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Based on first-principles calculations, we present the electronic and magnetic properties of a class of
line defect-embedded zigzag graphene nanoribbons, with one edge saturated by two hydrogen atoms
per carbon atom and the other edge terminated by only one hydrogen atom. Such edge-modified
nanoribbons without line defects are found to be typical bipolar magnetic semiconductors (BMS).
In contrast, when the line defect is introduced into the ribbons, the ground state is ferromagnetic, and
the resulting nanoribbons can be tuned to spin-polarized metal, metal with Dirac point, or half-metal by

Received 24th February 2016, varying the position of the line defect, owing to the defect-induced self-doping of the BMS. Specifically,

Accepted 31st March 2016 when the line defect is far away from the edges of the ribbon, the system shows half-metallicity. We
further confirm the structural and magnetic stability at room temperature by first-principles molecular

dynamics simulations. Our findings reveal the possibility of building metal-free electronic/spintronic
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1. Introduction

Graphene nanoribbons (GNRs), which are quasi-1D graphene
nanostructures, have attracted considerable attention due to their
fascinating electronic and magnetic properties.””” Depending on
the different orientations along which graphene is cut, GNRs can
show different edge types, among which the zigzag and armchair
edges are the most common types experimentally. Several experi-
mental and theoretical studies have shown that the edge types
of graphene nanoribbons strongly influence their electronic
and magnetic properties.>*>” The armchair edge graphene
nanoribbons (AGNRs) are found to be non-magnetic semi-
conductors with band gaps oscillating with the widths.>” The
zigzag edge graphene nanoribbons (ZGNRs) exhibit semi-
conductor ground state with two electronic edge states, which are
ferromagnetically ordered in each edge but antiferromagnetically
coupled with each other.” The ZGNRs show interesting transport
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devices with magnetic/half-metallic graphene nanoribbons.

and magnetic properties.®* > Moreover, the ZGNR can be further
converted into a half metal under a very strong in-plane electric
field, which paves the way to exploring metal-free spintronics at
the nanometer scale based on graphene-based materials."* '3

The controlled modification of the two ZGNR edges with
different functional groups suggests a natural way to build the
in-plane electric field and offers more options to devise and
adjust the magnetic properties of ZGNRs. For example, when a
ZGNR is terminated by NO, groups at one edge and CH; groups on
the other side, antiferromagnetic half-metallicity can be observed
without the presence of an external electric field."? Interestingly,
it was predicted that the antiferromagnetic ZGNR can be
changed into a ferromagnetic semiconductor when one edge
is passivated by one hydrogen per edge carbon atom (modified
to C-H, sp>-bonded hybrid bonding) and the other is saturated
by two hydrogens per edge carbon atom (modified to C-2H,
sp>-bonded hybrid bonding).’®” Meanwhile, introducing defects
is an alternative way to modify the properties of ZNGRs. It has
been reported that different kinds of defects, such as point
vacancies,”’ and line-defects (LD),>**® grain boundaries, etc.
would affect the magnetic properties. Yazyev et al. found that
each single vacancy defect of graphene contributes a magnetic
moment of about 1.0 uy.'?° Okada et al. found that line
defects introduce ferromagnetic spin ordering into the carbon
nanotubes.>” Kou et al. showed that strain tunes the magnetism
of graphene sheets via line defect because of the charge redistri-
bution around the line defect.®* However, to our best knowledge,
the synergy effects of edge modification and interior line defects
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on the electronic and magnetic properties of GNRs have not
been clearly shown. It was previously found that normal ZGNRs
with one-dimensional topological line defects consisting of a
pair of pentagons and one octagon (5-8-5) are antiferromagnetic
semiconductors,>**® which inhibits their further application in
nanoelectronics. While ZGNRs with one edge modified with
C-H and the other edge with C-2H show ferromagnetic ground
state,”” it is natural to ask what would happen if the 5-8-5 line
defect is embedded into those ZGNRs. In this work, we thus
introduce the line defect into the ZGNRs with hetero-modification,
corresponding to one edge modified to C-H and the other edge to
C-2H, to study the combined impacts of line defects and edge
modifications on the energetic, electronic and magnetic properties
of ZGNRs.

2. Computational methods

In this study, our first-principles calculations are based on the
density functional theory (DFT). The calculations of total energy
and electronic properties are performed using the Vienna
ab initio simulation package (VASP).”®*° The projector-augmented
wave (PAW) method is used to describe ion-electron inter-
action.’®*" The Perdew-Burke-Ernzerhof (PBE) functional®?
with spin-polarized gradient correction and the screened hybrid
functional Heyd-Scuseria-Ernzerhof (HSE06)** are adopted to
describe the exchange and correlation interaction. The cutoff
energy for the plane wave basis set is 500 eV, and the conver-
gence threshold for total energy is 10> eV per super cell. For
the Brillouin zone integration sampling, 1 x 15 x 1,1 x 30 x 1,
and 1 x 60 x 1 k-point grids are used for geometry optimization,
total energy, and density of states calculations, respectively.
Geometry optimization without restricting symmetry is performed
by using the conjugate gradient scheme®® until the force acting on
every atom is less than 10 meV A™*. The periodic boundary
condition is set with the vacuum region in the dimension normal
to the ribbon plane and with edges larger than 15 A in order to
avoid the effects of the virtually repeated neighboring images.
Ab initio molecular dynamics (AIMD) simulations are also per-
formed in the DFT framework. The constant moles-volume-
temperature (NVT) ensemble® is adopted at room temperature
(300 K), and the Nosé-Hoover thermostat is adopted.®® The time
step is set to 1 fs, and the total simulation time is 10 ps.

3. Results and discussion

3.1 The electronic and magnetic properties of H-N-2H: a new
kind of BMS

To describe the ZGNRs in a well-defined way, we employ the
customary notation (i.e., A-ZGNR N-B) for the nanoribbons with
different widths and edge modifications, where N represents
the number of carbon zigzag chains, and A and B correspond to
the termination atoms at the two ribbon edges, as shown in Fig. 1.
For example, if one edge is saturated with one hydrogen atom per
carbon (H) while the other edge is terminated with two hydrogen
atoms per carbon (2H) to form a sp® type topology, the resulting

This journal is © the Owner Societies 2016

View Article Online

PCCP

Line-defect ;

N=1 2 3 4 56 7 8 9 10111213 14

Fig. 1 Top view and side view of the optimized geometries of unit cells of
(a) H-14-2H (C atoms of the left edge are in sp? hybridization, while those
at the right edge are in sp® hybridization), (b) H-6-LD-6-2H ZGNR. The
figures labeled with dashed lines show the perfect C chains. The gray and
white balls stand for C and H atoms, respectively. The dashed rectangles in
(a) and (b) indicate the cell used in calculations.

nanoribbons are denoted as H-ZGNR-2H. Fig. 1(a) shows the
structure of H-ZGNR-2H with N = 14 (denoted “H-14-2H”).

We first examine the geometries. As shown in Fig. 1(a), each
carbon atom at the right edge of H-ZGNR-2H is saturated by
two hydrogen atoms, forming sp® hybridization. The distance
between the edge sp>-hybridized C and its neighboring C atom
is 1.52 A, which is quite close to the length of the C-C bond
in H;C-CH; and diamond (1.54 A). We also investigate the
magnetic properties, finding that ferromagnetic (FM) configu-
ration is the lowest-energy state, with a total magnetic moment
of 2.00 pg (much larger than 0.80 up in H-14-H) and spin density
shown in Fig. 2.

The band structures of the FM state calculated with PBE and
HSE06 functionals are shown in Fig. 2(a) and (b), respectively. It
can be seen that H-14-2H is a semiconductor with an indirect
band gap of 0.23 eV (with PBE functional). Most interestingly,
we find that H-ZGNR-2H (N = 14) is a typical bipolar magnetic
semiconductor (BMS) material,>’° with the valence and the
conduction bands possessing opposite spin. When a gate voltage
is applied or electrons/holes are doped into BMS materials,
completely spin-polarized currents with reversible polarization
can be created.*®*™*' As schemed in Fig. 2(a), three energy para-
meters (41, 42, and 43) are defined to characterize the BMS: A1
represents the spin-flip gap between the valence band maximum
(VBM) and conduction band minimum (CBM), while 41 + 42
and 41 + 43 represent the spin-conserved gaps for the two spin
channels, respectively. For H-14-2H, 41, 42 and 43 are 0.23,
0.36 and 0.40 eV, respectively. It is noted that the values of
42 and 43 are larger than that of A1. In this case, the
stable half-metallicity could be achieved by electrical field or
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Fig. 2 Spin-polarized band structures calculated by using (a) PBE and
(b) HSEOQ6 functionals. The red and blue lines represent the band structures
for the a-spin and B-spin, respectively. The Fermi level is set zero. The
distribution of the charge density of the (c) VBM and (d) CBM of the FM
ground state of H-14-2H calculated using the PBE functional. The spin
density of H-14-2H with the FM ground state calculated by using (e) PBE
and (f) HSEO6 functionals. The blue and red represent a-spin and B-spin,
respectively. The isovalue is set 0.06 e A3,

chemical functionalization."**** Fig. 2(c) and (d) show the
charge densities of the VBM and CBM of the H-14-2H ZGNR,
respectively. The VBM and CBM are mainly localized at the
C atoms of the left sp® edge and the next-to-edge C atoms of the
sp® edge, which resembles H-ZGNRs-H with strongly localized
electron density, also at their sp> hybrid edges.*

However, given that the PBE functional could not exactly
describe the system with strongly localized electrons due to under-
estimation of the effect of exchange correlation, it is expected that
some more advanced methods like GW or hybrid functional could
give satisfying results.>® We also use the hybrid functional HSE06
to verify the different magnetic configurations of the PBE results.
Under the HSE06 functional, the ground state is still FM, but the
energy difference between the FM and the lowest antiferro-
magnetic (AFM) state is 26 meV. The spin density and band struc-
ture of the FM ground state calculated with the HSE06 functional
are shown in Fig. 2(b) and (f). The band structures of the AFM states
are presented in Fig. S1 (ESIt). Compared with the PBE results, the
HSEO06 spin density decreases slowly with increasing distance away
from the edges, while the total magnetic moment is still 2.00 ug.
The H-14-2H ZGNR is still a BMS, but the band gap changes from
0.23 eV (with PBE functional) to 0.64 eV (with HSE06 functional).
42 and 43 also change to 0.28 and 0.30 eV, respectively. This is
consistent with the results of Louie and Jiang et al. for ZGNRs.””"*

We also examine the effect of width and functional (PBE and
HSE06) on the 41, 42, and 43 values, and the main results are
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Table 1 The energy gap parameters 41, 42, and 43 (in eV units) for the
H-N-2H ZGNRs (N = 6 to 20) calculated using PBE and HSEQ6 functionals

PBE HSEO06

N 41 A2 43 41 A2 43

6 0.55 0.89 0.84 1.42 0.71 0.71
8 0.43 0.66 0.65 1.11 0.53 0.56
10 0.33 0.54 0.55 0.89 0.40 0.43
12 0.27 0.43 0.44 0.72 0.33 0.38
14 0.23 0.36 0.40 0.64 0.28 0.30
16 0.20 0.33 0.36 0.54 0.25 0.27
18 0.17 0.28 0.31 0.46 0.21 0.26
20 0.11 0.27 0.29 0.40 0.16 0.19

shown in Table 1. Regardless of the width, the H-N-2H ZGNRs
are always in BMS with FM ground state, as confirmed by HSE06
calculations. Independent of the exchange functional used (PBE
or HSE06), A1, 42, and 43 all decrease as the width increases.
In addition, we also find that 41 calculated by HSE06 functional
is bigger than that by PBE, and 42, 43 are smaller than those
calculated by PBE functional with different N.

3.2 The electronic and magnetic properties of H-M-LD-N-2H

We have found that H-ZGNR-2H is a typical BMS. Early work
demonstrated that BMS could be tuned into a half-metal by a
transverse electrical field or by element doping.'"*® Besides, it is
known that a 5-8-5 line-defect is a common line defect embedded
in graphene, consisting of one octagonal and two pentagonal
carbon rings (Fig. 1(b)). Previous works have shown that line
defects could effectively tune the electronic structures of ZGNRs
by introducing defect states near the Fermi level, thus reducing
the band gap.*>** From this point of view, we introduce the
5-8-5 line defect into the H-ZGNRs-2H, forming H-M-line-
defect-N-2H ZGNRs as defined before.*> Herein, M (N) repre-
sents the number of perfect C chains at the left (right) of the
line defect. In terms of the values of M and N, the modified
ZGNRs can be classified into two groups: “symmetrical” ones
with M = N, and “unsymmetrical” ones with M # N. The
structure of a “symmetrical” ribbon of H-6-LD-6-2H is shown
in Fig. 1(b) as an example.

At first, we examine the energy of different magnetic con-
figurations to determine the ground state. Fig. 3(a) and (b)
show the spin density of the AFM and FM configurations of the
H-6-LD-6-2H ZGNRs, and the energy of the AFM configuration
is higher than that of the FM by 6 meV. So the ground state is
still FM, which is similar to the case of the H-14-2H ZGNR
without line defect discussed in the previous section.? The
magnetic moments in the supercell of the AFM and FM con-
figurations are 0.98 and 1.98 i, respectively. The spin densities
are mainly localized at the sp>edge C atoms and the next-to-
edge C atoms of the sp® edge, also similar to the H-14-2H case
shown in Fig. 2(e). For the FM ground state, the magnetic
contribution from these edge C atoms is about 1.20 ug. The
band structures of the AFM and FM configurations are also
shown in Fig. 3(c) and (d), respectively. The AFM state is a metal
with a Dirac point, which is similar to the case of perfect H-14-2H
ZGNR.”” The FM state shows half-metallic character: the a-spin
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Fig. 3 The spin densities of the (a) AFM and (b) FM configurations and
band structures of the (c) AFM and (d) FM of the H-6-LD-6-2H calculated
by the PBE. The red circle (line) and blue circle (line) are for the a-spin
and B-spin, respectively. The numbers in (d) present the | band used in
supporting materials.

channel is metallic, while the B-spin channel is semiconducting
with a gap of 0.27 eV. To find the spatial distribution of the
states around the Fermi energy, the charge densities of these
states at some special k-points in the first Brillouin zone are
shown in Fig. S2(a-d) (ESIT). These states are mainly localized
at C atoms of the edges and the line defect, which indicates the
localized electron character.*°

Again, we use the HSE06 functional to check whether
H-6-LD-6-2H is really a half-metal. The band structure and
partial density of states (PDOS) calculated by HSE06 are shown
in Fig. 4(a) and (b). The o-spin channel is still metallic, while
the B-spin channel shows semiconducting behavior with a gap
of 0.56 eV, confirming that H-6-LD-6-2H is indeed a half-metal.
The VBM and CBM of B-spin bands lie at the same k-point of
3n/5a in the first Brillouin zone. The HSE06 band gap of B-spin
channel is 0.29 eV larger than the PBE value. In order to explore
the origin of the half-metallicity, we calculate the PDOS of
H-6-LD-6-2H, shown in Fig. 4(b). It is clear that the states near
the Fermi level are mainly contributed by the C atoms of the
line defect (black line), while the C atoms of the sp*-edge (green
line) show no obvious contribution to the states at the Fermi
energy. The states below and above the Fermi energy by 1 eV are
contributed by C atoms of the sp>-edge (vellow line). Moreover,
the H atoms also hybridize with edge C atoms, which is similar
to the case of H-ZGNR-H.”
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Fig. 4 (a) The band structure and (b) density of the states of the H-6-LD-
6-2H, calculated by HSE06. In (a), the red and blue lines are for a-spin and
B-spin, respectively. In (b), the red, black, green and yellow lines denote the
total DOS and the PDOS of C atoms belonging to the line defect, of edge
C atoms (sp®), and edge C atoms (sp?), respectively. The corresponding
dashed lines present a-spin and B-spin.

When the line defect is introduced into the GNRs, the states
near Fermi energy are mainly contributed by the C atoms of the
line defect instead of the edge C atoms. More details are shown
in Fig. S3 (ESIT). Li et al. found that when the line defect is
embedded into the H-ZGNRs-H, resulting in an AFM semi-
conductor ground state, the VBM and CBM are also composed of
the states of C atoms from the line defect.”” From the viewpoint
of geometry, the edges of H-6-LD-6-2H are saturated with one
H atom (left side) and 2H atoms (right side), and thus the
symmetry of the original H-6-LD-6-H is broken, tuning the
system from antiferromagnetic semiconductor to ferromagnetic
half-metal.

Similarly, we also explore the effect of the width of ribbons
with the line defect. We first study the electronic properties of
the “symmetrical” H-M-LD-M-2H using PBE and HSE06 func-
tionals (the number of perfect C chains on both sides of the line
defect is the same, M = N), as shown in Fig. 5. For M = 4 and 8,
the band gaps given by PBE are 0.36 and 0.24 eV, while these
corresponding values given by HSE06 are 0.66 and 0.38 eV,
respectively. Compared with the results of PBE, HSE06 gives an
obvious up-shift of the energy gaps, while this shift becomes
smaller when the width increases. No matter how the width
M changes, the H-M-LD-M-2H ZGNRs are all half-metals at the
FM ground state, and the total magnetic moments equal to
about 2.00 ug. Among the AFM configurations, the lowest energy
ones are all metals with a Dirac point, with a total magnetic
moment of 0.81 ug. As the width increases, the energy difference
between the FM and AFM states monotonically decreases from
42 meV with N = 4 to 14 meV with N = 8 calculated using the
HSEO06 functional.

We also study the electronic and magnetic properties of the
“unsymmetrical” H-M-LD-N-2H (M # N)with other M or N values.

Phys. Chem. Chem. Phys., 2016, 18, 12350-12356 | 12353
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Fig. 5 The energy gap of the B-spin channel varies with the width of
H-M-LD-M-2H, calculated by PBE (black line) and HSEO6 (red line).

Fig. 6 The band structures of H-M-LD-N-2H for M + N = 12: (a) H-12-LD-0-
2H, (b) H-11-LD-1-2H, (c) H-10-LD-2-2H, (d) H-9-LD-3-2H, (e) H-8-LD-4-2H,
(f) H-7-LD-5-2H, (g) H-6-LD-6-2H, (h) H-5-LD-7-2H, (i) H-4-LD-8-2H,
(j) H-3-LD-9-2H, (k) H-2-LD-10-2H, () H-1-LD-11-2H.

The band structures of the H-M-LD-N-2H (M + N = 12) are shown
in Fig. 6. H-12-LD-0-2H [Fig. 6(a)] and H-0-LD-12-2H [Fig. 6(1)],
with the line defect at the edge of the ribbons, are all spin-
polarized metal, which are the same as H-0-LD-12-H and H-12-
LD-0-H."” The shape and charge density distributions of the bands
are similar to each other for these two geometries (H-0-LD-12-H
and H-12-LD-0-H)."”> When the line defect is moved from the
edge to the center of the ribbons, as shown in Fig. 6(b), (c),
and (k), these ribbons change into a metal with a Dirac point,
similar to the bands of the AFM-I configuration of the H-ZGNRs-2H
in Fig. S1 (ESI{).*> When N = 3 or M = 3, the ribbons turn from
metal with a Dirac point into normal spin-polarized metal. The
bands of a-spin and B-spin channels are both closed at the
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Fermi energy. When the line defect is moved to the center of the
ribbon, as shown in Fig. 6(e-h), the a-spin channel is metallic
with energy bands crossing the Fermi energy, but the B-spin
channel remains semiconducting with the band gap changing
from 0.29 (for e), 0.26 (for f), 0.21 (for g) to 0.16 eV (for h)
(calculated by PBE). Again, we recalculate these gap values by
HSEO06, and the band gaps for the B-spin channel of the corres-
ponding systems shown in Fig. 6(e-h) are 0.54, 0.54, 0.56, and
0.56 eV, respectively. So the systems shown in Fig. 6(e-h) are all
still half metal, contributed by the C atoms of the line defect,
similar to the PBE results. The states near the Fermi energy are
still contributed by the C atoms of the line defect.

If we consider the H-ZGNR-2H as the prototype (BMS), the
H-M-LD-N-2H (M > 3, N > 3) can be considered as prototypes
doped with the line defect, and they now represent half-metallicity.
Kang et al. pointed out that H-ZGNRs-2H with B or N atoms
could be tuned from BMS into half-metal.*’>° The line defect
may thus be viewed as a kind of “self-doping” (without other
elements doped). Varying the position of the line defect, the
B-spin channel changes from a direct gap semiconductor to an
indirect gap semiconductor. In a word, the H-M-LD-N-2H
ZGNRs vary from the spin-polarized metal to the metal with
Dirac point, as well as the half-metal, by changing the position
of the line defect.

We study “unsymmetrical” H-M-LD-N-2H (M =6, N=5) as a
reference. The calculated total magnetic moment equals 1.98 yg,
and AE = Epy — Eapm = —3 meV, suggesting a FM ground state.
In sum, the line defect suppresses the effects of edge function-
alization when the line defect lies at the edge, and the electronic
and magnetic properties are similar to those of the H-LD-H
ZGNRs.*? Other defects such as vacancy and grain boundaries
show similar effects.***® When the line defects are far away
from the edge, the ribbons also show half-metallicity with FM
ground state.

We also calculate the H-ZGNRs-2H embedded with two line
defects, and find that the system is a spin-polarized metal, as
shown in Fig. S5 (ESIt). The high concentration of line defects
will destroy the conjugate structure, decreasing the thermal
stability of the ZGNRs. Thus, there is no need to study two or
more line defects embedded in ribbons.

3.3 The stability of H-M-LD-N-2H

To examine whether H-M-LD-N-2H is stable and whether the
magnetic state could survive at room temperature, we further
perform ab initio molecular dynamics (AIMD) simulations. The
simulation time of one trajectory is 10 ps. As an example, the
fluctuation of temperature, total energy, and total magnetic
moments of H-6-LD-6-2H are given in Fig. 7(a)-(c), respectively.
The results indicate that H-6-LD-6-2H is stable at room tem-
perature. During the simulation, the ribbon maintains the
planar geometry. This can be easily understood from the fact
that the binding energies of the C-H and C-C bonds are much
larger than the thermal energy at room temperature. Similar
results were also observed in the case of H-ZGNR-2H.*” The total
energy oscillates around —549.51 eV after 2 ps, with the ampli-
tude being about 0.017 eV per atom.
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Fig. 7 (a) The temperature, (b) total energy, and (c) total magnetic moments
of H-6-LD-6-2H as a function of MD simulation time at 300 K.
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The total magnetic moment also oscillates around the average
value of 2.0 pg. It is clear that the H-6-LD-6-2H is at its magnetic
ground structure with the FM ground state. In addition, we also
perform test calculations for several other H-M-LD-N-2H struc-
tures and get similar results.

4. Conclusions

We systematically study the electronic and magnetic properties
of H-ZGNRs-2H and H-line-defect-2H ZGNRs with different
widths. It is found that H-ZGNRs-2H are typical BMSs. In the
H-M-LD-N-2H ZGNRs, the edges provide ferromagnetic ground
states, while the line defect contributes to the states near Fermi
level. The introduction of line defect can be seen as a “self-
doping” mechanism without introducing foreign elements. We
also reveal the effect of the location of the line defect by
changing the position of the line defect, with the width of
ZGNRs fixed. The H-M-LD-N-2H ZGNRs are half-metals with FM
ground states when the line-defect is at least four chains away
from the edge of the ZGNRs, and the same results are found
with HSEO06 calculations. As the line defect moves toward the
edge of the ZGNRs, the systems become normal spin-polarized
metals or metals with Dirac point, depending on the position of
the line defect and regardless of the width of H-M-LD-N-2H.
Finally, we check the structural and magnetic stability at room
temperature by AIMD. Our work offers a feasible strategy to design
carbon nanostructures with different properties for nanoelectronics
and spintronics applications.
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