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Effects of magnetic antidots on the transport properties of zigzag-edged graphene nanoribbons �ZGNRs� are
investigated by spin-polarized first-principles calculations combined with a nonequilibrium Green’s-function
technique. Specifically, the effects of antidots �or holes� with regular shapes �rectangular and triangular� are
studied. It is found that rectangular holes with a zero total spin S0 and triangular holes with a finite spin S0

cause different effects on the equilibrium conductance of ZGNRs. A rectangular hole with zigzag edges parallel
to the ribbon edges blocks the transmission of the band edges of both the valence band and the conduction band
from both the spin-up channel and the spin-down channel. Thus a much wider transmission gap than the
pristine ZGNRs can be observed. However, a triangular hole with zigzag edges blocks transmission from only
one spin channel in either the valence-band edge or the conduction-band edge. Thus the gap width in the total
conductance is not affected in this case. The difference originates from the different energy shift of the valence
band and conduction band relative to Fermi energy as a result of two effects: finite-size effect and spin splitting
from the antidot-induced effective internal magnetic field.
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Graphene nanostructures are supposed to be very impor-
tant building blocks in future nanoelectronic devices due to
their remarkable structural and electronic properties. Among
them, graphene nanoribbons �GNRs� have attracted intensive
attention1–12 and it is found that the properties of GNRs are
highly dependent on their sizes and edge shapes. Tight-
binding calculations show that armchair-edged GNRs �AG-
NRs� can be either metallic or semiconducting depending on
their widths8,12 while first-principles calculations show that
AGNRs are always semiconducting with an energy-gap scal-
ing inversely to the GNR width.8–10 More interestingly, in
the zigzag-edged GNRs �ZGNRs�, magnetic ordering is
formed due to the unpaired �- and ��-edge electrons. Two
most stable spin configurations have been observed: ferro-
magnetic �FM� and antiferromagnetic �AF�,13 which mean
that the localized edge states on the two sides are FM
coupled or AF coupled. Tight-binding calculations show that
the ZGNRs are always metallic12 while first-principles cal-
culations show that it is metallic only in the FM configura-
tion. There is always an energy gap in the AF configuration.
Calculations also show that the most stable configuration is
the AF state with the states of different spins in the valence
bands and conduction bands localized on different edges
while the energy of the states with different spins is
degenerate.5,8

Meanwhile, quantum dots and antidots made by graphene
are another kind of graphene nanostructures which initiate
great interests.14–20 The dots are just graphene molecules
with finite size in all directions while antidots are holes in
graphene with some kinds of dots cut away from it. Just like
in ZGNRs, magnetism can also be formed in graphene mol-
ecules with zigzag edges.15 In a graphene molecule with rect-
angular or hexagonal edges, magnetic moments with the
same magnitude and different signs are always formed on the
two opposite zigzag edges. Thus the total spin S0 in such
systems is exactly zero. However, in a molecule with trian-
gular zigzag edges, exactly the same magnetic moments are
observed on all edges. So the total spin S0 is nonzero. Like in

ZGNRs, the local magnetism in graphene molecules arises
from the spin-polarized edge states localized on the zigzag
edges.

The local magnetism in graphene nanostructures may
qualify graphene nanoribbons and molecules with zigzag
edges as promising candidates for application in the spin-
tronic devices. Therefore, the study of spin-polarized trans-
port through these nanostructures are quite interesting. In this
work, we build graphene-based devices by combining
graphene nanoribbons and antidots with zigzag edges and
investigate the electron transport in them. Specifically, we
study the effects of graphene antidots �or holes� on the trans-
port properties of ZGNRs. Two kinds of antidots will be
considered: rectangular hole and triangular hole.

The model structure is constructed as follows: the scatter-
ing region is seamlessly connected to two semi-infinite zig-
zag �18,0� graphene nanoribbons �following previous con-
vention, it is called as 18-ZGNR�. Both the scattering region
and leads have the same width. In the scattering region, a
segment of 8-ZGNR ribbon with length of 7 unit cells and an
equilateral triangular molecule with edge width of 9 C atoms
are cut away from the ribbon �see Fig. 1�. All the edge C
atoms including those on the ribbon edges and antidot edges
are terminated by H atoms. Note that in the triangle-hole
case, in order to saturate the edge C atoms of the hole by H
conveniently, at each apex of the triangle, one C atom is put
back at its original position �see Fig. 1�b��. It is well known
that graphene-based structures are bipartite lattices which
mean that they are composed by two sublattices �A and B�. It
is found that these three C atoms at the apexes belong to the
same one of the two sublattices. In the calculations, each lead
is described by a supercell with four repeated unit cells along
z direction and total length of 9.84 Å so that 152 atoms are
included in the lead supercell. The length of the scattering
region is 51.66 Å which include 708 atoms for the
rectangular-hole case and 744 atoms for the triangular-hole
case. For simplicity, we call the system with a rectangular
hole as “system A” �see Fig. 1�a�� and the system with a
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triangular hole as “system B” �see Fig. 1�b��.
All calculations are performed with an ab initio scheme

combining density-functional theory �DFT� with the non-
equilibrium Green’s-function method for quantum transport.
The DFT calculation of the lead part is performed with the
SIESTA package,21 which employs norm-conserving pseudo-
potentials and linear combinations of atomic orbitals as basis
sets. The wave function is expanded with a single-zeta basis
set to get a reasonable balance between computation and
accuracy. Our test with single-zeta basis set and double-zeta
plus polarization basis set in the calculations of band struc-
ture of this system shows little difference. This choice was
also adopted in the calculations of carbon systems by Louie
and co-workers.22 The fineness of real-space grid is deter-
mined by an equivalent plane-wave cutoff 200 Ry. The
exchange-correlation potential is treated at the level of local-
density approximation with the form of Perdew-Zunger.23

For lead calculations, the Brillouin zone is sampled by a 1
�1�20 k-point grid while for the scattering region, due to
its big size, only � point is used. Our transport calculations
are performed by SMEAGOL program,24–26 which interfaces
SIESTA and calculates self-consistently the density matrix of
the scattering region in the presence of current and external
bias by means of nonequilibrium Green’s-function technique.
The transmission function is calculated by the following
Landauer formula:27,28

T�E� = Tr��L�E�GR�E��R�E�GA�E�� , �1�

where GR/A are the retarded/advanced Green’s functions of
the scattering region and �L/R are coupling functions to the
left/right leads.

Before discussion of other properties, all the structures are
fully relaxed to reach the force tolerance of 0.04 eV /Å.
Both FM and AF initial configurations of the atoms between
the two edges are considered and all possible initial spin
configurations of the hole edges relative to the ribbon edges
are investigated. The final stable spin configurations after full
relaxations are shown in Fig. 2. In system A, for either AF or
FM state, there are three possible initial spin configurations.
We finally get only one stable configuration for both AF and
FM �see �1� and �2� in Fig. 2�a��. In all other initial spin
configurations, spin flip happens at the hole edges and the
system reaches the above configurations. In the meantime,
we find that the ground state is AF for the ribbon edges, AF
for the hole edges and AF for the nearest edges between the
ribbon and the hole. Note that for such a wide ribbon, the
energy difference between the AF and FM state is small.
Likewise, the energy difference between the two stable con-
figurations in Fig. 2�a� is also very small �about 12.3 meV�.
In system B, for either AF or FM state, there are four pos-
sible initial configurations. For the AF state, we get three
final stable configurations �see �1�, �2�, and �3� in Fig. 2�b��
while for the FM state, we get only one �see �4� in Fig. 2�b��.
It is interesting to find that in a ZGNR, on one hand, the
three edges in the triangle hole are still FM coupled just like
in triangular graphene molecules or in triangular antidots in
graphene with no edges,20 on the other hand, the two edges
of the ribbon are in AF state, just like in a pristine ZGNR,
which is shown by the configuration with the lowest energy
�see �1� in Fig. 2�b��. Moreover, for both system A and sys-
tem B in either AF state or FM state, we have considered the
zero initial spins for the hole edges. Finite magnetic mo-
ments appear on the zigzag edges of the holes finally and the
systems reach the configurations shown by �1� and �2� in Fig.

FIG. 3. �Color online� Magnetic moments on all the atoms in:
�a� system A; �b� system B.

FIG. 1. �Color online� The geometry structure of the devices.
The shadowed areas indicate the electrodes. The region between the
shadowed areas is the scattering region: �a� with a rectangular hole
�system A�; �b� with a triangular hole �system B�.
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FIG. 2. �Color online� The final stable spin configurations for:
�a� system A; �b� system B. The arrows indicate the spins while the
number on top of each figure indicates the energy relative to the
ground-state configuration in each system.
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2�a� for system A and those shown by �1� and �4� in Fig. 2�b�
for system B. In a word, after full relaxations, we find that,
despite the existence of the rectangular or triangular holes,
the two ribbon edges are still antiferromagnetically coupled
and the magnetic moments on the two ribbon edges are only
slightly affected �see Fig. 3�.

Furthermore, like in graphene molecules, local magnetic
moments are observed on the edges of the holes. The mag-
netic moments on the ribbon edges and hole edges for the
cases with the lowest energies are shown in Fig. 3. In the
rectangular hole, the two zigzag edges are antiferromagneti-
cally coupled and the total spin of the hole is zero while in
the triangular hole, all three edges are ferromagnetically
coupled and the total magnetic moment of the hole is
�6.0�B. For such bipartite lattices, Lieb’s theorem says that
the itinerant magnetism is equal to NA−NB, where NA�NB� is
the number of atoms on the A sublattice �B sublattice�.29 The
calculated total magnetic moment in our work agrees exactly
with the prediction by the above theorem. Furthermore, the
magnetic moment is localized on the edge C atoms and the
contribution on all other atoms is almost negligible.

In the following study of the transport properties of these
systems, we will focus on the spin configurations with the
lowest energies shown in Fig. 3, in which the ribbon edge
states are AF coupled. Since in the AF configuration, ZGNRs
are semiconducting and there is a transmission gap around
the Fermi level in the pristine ZGNRs �see Fig. 4�, we will
focus on the effects of the antidots at the top of the valence

bands and the bottom of conduction bands. In system A, it is
found that the transmission through the band edges of both
the valence bands and the conduction bands are completely
suppressed �see Fig. 4�a��. It is natural to see that both the
spin-up and spin-down channels are equally suppressed due
to the structural and spin symmetry. This will be shown by a
much wider transmission gap in the total transmission in
system A. However, in system B, the two spin channels are
affected quite differently: in the valence bands, only the spin-
down channel is almost completely suppressed while in the
conduction band, only the spin-up channel is almost com-
pletely suppressed �see Fig. 4�b��. To sum up the two spin
channels, an unaffected transmission gap can still be ob-
served in the total transmission.

As the transport properties in molecular devices are
largely determined by electronic structure of the scattering
region, to analyze the origin of the different effects of the
rectangular antidot and the triangular antidot, the density of
states �DOS� of the scattering region have been studied. We
can see the good correspondence between the transmission
and the DOS �see Figs. 4–6�. Compared with the bulk sys-
tem, the gap around the Fermi level has been enlarged, which
pushes symmetrically outside the valence bands �to lower
energy� and the conduction bands �to higher energy� in sys-
tem A �see Fig. 5�. This can be understood by the finite-size
effect. In system A, the scattering region consists of two
kinds of nanoribbon segments with different width. It is well
known that the gap in graphene nanoribbons decreases in-
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FIG. 4. �Color online� Transmission function of the two systems shown in Fig. 1: �a� for system A; �b� for system B. For comparison, the
transmission of the bulk �or pristine� ZGNR is shown by the black dashed lines.
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FIG. 5. �Color online� DOS of the two spin channels in system A. Since the two spin channels are degenerate, only one of them is shown.
For comparison, the DOS of the bulk or pristine ZGNR is also plotted. The Fermi level is set to that of the lead or the bulk system.
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versely to the ribbon width. The two ribbon segments outside
the rectangular hole across the ribbon have much smaller
width than the other parts of the system and thus have a
much larger energy gap. This will enlarge the energy gap of
the system to 0.30 eV in the range �−0.15,0.15� eV when
compared with that of the bulk system, about 0.20 eV in the
range ��−0.10,0.10� eV�. This directly results in the sup-
pression of transmission at the band edges of the valence
bands and conduction bands. Due to the symmetry of the
system, the two spin channels are equally affected.

In contrast, the energy gap has been changed to 0.27 eV
in the scattering region in system B �in the energy
range �−0.09,0.18� eV for the spin-up channel and
�−0.18,0.09� eV for the spin-down channel�, thus the gap
has also been enlarged due to the finite-size effect from the
segments around the triangular hole and a much wider con-
ductance gap for each spin channel can be observed �see Fig.
6�. However, the gap in system B is not symmetrically posi-
tioned around the Fermi level, such as in the bulk system and
in system A. The states of both the valence bands and con-
duction bands from the spin-up channel have been shifted to
higher energy while those from the spin-down channel have
been shifted to lower energy. This actually results in a
smaller gap 0.18 eV in the range �−0.09,0.09� eV in the
total DOS, which means that states appear in the gap of the
lead. Nevertheless, the leads do not provide transmission
channels in the range �−0.10,−0.09� and �0.09,0.10� eV, thus
the states in these energy ranges in the scattering region do
not contribute to the transmission and the transmission gap in
system B still lies in range �−0.10,0.10� eV with width of
0.20 eV, the same as that of the pristine ZGNR.

The above discussion clearly shows that the different

shifting directions of the states in the valence bands and con-
duction bands of the two spin channels give rise to the dif-
ference in the transmission. In system A, the states in the
valence bands in both the spin channels shift to lower energy
while those of the conduction bands from both spin channels
shift to higher energy. However, in system B, in both the
valence bands and conduction bands, the states from one
spin channel all shift in one direction while those from the
other spin channel shift in an opposite direction. Therefore,
finite-size effect can explain the broadening of the transmis-
sion gap in each spin channel but it cannot fully explain the
difference of the total transmission gap observed in the two
systems. In fact, the difference can be understood by the
magnetism of the antidots. In system B, the edge states on
the triangular hole are all ferromagnetically coupled and thus
a finite total magnetic moment is formed. This finite total
magnetism sets up an effective internal magnetic field B� and
cause spin splitting to edge states of the ribbon. The energy
change is �E=−�S� •B� = q

mS� •B� , where S� is the spin of the
edge states and q and m are the electron charge and mass.
This results in an energy increase for one spin channel and a
decrease for the other spin channel. However, in system A,
the total magnetic moment induced by the antidot is zero,
thus no effective internal magnetic field is created and no
energy change from spin splitting is obtained.

Finally, due to the fact that, in system B, at the top of
valence bands and the bottom of conduction bands, only one
spin channel is conducting, it is highly expected that fully
spin-polarized transport can be achieved in this system by
applying a gate voltage to shift the Fermi level of the scat-
tering region to the edges of the valence bands or the con-
duction bands. It may possibly find applications in spintronic
devices.
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FIG. 6. �Color online� DOS of the two spin channels in system B: �a� for spin-up channel; �b� for spin-down channel. For comparison,
the DOS of the bulk or pristine ZGNR is also plotted. The Fermi level is set to that of the lead or the bulk system.
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In summary, we have studied the effects of two kinds of
antidots with rectangular shape and triangular shape on the
transport properties of ZGNRs. It is found that in the system
with rectangular antidot, the transmission gap is enlarged due
to the finite-size effect. While in the system with triangular
antidot, the spin splitting arising from the effective internal
magnetic field induced by the triangular magnetic hole coun-
teracts the finite-size effect and thus the final total transmis-
sion gap width is not affected.
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