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Defect-mediated half-metal behavior in zigzag graphene nanoribbons
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In this work, we present ab initio studies of the electronic and transport properties of carbon nanoribbons
with structural defects: divacancies and divacancies combined with the Stone-Wales-like (SW) defects. Simu-
lations with defects in different positions with respect to the ribbons indicated that the total energy of the
ribbon is lower when the defect is at the ribbon edge. This indicates that the relation defect edge is of
fundamental importance to find the minimal energy configuration. All ribbons studied in this Brief Report show
a high spin polarization in the transmittance, in some cases more than 90%, showing an almost half metal
behavior suggesting them as possible candidates to be used as spin filter systems.
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Graphenes are the building blocks for many structures,
from the old graphite to the modern produced fullerenes' and
carbon nanotubes.? In the recent years, it has became an
important structure since experimental synthesis of stable
single graphene layer at room temperature was achieved.’¢
Besides being an interesting structure due to its the unusual
massless Dirac Fermion behavior,” it shows promising pos-
sibilities as a material to be used for devices due to its
high conductivity and almost perfect structure. Graphenes
can be also be used as building blocks of new quasi-one-
dimensional structures called graphene carbon nanoribbons
(GCNR). These new structures, consisting of very small
stripes, can have different types of edges. The most impor-
tant are the armchair and the zigzag edges, respectively. The
experimental analysis of these edges with scanning tunneling
microscopy suggested the presence of a large amount of
electronic edge states at Fermi level.!®!! These results have
also been confirmed by theoretical studies.'>"!>

In the case of nanoribbons with zigzag edges (we call
ZGNR), studies suggested that the edge atoms exhibit a lig-
uid magnetic moment.'® The ZGNR ground state presents a
semiconducting behavior and each zigzag edge has ferro-
magnetic ordering with antiparallel spin orientation between
the two edges. There are several studies about the electronic
and structural properties of graphene and carbon nanotubes
with structural defects. Divacancy is a type of defect pro-
duced by removing two neighboring atoms. The study of
those structures formed by vacancy-like defects in graphene
suggested that the vacancy and divacancy have nearly the
same formation energy if the chemical potential is close to
the value for graphene,!” indicating that the divacancy is a
more stable defect. Recently, it has been reported a work'®
where, by tight-binding molecular dynamics, authors have
shown that spatially separated vacancies in a graphene sheet
can coalesce to form divacancies. These defects were studied
in carbon nanotubes and graphene systems, where changes in
the transport and electronic properties were discussed.'”

In the present work, we considered the effect of defects in
the electronic, structural and transport properties of ZGNR.
A study of ZGNRs doped by Boron (a donor impurity), in-
dicated that perturbations in 7/ 7" states affected strongly
their transport properties?® producing an anisotropy between
the up and down channels. This striking result indicates that,
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in future, ZGNRs could be used in novel area of spintronics,
specifically as spin filter. Defects introduce stronger pertur-
bations than impurities on electronic states of ribbons and
can induce larger spin polarization, motivating the study of
transport properties of these systems. One important point
that emerged from our transport studies in ZGNR with de-
fects was the strong spin dependence of the transport chan-
nels where we observed the departure from the spin degen-
erate result of 0.5G,, per spin channel (where Gy=2¢*/h is
the quantum of conductance), for the perfect ZGNR, to situ-
ations close to half metal behavior in some of the structures
studied.

Our structural studies were made using the SIESTA code?!
that is based in the framework of density functional theory
(DFT).22 For electronic and structural relaxation of atomic
positions, we used: Troullier-Martins pseudopotential®® with
generalized  gradient  approximation  (GGA)  of
Perdew-Burke-Enzerhof,?* a double-{ polarization basis
(DZP) for all ribbon atoms and a mesh cutoff of 300 Ry for
the integration grid in real space. All atoms were relaxed
until the forces were smaller than 0.02 eV/A. The transport
properties of ZGNR were studied with the TRANSAMPA
code® that is based in framework of the nonequilibrium
green functions’® and DFT. We considered GNRs (5,0)%°
with a scattering region with 126 atoms for the pure ribbon
and 124 atoms for ribbons with divacancies. The leads were
similar to the ones used previously in Ref. 20 also (5,0)
GNRs with 56 atoms for each lead. The transmittance shape
can be understood by an analysis of the spatial distribution of
the electronic states,?’ for this reason, we also studied the
local density of states (LDOS) at Fermi level using the green
function from the transport calculation.

We labeled the studied defects as follows: 585, defect
formed by two pentagons and one octagon, 555777 formed
by three pentagons and three heptagons, and 55557777, four
pentagons and four heptagons. The total energies of the
ZGNRs vary with the defect position in the ribbons. Figure 1
shows all the structures simulated in this work. All energies
were referred to the value of structure (a). Nanoribbons dis-
played in (a), (b), and (g) showed just the divacancy defect
(585) while ribbons (b), (c), (d), and (f) displayed divacan-
cies combined with SW defects forming 555777 and
55557777 defects. In the case of a graphene sheet, an ab

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.073405

BRIEF REPORTS

No defect (@) AE=-0.000 eV
r ¥ ¥t % ¢t *r F vt 4L ¥y oLl ol i 1.1

(), | AE=-1415eV {c)

I SOOI EDDR

AE=-1.753 eV
ooke. ke Al

AE=-1.466 eV
s W

(f:i)' AE=-1.696 ve\( (g) )

AE——l 911 eV AE—-2 627 eV

FIG. 1. (Color online) The ZGNRs with defects and with ener-
gies referred to structure (a) (AE=E(,)-E(,), where x refer (b)—(g)
cases). (a) 585 defect at the center, (b) 585 defect rotated near at
center, (c) 555777 defect at the center, (d) 55557777 defect at the

center, (e) 55557777 defect rotated from center toward the edge, (f)
555777 defect at the edge, and (g) 585 defect at the edge.

initio study'* of defects indicated that the 555777 is more
stable than the 585 one by a value of 0.9 eV. A similar study
with carbon nanotubes indicated the opposite behavior,
namely the 585 being more stable than the 555777 structure
due to the tube curvature.'

The energies of the ribbons with 555777 and 55557777
defects were smaller than the energies of the 585 ribbons,
when the defects were at the center of the ribbon, in agree-
ment with the behavior in graphene. On the other hand, if the
defects were near the edge, the 585 defect became more
stable than the 555777 one. An explanation for this behavior
can be found in the bond length of the carbon atoms. If the
pentagon bonds were near the average bond length, as in the
perfect ribbon, the chemical bond would be better formed,
providing the smallest total energy. In the ribbons (a) and (b),
we noticed two bond lengths (between 1.55 and 1.67 A,
respectively) larger than the average value for bonds in these
ribbons (between 1.42 and 1.46 A). These two bonds were
in the pentagons of the defect. In the (g) case, we observed
that two bonds had 1.54 A length, showing a better forma-
tion of pentagon bonds than the other cases with the 585
defect, justifying the decrease in the total energy in this case.

The structure depicted in Fig. 1(b) presented an overall
larger deformation and also larger pentagon bonds than rib-
bon (g), suggesting that this as the reason for the larger en-
ergy for ribbon (b) by 1.2 eV. To confirm this idea, we simu-
lated these two ribbons with this defect but without allowing
the atoms to relax into new configurations and then calcu-
lated the total energy. The energy difference between the two
ribbons was 197 meV, indicating that the contribution of the
edge to the total energy is small. Therefore, the energy dif-
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FIG. 2. (Color online) The calculated transmittance for the
ZGNRs. The (a—g) labels refers to ribbons of Fig. 1. The red/solid
and blue/dashed line refers to up and down spin, respectively.
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ference of 1.2 eV is mainly due to the fact that the defect at
the edge needs to move a small number of atoms than in the
case (b) to obtain better formed pentagons. This is the same
reason for the energy difference between (a) and (c) to be
larger than between the (b) and (c) ribbons. Notice that the
55557777 defect in (d) and (e) ribbons, although in different
positions with respect to the ribbon edge, have energies that
differ by only 57 meV. The defect in these ribbons is exten-
sive and two SW defects in the pentagon bonds make the
carbon bonds to have similar lengths, without the larger
bonds found in the structures (a) and (b). The deformation in
those bonds localized far away from the defect area was
small, causing leading to similar energies between (d) and (e)
structures.

One important issue in the study of ZGNRs is their trans-
port properties and the effect of defects. Therefore we per-
formed transport calculations using the relaxed structures of
Fig. 1 to obtain the transmittance curves showed in Fig. 2.
The curves present a different behavior when compared to T
of the case of a perfect ribbon (degenerate states with 0.5G,,
per spin channel). The up and down transmittances (7, and
Taown) in all cases exhibited a decrease in magnitude and a
strong spin anisotropy at the Fermi level. In most cases, a
very large decrease in Ty,,, was observed, except the cases
(a) and (f) of Fig. 2. The high value of T observed in (a)
indicates that ribbons with small deformations at the edge
atom bonds had a similar behavior of a perfect ribbon. The
T, is very high in all cases except when the defect is at the
edge, (f) and (g). On the other hand, ribbons with small
deformation in the edge carbon atoms around the defects, (a),
(c), and (d) cases, had a high T,,,, almost constant in energy
window of 0.2 eV around the Fermi level. The ribbons (b),
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FIG. 3. (Color online) LDOS isosurfaces at the Fermi level. Left
and right panels are display up and down channels, respectively.
The red color refers to 0.0002 eV/Bohr (isol) and the green color
refers to 0.001 eV/Bohr (iso2). (i) perfect ribbon, (i) 585 defect at
the center, (iii) 55557777 longer defect at the center, and (iv) 585
defect at the edge.

(e), (), and (g) presented broad dips around the Fermi level
indicating a connection between this behavior and bond dis-
tortion of defect carbons at the edge.
The spin polarization at the Fermi energy can be mea-
sured by:?
§= TuB Tdown (1)
Tup + Tdown

The values of ¢ for each structure are given in Fig. 2. The
polarization for the structures (b), (d), and (e) are very high,
more than 90%, with a loss of transmittance close to 37%.
The structure (g) presented a 75% polarization, with a mod-
erate loss close to 50% in the up channel of the transmit-
tance.

To help the understanding of the transport results of the
ZGNRs we also calculated the LDOS at the Fermi level?®
using the:

1
7°(F.E) =— — lim >, Im[G7(E +i8)](P (7).,  (2)
T 50 i)

where ¢;(F) are the orbitals used in ab inifio calculations, the
indices i and j denote all quantum indices of these orbitals, o
indicates the spin and G:’J is the green function of scattering
region.

Figure 3 presents LDOS isosurfaces of selected structures
studied so far: (i) pure ribbon, (ii) ribbon (a), (iii) ribbon (d),
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and (iv) ribbon (g). The analysis of the LDOS helps to un-
derstand two possible mechanisms of those responsible for
the transport results. We found two mainly. First, we note in
the ZGNRs with defects a reduction for spin down states in
some regions of the ribbon or the complete absence of states
in some carbon atoms, reducing the electron transmission
throughout the ribbon. Second, the concentration of states in
the defect atoms acts as a scattering center. The two isosur-
faces depict states with values of 0.0002 eV/Bohr (isol) and
0.010 eV/Bohr (is02) delimiting a large spatial region with
LDOS values.

In the pure ribbon of Fig. 3(i), we can see that the states
are symmetrically distributed showing that there are no re-
gions that difficult transmission or enhance scattering along
the ribbon. The integration of the LDOS showed that half of
all states are in the region delimited by isol and iso2. The
other half are inside iso2 for both spin channels. In Fig. 3(ii),
the down channel presented a similar behavior to the perfect
ribbon, the up channel, on the other hand, displayed some
concentration of states at the defect atoms acting as scatter-
ing centers and also a reduction of states at the edge atoms
reduced the transmission. This provided an explanation for
why the T, value was lower than Ty, in this case.

Ribbon (d) in Fig. 3(iii) was a very interesting case pre-
senting the possibility for the defect to be metastable in the
ribbon. When compared with the up states of pure ribbon we
noted an enhancement of up states in the central region with
a reduction in the edge states. The up channel showed states
continuously distributed in the central region, enhancing
transmission. This explains why 7', presented a high value
(37% reduction in comparison with the pure ribbon), al-
though there is a reduction of edge states. On the other hand
the down channel showed a clustering of states in some at-
oms with spatial separation of isosurfaces of neighboring
atoms, the reduction of states in the central region reduced
transmission, giving a value of Ty, close to zero. The meta-
stable ZGNR presented a spin polarization of 94% being a
very good candidate for spin filter due to its almost half
metal behavior.

Ribbon (g) in Fig. 3(iv) had a large concentration of states
in the atoms surrounding the defect, evidenced by the larger
volume enclosed by their isosurfaces, making them scatter-
ing centers for the electrons. Although the up channel isos-
urfaces enclose a large spatial region connecting both leads,
those states had a more disordered distribution when com-
pared with the pure ribbon and presented high and low val-
ues at different atoms, causing a reduction around 50% of
T, due to scattering. The concentration of states on the de-
fect atoms for the down channel was larger than those for the
up states, indicating an enhancement of the scattering in
these regions for T,,,. The absence of down states in some
atoms far from the defect reduced the transmission of elec-
trons. These two factors reduced drastically the value of
Tyown justifying the transmittance results presented previ-
ously in Fig. 2.

In conclusion we have shown that the effect of defects in
ZGNRs can be very dramatic, changing the transport behav-
ior of the electrons from the spin degenerate case of pure
ZGNR to highly spin polarized states, in some cases showing
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more than 90% spin polarization, close the half metal behav-
ior. These results were achieved by ab initio electronic struc-
ture calculations for ZGNRs with divacancy defects and
by first principle transport calculations. We also presented
electronic LDOS isosurface calculations that helped the
understanding of the transport results. We think that, at the
present time, it is possible to experimentally produce the
structures studied here. Moreover, we strongly believe that
this work can be useful to experimentalists as well as theo-
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reticians to study GNRs, mainly in novel spintronics appli-
cations.
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