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The electronic and magnetic properties of zigzag graphene nanoribbons with protruded steps along their
edges (ZS-GNRs) are investigated by extensive density-functional theory calculations. We show that the
electronic and magnetic properties are determined by an interesting interplay between the length of the pro-
truded step and the distance of two adjacent steps along the ribbon edge. With a small length of the protruded
steps along the edge, the system can be converted from a nonmagnetic semiconductor to metal and then to a
magnetic semiconductor by increasing the step-to-step distance. In particular, the energy gap decreases first
toward a zero minimum and then gradually increases as the step length increases, accompanying with the rapid
increase in the edge magnetization. When the step length exceeds a critical value, the ZS-GNR will be always
a magnetic semiconductor regardless of the step-to-step distance. We also reveal that the applied transverse
electric field can enlarge the energy gap of nonmagnetic ZS-GNRs, due to the breaking of band degeneration;
whereas the field-induced gap change in the magnetic ZS-GNRs is spin dependent, leading to the emergence of
amazing half metallicity under certain field strengths. These findings suggest that the ZS-GNRs are promising
for designing versatile graphene-based devices and can find novel applications in both electronics and

spintronics.
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I. INTRODUCTION

Graphene, a single graphite layer, is emerging as an ex-
tremely versatile material with outstanding properties!~!! for
spintronics and nanodevice applications.!!~!3 Nevertheless,
graphene is a zero band-gap semiconductor and is unable to
electrostatically confine electrons for development of
graphene-based field-effect transistors. An important ap-
proach for opening the band gap is to pattern the graphene
sheet into narrow ribbons?!*!5 with width less than 10 nm.
Owing to the edge effect, the electronic wave functions in
the direction perpendicular to the ribbon edge can be con-
fined and quantized. Such confinement-induced quantization
induces a band gap around the Fermi level.'®!” Especially,
the zigzag-edged graphene nanoribbons (Z-GNRs) are pre-
dicted to be magnetic semiconductor [antiferromagnetic
(AFM)],'¢ where the polarized electron spins are ferromag-
netically aligned along the ribbon edges and antiferromag-
netically coupled between the two edges. Such amazing spin
ordering can give rise to many unusual properties such as
giant magnetoresistance effect,'? half metallic'” and magne-
toelectric effect,'® and promising applications. However, all
these theoretical studies mainly focus on the Z-GNRs with
smooth edges. Actually, under typical growth or fabrication
conditions, the edges of graphene ribbons are often observed
to be rough and tapered by 5-10 A steps protruded out of
the edges. Also, recent experiments demonstrated that carbon
nanotubes can be stepwisely opened along their tube axis by
controlling the size of transition-metal nanoparticles, produc-
ing graphene nanoribbons with regular steplike edges.!® This
form of edge roughness would be significant in determining
the GNRs properties considering that the spin-polarized edge
states in Z-GNRs are easily affected by structural perturba-
tion, such as defect,?2 the presence of substrate,?® and
chemical functionalizations.”” On the other hand, shaping the
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graphene with diverse edge configuration also offers a prom-
ising opportunity to tailor its properties. Recent theoretical
study showed that tapered silicon nanowires can show
unique electronic and optical properties to their counterparts
with smooth surfaces.”® To our knowledge, however, how the
edge steps affect the electronic and magnetic properties of
the Z-GNRs remains completely elusive, although there are
some empirical tight-binding studies addressed on this issue.

In this paper, we have investigated the structural and elec-
tronic properties of zigzag graphene nanoribbons with pro-
truded steps along their edges (ZS-GNRs) by using state-of-
the-art first-principles calculations. We show that the
electronic and magnetic properties can be widely tuned by
changing the step length as well as the distance of two adja-
cent steps along the ribbon edge. As a result, with a short
step length, the ZS-GNRs can undergo an interesting evolu-
tion from nonmagnetic (NM) semiconductor to nonmagnetic
metal and finally to magnetic semiconductor. Also, we show
that applied external electric fields can strongly influence the
electronic and magnetic properties of the system, and it can
lead to important functions, such as metal-insulator transition
and half metal, rendering the ZS-GNRs a versatile candidate
for designing novel electronic and spintronic devices.

II. MODEL GEOMETRY AND CALCULATION METHODS

All the calculations are performed within the framework
of density-functional theory (DFT) by using the plane-wave
basis set with VASP code.?? The ultrasoft pseudopotentials
are employed for the ionic potential and the local spin-
density approximation (LSDA) is used to describe the
exchange-correlation potential. We also performed test cal-
culations using generalized gradient approximation (GGA)
and the results are qualitatively the same. We use the super-
cell geometry where the ZS-GNR is separated by 10 A in
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FIG. 1. (Color online) Atomic structures of ZS-GNR(N,;, N,;
N, Ng,). The ZS-GNR consists of two parts: wider
quasi-Zy,;-GNR and narrower quasi-Zy,,-GNR, which are alterna-
tively aligned along the ribbon edge, where N,; (i=1 and 2) is the
number of zigzag chains across the ribbon width and N,; (i=1 and
2) is measured by the number of hexagonal rings along the ribbon
length. The blue and yellow balls represent the carbon and termi-
nated hydrogen atoms, respectively. The dash rectangle represents
the supercell of ZS-GNRs used in our calculations.

both normal and parallel directions to adjacent ribbons to
simulate an isolated ZS-GNR. The conjugate gradient
method is used to optimize the geometry and all the atoms in
the unit cell are fully relaxed until the force on each atom is
less than 0.01 eV/A. The Brillouin-zone integration is
sampled by up to six special k points for atomic structure
relaxation and a total of 50 k points for electronic-structure
calculation. The external electric field is introduced by planar
dipole layer method as implemented in VASP.3!

A schematic illustration of the model geometry used in
our calculations is given in Fig. 1. The unit cell of each
ZS-GNR consists of wider and narrower sections that are
alternatively aligned along the ribbon edge. The length and
width of the relatively wide segment are denoted by N,; and
N, (correspondingly, the protruded step length can be de-
noted by N,;), while those of relatively narrow section are
denoted by N, and N,,, where N; (i=1 and 2) is the number
of zigzag chains across the ribbon width, and N,; (i=1 and 2)
is the number of hexagon rings in each section along the
ribbon edge. The system is constructed by periodically re-
peating the above unit cell along the ribbon edge. Conse-
quently, periodic protruded edges are formed in ZS-GNRs.
As a result, we can denote the ribbon with protruded edge
steps as ZS-GNR(N.;, N,i; N5, N,»), and the structure of
7ZS-GNR(12, 4; 6, 4) is illustrated in Fig. 1, for example. The
height of the edge step thus can be defined as the
AN,=(N. —N,,)/2. To eliminate the effect of the o elec-
tronic states near the Fermi level, we terminate all the dan-
gling bonds at the ribbon edges by hydrogen atoms.
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III. RESULTS AND DISCUSSIONS

A. Electronic and magnetic properties of the ZS-GNRs

We take the ZS-GNR(8, N,;; 6, N,5) as a prototype for
discussions and explore the variation in properties of the
ZS-GNR as a function of N,; and N,,. We first consider the
electronic and magnetic properties of smoothly edged ZGNR
with eight zigzag chains across the ribbon width. We find
that the smooth Zg-GNR has a direct band gap of 0.30 eV as
well as a magnetic insulating ground state with antiferromag-
netic coupling between two edges of ferromagnetically or-
dered edge states. This gap value and character of magnetic
ordering are well consistent with previous DFT results.!
Based on the magnetic ordering in the perfect Z-GNR, we
consider the following magnetic phases for the ZS-GNRs: (i)
ferromagnetically ordered spins at each ribbon edge and the
same spin directions between two edges, denoted by FM; (ii)
ferromagnetically ordered spins at each edge but the opposite
spin directions between the edges, denoted by AFM; and (iii)
nonmagnetic state, denoted by NM. We perform total-energy
calculations for the ZS-GNRs with the above-mentioned
three magnetic phases. To concisely show the picture, we fix
the step height to AN,=1 and consider the ZS-GNR(8, N,;;
6, 2) and ZS-GNR(8, 3; 6, N,,). Then we study the energy
relations as a function of the N,; and N, respectively. The
relative energies of FM, AFM, and NM states for the
7ZS-GNR(8, N,;; 6, 2) and ZS-GNR(8, 3; 6, N,,) are shown
in Table I. It is found that the total-energy difference between
the FM and NM phases rapidly increases with the increasing
of N, or N, for both the ZS-GNRs. An important result
from this energy analysis is that both the ZS-GNRs become
nonmagnetic when N,; and N, are less than 4 and 3, respec-
tively, as corroborated by the zero energy difference between
the FM and NM phases, although the edge carbons still pos-
sess zigzag-shaped edges. On the other hand, when the
ZS-GNRs are magnetic, we find that the energy of AFM state
is lower than that of the FM state regardless of ribbon geom-
etry, suggesting that AFM are always the ground state and
the character of magnetic ordering is akin to that of the
smoothly edged ZGNR, although the energy difference be-
tween AFM and FM states displays a little oscillation with
the increasing of N,; or N,,. To further verify these results,
we also performed the same calculations for the magnetic
stability of the ZS-GNRs using the GGA approximation with
the PWO1 functionals. We find the results well consistent
with those from LSDA calculations. We then plot the isosur-
faces of the magnetization density (p;—p|) for the ground
state of the ZS-GNR(8, 3; 6, 6) in Fig. 2(a). It is shown that
magnetization density is mainly localized at the edges of the
nanoribbon and the edge spins are antiferromagnetically

TABLE I. Relative total energies of FM, AFM, and NM states of a ZS-GNR(8, N,; 6, N,,), which is abbreviated as (N,;; N,,) for

simplicity here.

(Nal; Na2)

(meV) G 32 &3 &4 35 &6 (1;2) (22 &2 (532 (6:2)  ZgGNR
Navi—Nemt 0 0 2 9 41 91 0 0 7 26 75 31
Navi=Napm 0 0 13 30 71 107 0 0 16 58 90 34
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FIG. 2. (Color online) (a) Isosurface plot of the spin-density
magnetization (p;—p,) for the AFM phases of ZS-GNR(8, 3; 6, 6).
The red and light blue surfaces represent spin-up and spin-down
density, respectively. (b) Variation in half-net magnetic moment as a
function of the width of different N,; and N, for the ZS-GNR(8,
N, als 6’ N, a2)-

coupled with each other. However, there are some differ-
ences in the magnetization magnitudes of carbon atom from
those in the smoothly edged ZGNRs. It is shown that the
local moments are slightly suppressed near the step junction
of the structure and the magnetic moments increase gradu-
ally when moving away from the step junction. Moreover,
the edge magnetization magnitudes are larger in the narrow
section, which is longer than the wide section in the direction
along the ribbon edge.

We next specially examine the variation in edge magneti-
zation with the structural parameters in the ZS-GNRs. Figure
2(b) plots the half-net magnetic moment per supercell for the
ZS-GNR(8, N,; 6, N,,) as a function of N,; and N,,. Here
the half-net magnetic moment is defined as the sum of the
local magnetic moments on atoms from the terminated H
atoms at one edge to the carbon atoms at the center of the
ribbon. For the ZS-GNR(8, 1; 6, N,,), one can see that the
spin is completely suppressed when N, is less than 4, be-
yond which the half-net magnetic moment gradually in-
creases with the increasing of N,,. We call N ,=4 the critical
value for the appearance of spins in ZS-GNRs. We find that
the critical N,, decreases with increasing step length, N,;, of
the ZS-GNR(8, N,;; 6, N,,). For example, the critical N, is
reduced to 2 for the ZS-GNR(8, 3; 6, N,,). These results
indicate that edge magnetization can be efficiently modulated
by the protruded edge configuration.

We next explore the underlying mechanism governing the
strong dependence of edge magnetization on the edge con-
figuration in the ZS-GNRs. As is well known, the magneti-
zation of pristine Z-GNRs is originated from the exchange
splitting of the peculiar edge states which show localization
of the electron states as well as a sharp density of states
(DOS) peak around the Fermi level.3> We therefore investi-
gate the change in peaks in the spin-unpolarized DOS at the
Fermi level of the ZS-GNRs with different edge configura-
tion. Figure 3 shows the DOS of the ZS-GNR(8, 3; 6, N,,) as
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FIG. 3. (Color online) Calculated total spin-unpolarized DOS of
ZS-GNR(8, 3; 6, N,,) with N,,=1,3,4,5.

N, varies from 1 to 5. The DOS at E is zero at N,,=1. The
zero electronic states at £ cannot result in instability toward
spin splitting and the system is thus in a NM state. With
increasing N, a DOS peak appears at the Fermi level and
gradually increases with the increasing of N,,. We find that
the localized DOS is mainly contributed by the edge atoms
in the relatively narrow section, indicating that the localized
edge states are recovered and enhanced with increasing
length of the narrow section. As a result of the sharp DOS
peak, strong local electron-electron interaction leads to split
of the edge states and formation of edge magnetization. In
particular, the DOS magnitude increases with increasing N,
and thereby induces larger spin splitting according to the
Stoner criterion. Kumazaki et al.?* have studied the magne-
tism of similar ribbon structures using the Hubbard model
and the results coincide well with our findings.

The above analyses indicate that the magnetic properties
of the ZS-GNRs strongly depend on the localized electronic
states around the Fermi level. To probe the underline
mechanism of why the localized electronic states appear or
disappear at the Fermi level, we perform further examination
on the spin-unpolarized band structures of involved
structures. Figure 4(a) presents the band structure of the
7ZS-GNR(8, 3; 6, 1), which is a NM semiconductor with a
energy gap of 0.04 eV. This nonmagnetic ground state can be
understood from the charge densities corresponding to the
lowest conduction band and the highest valence band, as
shown in the right panel of Fig. 4(a), where we can clearly
find some wave nodes, suggesting that the quantum confine-
ment effect is the root of the nonmagnetic ground state and
the gap opening. The confinement effect increases the disper-
sion of the lowest conduction band and the highest valence
band and thereby quenches the magnetism, attributed to the
short length of the relatively wide and narrow sections alter-
natively aligned along the ribbon edge. In contrast, when N,
is increased to 2, we find the charge densities for the lowest
conduction band and the highest valence band mostly local-
ized at the ribbon edge and the wave nodes become less
pronounced. Consequently, the dispersion of the lowest con-
duction band and the highest valence band decreases, and the
gap is closed but the system is still nonmagnetic due to the
small DOS at the Fermi level, see Fig. 4(b). With further
increasing N, to 4, the lowest conduction band and the high-
est valence band become flat and degenerated around the
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FIG. 4. (Color online) Spin-unpolarized band structures of ZS-
GNR(8, 3; 6, N,,) and charge densities corresponding to the lowest
conduction band and the highest valence band. The cases for the
ZS-GNR(8, 3; 6, 1), (8, 3; 6, 2), (8, 3; 6, 4), and (8, 3; 6, 6) are
shown in (a), (b), (c), and (d), respectively.
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Fermi level at the wave number close to the center of the
Brillouin zone, leading to electronic localization and
emerged edge magnetization, see Fig. 4(c). Further increas-
ing N, will enhance the localization effect of electronic
states due to the reduced quantum confinement effect within
the relatively narrow ribbon section, as evidenced in Fig.
4(d) for N,,=6. Increasing step length, N,;, will further at-
tenuate the quantum effect imposed on the edge states,
thereby giving rise to a magnetic ZS-GNR at smaller N .
In addition to the significant magnetic properties, we find
that the electronic properties of ZS-GNRs also exhibit inter-
esting change compared to the smoothly edged Z-GNRs. We
mainly discuss the influence of edge configuration on the
energy gap of ZS-GNRs by changing their N,; and N,,. The
band gap of the ZS-GNR(8, 1; 6, N,,) is shown in Fig. 5(a)
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FIG. 5. (Color online) Variation in calculated energy gap of
ZS-GNR(8, N,; 6, N,,) as a function of N,;, N,,. The lines with
square represent the system with a AFM ground state while the
lines with triangle represents case of systems with a NM ground
state.
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FIG. 6. (Color online) Spin-polarized electronic properties of
ZS-GNR(8, 3; 6, 6). (a) Spin-polarized band structure for the AFM
ground state. The bands for the up-spin and down-spin states are
degenerate. (b) Charge densities of selected specific states.

as a function of N,,, where the band gap decreases first to a
minimum at N,,=4 and then increases with increasing N,,.
On the left side of the gap minimum, namely, N,, <4, the
system is nonmagnetic while on the right side the system
becomes a magnetic semiconductor with AFM phase. For the
nonmagnetic ZS-GNR, the gap is due to the aforementioned
quantum confinement effect along the ribbon edges, and is
widened to 1.164 eV when N, decreases to 1, significantly
higher than 0.30 eV of the Zg-GNR with smooth edges.
Therefore, the ZS-GNR(8, 1; 6, 1) holds great promise for
realizing room-temperature field-effect devices. In fact, re-
cent experiments have demonstrated field-effect devices at
room temperature based on Z-GNRs and the edge roughness
are probably the underlying condition leading to the behav-
ior. On the other hand, for the magnetic ZS-GNR, the gap is
due to the spin splitting of the localized edge states. This
spitting is enhanced with increasing the localization of elec-
tronic states. However, the gap of the magnetic ZS-GNRs is
always smaller than 0.30 eV of the perfect Zg-GNR due to
the insertion of the protruded steps in the ribbon edges that
break the electronic localization. Similarly, once N, is fixed
to 1, remarkable gap variation is also observed in the
7ZS-GNR(8, N,;; 6, 1) when N, varies from 1 to 6, as shown
in Fig. 5(b), and the gap minimum occurs at N,;=4. How-
ever, when the fixed N, is increased to 3, the gap variation
in the ZS-GNR(8, 3; 6, N,,) with N, is largely smoothed
compared to that of the ZS-GNR(8, 1; 6, N,,), especially for
the nonmagnetic ZS-GNR on the left side of the gap mini-
mum at N,=2. This is because the quantum confinement
effect is attenuated by increasing length of the wide sections.
On the right side of the gap minimum, the gap remains ba-
sically unchanged. We take ZS-GNR(8, 3; 6, 6) as an ex-
ample to elucidate the detailed electronic structure; and the
spin-polarized band structure as well as the projected charge
density isosurface plots for selected specific states are plotted
in Fig. 6. Similar to ZS-GNR(8, 1; 6, N,;) (N,,>4), the
states of opposite spin orientation are degenerate in all
bands, and a band gap of 0.16 eV is observed around the
Fermi level. Charge-density analyses show that the highest
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valence band is distributed around the upper edge while the
lowest conduction band is located mainly on the opposite
down edge of ZS-GNR(8, 3; 6, 6) for the spin-down state;
for the spin-up state the case is just reversed. In contrast, the
states associated with the second lowest conduction band and
second highest valence band are confined mainly on the nar-
row segment of ZS-GNR(8, 3; 6, 6) and a rapid decay for
these states from the ribbon edge to the interior is also ob-
served.

Actually, the ZS-GNR can be viewed as a infinite thin
slab with periodic protruded steps at both the edges. The
protruded steps give rise to potential barriers between the
wide and narrow segments of the ZS-GNR, which is absent
in pure Z-GNRs. When electrons axially transmit through the
ZS-GNR, they tend to be confined by the potential barriers.
Some of the confined electronic states can just be evidenced
in Fig. 6(b). To be more specified, the confinement in the
segment N, can be defined as the integral of the planarly
averaged charge, namely, [ Nai|‘1’(r)|2dr. From this definition,
it is obvious that the confinement of electronic states would
become stronger with the increasing of AN,=(N,;—N,,)/2.
For ZS-GNRs with smaller N, the electronic states would
be more distinguished from those of smoothly edged ZGNR.
On the other hand, increasing the N, or N,, will make the
electronic properties in the corresponding segment gradually
close to those of smoothly edged ZGNRs.

Based on these results, we infer that the ZS-GNR would
always own an AFM phase if the length of either the wide or
the narrow sections becomes sufficiently long. Indeed, our
extensive calculations show that when N, is larger than 4,
namely, a step length of 9.776 A, the ZS-GNR(8, N,;;
6, N,;) is AFM semiconductor irrespective of N,,. We also
discuss briefly the influence of the height of the edge step
(AN,) on the electronic and magnetic properties of ZS-
GNRs. We increase AN, from 1 used in the above discussion
to 3. It is found that all the trend of gap variation with the
edge configuration remains essentially the same. For ex-
ample, with increasing N,; in the ZS-GNR(12, N,;; 6, 2)
(AN,=3), the system is NM semiconductor at N,;=2 with a
direct gap of 0.05 eV, then switched to be NM metal at
N,;=3, and finally becomes a magnetic semiconductor when
N, >3. The trend is exactly the same as that of the
ZS-GNR(8, N,;; 6, 2) (AN,=1). Nevertheless, the energy
gap can be slightly reduced by increasing height of the step.
The direct band gap is 0.07 eV for the ZS-GNR(8, 2; 6, 2)
with AN, =1 but is reduced to 0.05 eV for the ZS-GNR(12,
2; 6, 2) with AN,=3 and to 0.03 eV for ZS-GNR(20, 2; 6, 2)
with AN,=7. Moreover, the confined states can occur in wide
segment of the ZS-GNR(N.;, N,i; N.,, N,) when N.; and

N, increase.

B. Energy-gap modulation of the ZS-GNRs by transverse
electric field

The external electric field has been demonstrated to be
capable of efficiently modulating the electronic and magnetic
properties of many carbon nanostructures. In particular, half
metallicity is predicted in smoothly edged Z-GNRs when an
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external transverse electric field is applied.!” Therefore, it
should be interesting to investigate the corresponding re-
sponse of the ZS-GNRs to applied transverse electric fields
(Eexe)-

In the study of field-induced modulation of electronic
properties, the ZS-GNR(8, 3; 6, 1), ZS-GNR(8, 3; 6, 2), and
7ZS-GNR(8, 3; 6, 4) are chosen to represent the three typical
families, corresponding to the NM semiconductor, NM
metal, and AFM semiconductor, respectively. The electric
field is applied across the zigzag-shaped edges of the
7ZS-GNRs, as illustrated in Fig. 7(a). Figures 7(b) and 7(c)
show the response of energy gap to E,,, for the first two NM
7S-GNRs. For the metallic ZS-GNR(8, 3; 6, 2), surprisingly,
we find that the band gap opens up and enhances linearly
with increasing E,,;, rendering a field-induced metal insula-
tor in the ZS-GNR at an extremely small field strength. The
band structure of ZS-GNR(8, 3; 6, 2) at 0.4 V/A is shown in
Fig. 7(e). Compared to the band structure without the exter-
nal electric field shown in Fig. 4(b), the band degeneracy are
broken owing to the applied E,,,. The charge densities for the
lowest conduction band and the highest valence band are
plotted in Fig. 7(f). When E,, is applied, the lowest
conduction band is located mainly on the lower edge of
ZS-GNR(8, 3; 6, 2), while the highest valence band is lo-
cated on the upper edge. All the distributions of charge den-
sity are remarkably different from those without an external
electric field shown in Fig. 4(b). Thereby, the band gap open-
ing can be ascribed to the Stark effect, which has been ob-
served in previous studies on carbon nanotubes®® and boron
nitride (BN) ribbons.>* For the NM semiconducting ZS-
GNR(3, 3; 6, 1), the response of energy gap to E,,, is similar
to that of above-mentioned metallic ZS-GNR(8, 3; 6, 2). The
gap gradually increases with the increasing of E,,, and can be
0.22 eV when E,,, is up to 0.5 V/A. Such field-induced
engineering of band gap highlights an innovative route for
GNR-based nanoelectronic and nanophotonic devices.

To have a deeper insight into the field-induced gap modi-
fication for the metallic and semiconducting ZS-GNRs, we
further analyze the system symmetry. As is well known,
there exists mirror reflection symmetry in the smoothly
edged Zg-GNR, offering a single mirror-symmetry plane o.
The peculiar doubly degenerate flat edge states mix to form
bonding and antibonding states (i.e., 7 and 7" subbands)
(Ref. 35) when spins are not considered. The two eigenstates
are degenerated and present a well-defined parity with re-
spect to this symmetry plane. The wave functions of ()
subbands have even (odd) parities under o mirror operation.
Due to the protruded edge steps, the mirror symmetry of the
system becomes lower. However, the ZS-GNR studied in our
calculations retains a single mirror-symmetry plane in ab-
sence of an external electric field. When an external electric
field is applied as shown in Fig. 7(a), the mirror symmetry is
broken, resulting in the 7 and 7" states having no definite o
parity. The 7 and 7 states will couple with each other and
become hybridized. Therefore, the degeneracy is lifted and
the band gap opens up rapidly with increasing E,,;, as shown
in Figs. 7(b) and 7(c).

For the ZS-GNRs with the AFM ground state, we find that
the gap change is spin dependent and half metallicity is re-
alized by the applied electric field. The energy gaps for both
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spin states of ZS-GNR(8, 3; 6, 4) are plotted as a function of
applied field strength in Fig. 7(d). When E,,<0.2 V/A, the
gap for up spin decreases while that for the down spin in-
creases as E,,, increases. Because oppositely oriented spin
states are located at the opposite sides of the ZS-GNR, the
electric field has an opposite effect on the two spin states.
This makes the occupied spin-up states upshift and the un-
occupied spin-up states downshift as E,,, increases, thereby
narrowing the energy gap for the spin-up state. On the con-
trary, the occupied and unoccupied spin-down states move
apart with each other to enlarge the energy gap. These are
similar to the smoothly edged Z-GNRs.'” When
E,,>02 V/A, the energy gap of spin-up state continues to
decrease as E,, increases and becomes zero when E,;
reaches 0.4 V/A. Nevertheless, significant difference occurs
for the spin-down state as shown by Fig. 7(d). The occupied
and unoccupied spin-down states display a fluctuation behav-
ior in energy with a oscillation around 0.1574 eV, which
corresponds to the gap of ZS-GNR(8, 3; 6, 4) without ap-
plied field. The fluctuation behavior of the energy gap for the
spin-down state is not observed in smoothly edged Z-GNRs.
The critical electric field for achieving half metallicity in the
ZS-GNR(8, 3; 6, 4) is around 0.4 V/ A. The corresponding
band structure for the ZS-GNR(8, 3; 6, 4) under 0.4 V/A is
shown in Fig. 7(h), where a half metal is clearly featured
around the Fermi level. Therefore, a perfect spin filter can be
designed based on such kinds of ribbons using lower electric
field.

IV. CONCLUSION

In summary, extensive density-functional theory calcula-
tions reveal that ZS-GNRs have novel electronic and mag-
netic properties depending strongly on the protruded edge
step structures. With the protruded step less than 9.776 A,
the system can be converted from a nonmagnetic semicon-
ductor to metal and then to a magnetic semiconductor with
the magnetic ordering similar to that of a smoothly edged
Z-GNRs, as the step-to-step distance continuously increases.
The half-net magnetic moment and energy gap can be effec-
tively modulated by changing the edge configuration of the
ZS-GNRs. However, with the protruded step length larger
than 9.776 A, the system will become magnetic semicon-
ducting. In addition, the applied transverse electric field can
efficiently modulate the electronic and magnetic properties
of the ZS-GNRs, especially inducing metal-insulator transi-
tion and continuously tunable band gap in the NM ZS-GNRs
as well as a half metallicity for the magnetic ZS-GNRs. Our
systematic study of the electronic and magnetic properties
indicates that ZS-GNRs are promising for future nanoelec-
tronics and spintronics and could even be superior to the
smoothly edged GNRs for applications in some fields.
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