of building spin de-
vices based on GNRs.

The pyridine- or pyrrole-like
N-doping defects also have significant
effects on the spin distributions of the
defective 10-ZGNRs (Figure 5). For
those pyridine-like defects in 10-
ZGNRs, the unpaired spins are mainly
concentrated on two edges. The net
magnetic moments for 10-ZGNR con-
taining a 3NV, 4ND, and edge pyridine-
like N-doping defect are 0.67, 0.22,
and 0.32 pg, respectively. Unlike the
case of single N atom doping, al-
though there is a substitutional N
atom localized on the edge site for
pyridine-like defects, the spins on the
edges close to the defects are not removed. Especially,
some unpaired spins are localized on pyridine-like N at-
oms. The above results should be attributed to the non-
doping feature of pyridine-like N atom.®® The N atom
has five valence electrons, pyridine-like N atom uses
two of its electrons to form two o bonds with carbon at-
oms, and the rest of the three electrons are used to
form one 1 state and one lone pair. Therefore, pyridine-
like defects in GNRs have less influence on the spin po-
larization of the edge states than single substitutional
N atoms. In contrast, when a pyrrole-like N-doping de-
fect appears at the edge of 10-ZGNR, the spin polariza-
tion on the doped edge is nearly removed and a net
magnetic moment of 0.95 g appears, which is quite
similar to that single N atom substitution. Both pyrrole-
like and substitutional N atoms use three electrons to
form o bonds and use the left two electrons to form a
7 state and a w* state. Therefore, they affect the edge
states significantly and are characterized as w-doping
defects.

In summary, the effects of N-doping defects, includ-
ing single atom substitution and pyridine- and pyrrole-
like substructures on the energetics, electronic, and
magnetic properties of ZGNRs, have been studied
through spin-unrestricted density functional theory
computations. When one subtitutional N atom is intro-
duced into the bonding networks of ZGNRs, it energeti-
cally prefers to be localized at the ribbon edge. One N
doping can remove the spin polarization of the doped
edge and make ZGNRs spin gapless semiconductors.
When the second N atom is substituted for carbon atom,

(h)
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two N atoms are preferably localized at two opposite
edges and make ZGNRs nonmagnetic metals. The
pyridine- and pyrrole-like structures, in which the vacan-
cies are present, also prefer to form near the ribbon
edges. The degeneracy of the two edge states is broken
due to the presence of defects, and the doped ZGNRs are
spin gapless semiconductors or half-metals. Our compu-

COMPUTATIONAL METHODS

Our spin-unrestricted DFT computations employed an all-
electron method within a generalized gradient approximation
(GGA) for the exchange-correlation term, as implemented in the
DMol? code.®? The double numerical plus polarization (DNP) ba-
sis set and PW91 functional®® were adopted in all the computa-
tions. Self-consistent field (SCF) calculations were carried out
with a convergence criterion of 107 au on the total energy and
the electron density. To ensure high-quality computational re-
sults, the real-space global orbital cutoff radius was chosen to be
as high as 5.5 A. Three Monkhorst—Pack k points were used for
geometry optimization to sample the 1D Brillouin zone, and the
band structures were computed with 21 k points based on the
optimized structures. One-dimensional periodic boundary condi-
tion (PBC) was applied along the ribbon axis. Our supercell
model includes six units, and the supercell is large enough to en-
sure that the vacuum space is at least 12 A. No changes were
found for the total energy when the vacuum was further
increased.

The formation energy E; of single atom substitution, 3NV,
and 4ND defect is defined as E; = (Ey + ncpc) — (Ep + Nypn),
where Ep and Ey are the total energies of pristine and N-doped
GNRs, respectively; nc and ny are the number of removed C and
doped N atoms, respectively; ¢ is the cohesive energy of infinite
graphene, and py is taken as the half of the binding energy of
N,. For edge pyridine-like N atom and pyrrole-like N-doping de-
fect, the formation energies are computed using the equation, E;
=(En+tpct pn) —E+py)and E= (Ey+ 4 ) — (Ep+ 3
N T ), respectively; wy is taken as the half of the binding en-
ergies of H,. Thus, the system is energetically more favorable
when the formation energy is lower.
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