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a b s t r a c t

Using first-principles calculations we predict that the electronic properties of graphene buffer layer (BL)
on silicon carbide (SiC) can be modified by defect-induced itinerant states. Band structures and effective
masses of single vacancy (SV), divacancy (DV) and Stone-Wales (SW) defective BL were calculated.
Structural reconstruction at the vicinity of defects as well as spin polarization of silicon dangling bonds in
the top bilayer SiC and nearby carbons from the BL, give rise to energetically degenerate magnetic states
displaying electronic properties completely apart. This is particularly true for the SW and SV defective
models where as many as three different magnetic states, turned out to be degenerate, either displaying
a semiconductor nature or becoming half-metallic or even metallic. This is in contrast with previously
reported results for the perfect BL (PBL) which suggested that most stable degenerate magnetic con-
figurations share a semiconductor nature. On the other hand, for the DV system, the introduction of two
vacancies in the BL causes loss of magnetism whereas a band gap of 0.54 eV is opened. Hole effective
masses decay upon removal of one and two carbon atoms in the SV and DV systems where an increase in
mobility is conceivable, provided current direction is carefully selected.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Graphene is a two-dimensional carbon material with a hexag-
onal honeycomb lattice, whose band structure was initially calcu-
lated long before this most intriguing material was isolated and
characterized [1]. The upper p* band and the lower p band share a
linear dependence at the Dirac points in reciprocal space. As a
consequence of these features, electrons in graphene behave as
massless, chiral, Dirac fermions which travel at very rapid speed.
Owing to some fascinating properties, such as ultra-high carrier
mobility, superior electrical and thermal conductivities, graphene is
amongst the most promising materials for future high-speed
electronics, photonics, and biodevices [2e6]. Epitaxial graphene
growth on silicon carbide (SiC) is the only technique available
capable of spawning large-scale single-crystalline graphene
directly on the insulating substrate [7,8]. This kind of growth is
characterized by the presence of an interfacial layer, the so called
graphene buffer layer (BL), consisting of carbon atoms with sp2 and
sp3 hybridization, the latter covalently bonded to silicon atoms of
elmo).
the SiC top layer. Si atoms in this layer, not bonded to the BL, exhibit
dangling bonds (DB) and, as previously demonstrated in our studies
[9], they are capable of inducing characteristic antiferromagnetic
(AF) configurations on the SiC-BL system, degenerate with the
ferromagnetic stateM¼ 4 mB. The spin-up and spin-down channels
in the AF state are nearly degenerate and this state displays an
indirect band gap of about 0.2 eV. For the M ¼ 4 mB configuration, a
gap of up to 2 eV (in the spin-down channel) may be opened [9].

The electronic properties of graphene-based materials can be
considerably enriched by chemical modifications, including sub-
stitution [10e15] and molecular doping [16e19] as well as func-
tionalization [20,21]. Another approach to tune graphene’s
properties is provided by ion or electron beam irradiation which
introduces structural defects in the lattice [22e25]. In concrete,
vacancies, impurities, and topological defects can be distinguished.
Whilst in a vacancy defect one or more atoms are removed from the
lattice, an impurity defect implies that one carbon atom is replaced
by another atom of a different element. Finally, in a topological
defect, no atom is removed from the lattice but the bonding angles
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between the carbon atoms are rotated. Vacancy defects in graphene
do not happen easily. The energy required to sputter a single atom
out of the lattice is 18e20 eV [26] and the formation energy of a
single vacancy in free-standing graphene is in the range of
7.2e8.6 eV [27e29]. However, the corresponding formation energy
in the BL is three times lower (some 2.2 eV) [30], suggesting that
the SiC substrate acts as a strong stabilizer for this type of defects.

Single vacancies migrate easily across the graphene plane and
are stabilized when they coalescence to produce a divacancy defect
[31e33]. In turn, the Stone-Wales defect is a common topological
transformation which consists in a 90� rotation of a carbon-carbon
bond, bringing about the formation of two heptagons connected
with two pentagons.

Sometimes, the effect of structural defects is beneficial. For
example, defects are essential in chemical and electrochemical
studies, where they create preferential bonding sites for adsorption
of atoms andmolecules, useful for gas and liquid sensing [34,35]. In
particular for graphene, reconstructed vacancies serve as efficient
trapping centers for metal atoms, which can be used for engi-
neering the local electronic and magnetic structure of the material
[33,36]. Furthermore, the existence of defects in the graphene
network would create diffusion channels facilitating the interca-
lation of atoms between the BL and the substrate [37,38]. At the
same time, structural defects were shown to prominently modify
the electronic band structure of free-standing graphene [39,40]. In
effect, they may promote localized and sharp resonant states at
Fermi energy, act as scattering centers for electrons and thus
reduce, in a remarkably fashion, the electrical conductivity [41,42].
Although this is the general rule, there are also some exceptions
whereby defects can be engineered in regular arrays to generate
metallic or insulating states [43,44].
Fig. 1. (Left and center) Top and side views of optimized unit cells for the most stable 4 � 4 B
(b) divacancy and (c) Stone-Wales defect. Carbon, silicon and hydrogen atoms in SiC are co
(Right) Plot of relative energies versus magnetic moments, computed at the vdW-DF/DZP
references to color in this figure legend, the reader is referred to the Web version of this a
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Recent theoretical work by us [30], which concerned an
exhaustive study of the structural and magnetic properties of
defective SiC-BL systems, revealed that the most stable configura-
tionwith a single vacancy (SV) (Fig.1a) resulted from the removal of
a sp3 carbon atom in the BL. This model possesses a stable AF state
even though it is almost degenerate with theM¼ 1 mB and the non-
magnetic (NM) configurations: the energy differences between the
AF configuration and the M ¼ 1 mB and NM configurations (28 and
34 meV, respectively) are very close to the thermal energy at room
temperature (26 meV), at the vdW-DF/DZP level of theory. The
spin-density distribution is quite different from the one previously
reported for the perfect BL, albeit some degree of degeneracy with
other magnetic states was noted. For the system with two va-
cancies, the largest stabilization was attained when two neigh-
boring sp2 carbons were removed from the lattice hence forming a
divacancy (DV) (Fig. 1b). The NM configuration was the lowest in
energy for this model. Finally, in the case of the Stone-Wales defect
in the BL (SW), the arrangement where one of the four Si DBs
existing in the perfect SiC-BL lies beneath a pentagon of carbon
atoms (Fig. 1c) was the most stable geometry. The M ¼ 2 mB state
proved to be the most stable for this model, yet almost degenerate
with the AF configuration which lies 0.024 eV below the former.
Moreover, the formerly reported [30] binding energies for the most
stable models with one and two vacancies and with a Stone-Wales
defect (�0.25, �0,18 and �0.25 eV/atom, respectively, at the vdW-
DF level of theory) suggest a stable binding in each case, even more
stable as compared with the non-defective system (�0.14 eV/atom)
[9].

In addition to modifying the magnetic properties of the SiC-BL
system, it is expected that the presence of defects would also
cause important modifications in the electronic properties of the BL
L defective models on 6HeSiC(0001) previously reported in Ref. [30]: (a) single vacancy,
lored in grey, yellow and white, respectively. Carbon atoms in BL are colored in blue.
level of theory. NM: non-magnetic, AF: antiferromagnetic. (For interpretation of the
rticle.)
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layer. As a continuation of this study, our intention now is to un-
ravel the electronic properties of the SiC-BL defective systems as
well as to provide a full comparison with the previously reported
[9] properties for the non-defective one.

Herein, by means of density functional theory (DFT) calcula-
tions, we explore the electronic properties of the SiC-BL system
with Stone-Wales, single vacancy and divacancy defects on the BL.
In what follows, the most important results of the investigation are
thoroughly presented and discussed, emphasizing the differences
found in regard the electronic nature of the defective and the
perfect BL systems. Understanding the electronic and magnetic
properties that arise as a consequence of the complex interfacial
atomic interactions in the SiC-BL system is fundamental if we want
to take full advantage of the epitaxial growth of graphene in elec-
tronics, photonics or catalysis.
2. Methods

We carried out spin polarized vdW-DF calculations [45] as
implemented in the SIESTA code [46,47]. Although expensive, the
use of this functional is key to reproduce accurately the complex
interactions of the interface and, in turn, the magnetic configura-
tion of the SiC-buffer layer model. In this respect, a previously re-
ported comparative study [9] suggests that vdW-DF would explain
SQUID results and spin transport experiments with epitaxial gra-
phene, when other functionals fail. Besides, Hamada and Otani
recommended the use of the vdW-DF functional to study graphene
deposited on substrates [48].

We selected the double-zeta basis set with polarization func-
tions (DZP) and the orbital-confining cutoff was fixed to 0.01 Ry.
The split norm used was 0.15. The interaction between ionic cores
and valence electrons was described by Troullier-Martins norm
conserving pseudopotentials [49]. Themesh cutoff was fixed to 200
Ry, which gave converged binding energies within 0.02 eV. Lattice
parameters were fully optimized for all defective systems. The
Brillouin zone was sampled in the reciprocal space using a
Monkhorst-Pack k-point sampling scheme of 30 � 30 � 1 k points.
Further increase of the density of k points did not change the re-
sults. Band structures were calculated along the G�M� K� G�M ��
K ��G�M ���K ���G path. Geometry optimizations were pursued using
the conjugate gradient algorithm until all residual forces were
smaller than 0.01 eV/Å. During relaxation, we allowed for both
fixed and variable magnetic moments. According to previous
experience [9,12,14,15,28,30,50,51], SIESTA describes in an accurate
manner the total energy, magnetic moments and electronic prop-
erties of graphene-based systems.

The BL consisted of an 8% stretched 4� 4 graphene unit cell over
a
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rotated 30� 6HeSiC Si terminated unit cell. It has been

demonstrated that the structure and magnetic properties obtained
with six and eight layers can be likened to the ones found using
three layers [9,52]. Given this background, we have built the sub-
strate using three SiC layers having the C atoms at the bottom
passivated by H atoms. Additionally, the strain of the
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rotated 30� cell does not appear to have any qualitative effect on the
fundamental properties of graphene as shown by Ridene et al. [53].
In spite of the fact that the
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rotated 30� SiC unit cell is a

simplification of the experimentally more frequently encountered
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rotated 30� SiC unit cell, it was shown that the former

is stable, provides a consistent picture of the bonding in the
interface zone [54], correctly captures the Clar sextets pattern and
holds true in the valley regions of the BL [55e58]. In the same vein,
the use of a 4� 4 graphene unit cell to successfully study single and
double vacancies has been reported [28,30]. Last but not least, the
use of a smaller cell permits us to use the expensive vdW-DF
3

density functional and also to consider spin polarization, which is
essential to study the magnetic properties of the BL.

3. Results and discussion

Henceforth, all results will involve the defective models above
described and presented in Fig. 1. The emphasis is put on the most
stable magnetic states though the less stable magnetic states are
also discussed for each defective system. For more specifics on
structural and magnetic antecedents the reader is referred to
Ref. [30].

To assess the electronic features of the SV, DV and SW defective
interfaces, band structures have been calculated by a density
functional approach considering different magnetic configurations,
namely M ¼ 4 mB, M ¼ 3 mB, M ¼ 2 mB, M ¼ 1 mB, AF (if applicable),
together with the NM state. Results are depicted in Figs. 2e4 and
will be discussed in full detail in the next subsections.

Band gaps calculated at the vdW-DF/DZP level of theory are
compiled in Table 1. For comparative purposes, data previously
reported [9] for the perfect SiC-BL system (PBL) is included in the
table.

3.1. BL with a single vacancy defect

For the SV system, the AF configuration is a semiconductor with
a virtually zero indirect band gap at the spin-up channel and a
larger indirect band gap at the spin-down channel (0.25 eV), as can
be seen in Fig. 2a. This means that the SV defect breaks the nearly
degeneracy existing for PBL in the AF configuration, which
exhibited a band gap of 0.19 eV for both channels.

With the aim of understanding the orbital contribution in the
bands close to the Fermi energy, projected density of states (PDOS)
was calculated at the vdW-DF/DZP level of theory (check Fig. 5).
PDOS analyses indicate that the lowest conduction band (CB) in the
spin-up channel of the AF configuration has a predominantly p
orbital character, stemming from carbon atoms. Simultaneously,
the highest valence band (VB) is mostly dominated by p orbitals
from silicon atoms, despite the fact that the contribution of p or-
bitals from C atoms is still important. In the spin-down channel, p
orbitals from Si and C atoms and also d orbitals from Si atoms
contribute equally to the CB. Yet, the VB is controlled by p orbitals
from C atoms.

In contrast, the M ¼ 1 mB state, almost degenerate with the AF
configuration, is metallic in the spin-down channel (Fig. 2b), which
implies that the band gap previouslymeasured in the same channel
and magnetic configuration for the PBL, is completely vanished. On
the other hand, the M ¼ 1 mB state in the spin-up channel, is also
metallic but exhibits a nearly zero band gap above the Fermi level,
between the VB crossing the Fermi level and the CB. In this channel,
the VB is equally governed by p orbitals from carbon and silicon
atoms, and the CB in the PDOS is characterizedmostly by the sum of
the p orbitals from Si and C atoms, and d orbitals from Si atoms. The
NM configuration is also nearly degeneratewith the AF one and has
a distinctivemetal character as the one observed for the NM state of
the PBL (Fig. 2c).

The aforementioned data make it clear that the energetic de-
generacy (less than 34 meV) among the most stable states, namely
AF, NM and M ¼ 1, results in configurations with very dissimilar
electronic properties. This is a very different scenario than the one
verified for the PBL system where the most stable degenerate
magnetic configurations (AF and M ¼ 4 mB states) share a semi-
conductor nature [9]. Most probably, vacancy induced lattice dis-
tortions controlled by interaction with the substrate lie at the root
of this behavior.

For the M¼ 2 mB configuration, which is only 0.064 eV above the



Fig. 2. Band structures determined for the BL with SV over 6HeSiC(0001), at the vdW-DF/DZP level of theory. a) to c): antiferromagnetic, M ¼ 1 mB and non-magnetic configu-
rations, respectively. Top and bottom figures correspond to spin up and spin down channels, respectively.

Fig. 3. Band structures determined for the BL with DV over 6HeSiCð0001Þ, at the vdW-DF/DZP level of theory. a) and b): non-magnetic and M ¼ 1 mB configurations, respectively.
Top and bottom figures correspond to spin up and spin down channels, respectively.
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AF state at the vdW-DF/DZP level of theory, the half semimetal
behavior verified by the PBL system, is turned into a half metal
pattern by virtue of both, a metallic pattern in the spin-up channel
with a nearly zero indirect band gap above the Fermi level and an
obvious semiconductor pattern in the spin-down channel. Further,
the spin-down band in the M ¼ 2 mB configuration defines the
largest band gap of all defective systems (1.64 eV).

The metallic behavior verified by the PBL system is preserved in
4

the M ¼ 3 mB state, even if there is a direct gap (0.16 eV) above the
Fermi level at the K point of the Brillouin zone in the spin-up
channel and an indirect gap (0.16 eV) below the Fermi level in
the spin-down channel, between the VB and the partially filled CB
crossing the Fermi level.

In reference to the M ¼ 4 mB configuration, the semiconductor
character determined for PBL is also maintained upon removal of a
single atom in the BL, although the spin-down channel shows a



Fig. 4. Band structures determined for the BL with SW over 6HeSiCð0001Þ, at the vdW-DF/DZP level of theory. a) and b): M ¼ 2 mB and antiferromagnetic configurations,
respectively. Top and bottom figures correspond to spin up and spin down channels, respectively.

Table 1
Band gaps (eV) computed at the vdW-DF/DZP level of theory for different magnetic configurations of the defective BL on 6HeSiCð0001Þ. Previously reported [9] band gaps of
perfect SiC-BL system (PBL) are also included for comparison. SV: SiC-BL with single vancancy defect, DV: SiC-BL with divacancy defect, SW: SiC-BL with Stone-Wales defect,
NM: non-magnetic, AF: antiferromagnetic.

PBL SV DV SW

AF Spin-up 0.19 0.01 e 0.24
Spin-down 0.19 0.25 Ma

M ¼ 1 mB Spin-up Ma Ma Ma Ma

Spin-down 0.24 Ma Ma Ma

M ¼ 2 mB Spin-up 0.01 Ma 0.08 0.02
Spin-down Ma 1.64 Ma 0.45

M ¼ 3 mB Spin-up Ma Ma Ma Ma

Spin-down Ma Ma Ma Ma

M ¼ 4 mB Spin-up 0.12 0.13 0.00 0.41
Spin-down 2.09 0.67 0.44 1.46

NM Ma Ma 0.54 aM

a M denotes metal character.
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reduction of almost 70% of the band gap when it turns into defec-
tive BL. As reported in Refs. [9,30], the spin density distribution in
the high magnetic states of SV and PBL (M ¼ 2, 3 and 4 mB) is much
alike, with both, the carbon atoms of graphene and the Si atoms
with DB significantly contributing to the overall magnetic moment.
Therefore, one would expect similar electronic properties for these
systems.

3.2. BL with a divacancy defect

A metallic behavior is detected in the M ¼ 1 mB configuration,
just like for the SV system, the difference being that the situation of
both channels is reversed, i.e. in the spin-up channel (Fig. 3b) a net
metallic behavior was found while the spin down band structure
(also metallic) has an indirect band gap of 0.01 eV below the Fermi
level, between the VB and the CB crossing the Fermi level.

At the same time, the M ¼ 2 mB configuration is half metal in
nature, similarly to the PBL case. That is to say, in the spin-up
channel a nearly zero band gap (0.08 eV) is verified and in the
spin-down channel a metallic character is observed.
5

As far as the M ¼ 3 mB configuration goes, the metallic character
present in the PBL and SV systems is conserved. Nonetheless, a
direct band gap above the Fermi level is found (0.05 eV) in the spin-
up channel, between the VB crossing the Fermi level and the CB and
a larger indirect band gap (0.40 eV) is seen below the Fermi level, in
the spin-down channel.

In line with the PBL and SV systems, a semiconductor character
is found in both channels of the M ¼ 4 mB configuration. It is also
worth noting that in the spin-up channel of this state, a graphene-
like Dirac cone is present at the K�point of the Brillouin zone at the
Femi level.

The electronic structures of the M¼ 2 mB, M ¼ 3 mB and M ¼ 4 mB
configurations in the spin-up channel correspond to a doped n-type
which means that the Fermi level has been shifted upward into the
CB, comparing with the NM state. In this case, the increase in
magnetism results in amore characteristic n-type doping character.
On the other hand, the electronic structures of all the magnetic
configurations in the spin-down channel are p-type, with a very
similar Fermi energy shifting into the VB.



Fig. 5. Projected density of states calculated at the vdW-DF/DZP level of theory.
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3.3. BL with a Stone-Wales defect

Band structures for the SW defective SiC-BL systems are shown
in Fig. 4. The M ¼ 2 mB magnetic state is a semiconductor with a
nearly zero indirect band gap in the spin-up channel (Fig. 4a); this
is in fact a recurrence for this magnetic state in almost all studied
systems (the exception is SV which presents a virtually zero gap
above the Fermi level). In this channel, the CB presents mostly a p
orbital character from C atoms whereas the VB is equally domi-
nated by p orbitals from Si and C atoms, even though d orbitals from
Si atoms also make a significant contribution (Fig. 5). For the spin-
down channel, the energy band gap is larger (0.45 eV). In this case,
the VB is located much below the Fermi level and a clear p orbital
character from C atoms is observed in said band. As for the CB in the
spin-down channel, d and also p orbitals from Si atoms mark this
band. It should be stressed that, according to the PDOS analysis, for
6

all models, d orbitals from Si atoms always make important con-
tributions to the CB in the spin-down channels of the most stable
magnetic configurations.

The AF state, nearly energetically degenerate with the M ¼ 2 mB
state, displays a band gap of 0.24 eV in both channels. However, the
band structures at the Fermi region are quite different (see Fig. 4b).
The band gap is above the Fermi level in the spin-down channel
(the system is metallic in this channel); the VB crosses the Fermi
level with a p orbital character acquired from Si and C atoms
(principally C atoms from the BL). Concomitantly, in the spin-up
channel, this band lies below the Fermi level across the studied
path in the Brillouin zone. It approaches this level at the MK ,
M�K�;M��K�� lines and is mostly characterized by p orbitals from Si
atoms. By contrast, in both channels the CB has a similar behavior,
controlled evenly by p orbitals from Si and C atoms.

On the other hand, the M ¼ 1 mB configuration is metallic. It is
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noteworthy that all SV, DV and SW systems are metallic in the
M ¼ 1 mB configuration, i.e. the band gap detected for the PBL
system in the very same configuration vanishes for the defective
systems.

A metallic character was apparent in the M ¼ 3 mB state, the
same as the M ¼ 3 mB configurations of PBL, SV and DV systems.
Nevertheless, there is a band gap of 0.43 eV above the Fermi level in
the spin-up channel of this magnetic configuration.

In agreement with the results pertaining to the PBL, SV and DV
systems, the M ¼ 4 mB configuration of the SW system is a semi-
conductor. However, a diminution of the band gap in the spin-
down channel and an increase in the spin-up channel, comparing
to the PBL system, was found due to the presence of the SW defect.
The decrease in the spin-down channel is lower than the one
observed with one and two vacancies.

The largest band gap among all the magnetic configurations of
the SW system correspond to the spin down channel in the M ¼ 4
mB state (1.46 eV). On the contrary, the NM state has a distinctive
metal character just like the one seen for the rest of the NM states,
with the exception of the DV defective system.
3.4. Effective mass calculations

The effective mass (m*Þ of a semiconductor can be calculated by
fitting the actual E vs. k diagram around the CB minimum or the VB
maximum to a parabolic curve. In this approximation, electrons and
holes are expected to behave as free particles with relatively low
energies and may be treated using the so called parabolic band
approximation given by the equation:

m*¼ Z2 :

 
v2E
�
k
�

vk2

!�1

(1)

Most semiconductors can be described as having one CB mini-
mum and one VB maximum. Nevertheless, it is often the case that
the bottom of the CB has more than one minimum at different
points in the Brillouin zone with exactly the same energy. It is said
that there are multiple valleys in the band structure. Such a situa-
tion takes place due to the symmetry of the crystal. Following the
Table 2
Electron (m*

eÞ and hole (m*
hÞ effective masses inm0 units determined for different magnet

DF/DZP level of theory, along the GM, GM�, K�GM��and K��G paths in the Brillouin zone.

m*
e GM m*

e KGM� m*
e K�G

PBL AF Spin-up 1.31 1.26 1.21
Spin-down 1.31 1.26 1.26

M ¼ 1 mB Spin-up -
Spin-down 0.88 1.30 1.31

M ¼ 2 mB Spin-up 1.11
Spin-down -

M ¼ 3 mB Spin-up -
Spin-down -

M ¼ 4 mB Spin-up 0.84 0.71 0.81
Spin-down 1.10 1.44 1.53

NM -
SV AF Spin-up 1.05 0.92 2.04

Spin-down 0.99 1.49 1.11
M ¼ 1 mB Spin-up -

Spin-down -
M ¼ 2 mB Spin-up -

Spin-down 1.01 1.01 1.81
M ¼ 3 mB Spin-up -

Spin-down -
M ¼ 4 mB Spin-up 1.78 2.89 1.20

Spin-down 1.09
NM e

7

above mentioned rationale, the calculated electron (m*
eÞand hole

(m*
hÞ effective masses of perfect and defective SiC-BL systems are

gathered in Tables 2 and 3. As of yet, there are no experimental data
available for comparison. Due to the symmetry of these models, not
onlymultiple energetically equivalent valleys are observed, but also
equivalent crests. When more than one equivalent minimum or
maximum occurred along the GM, KGM�, K�GM��and K��G lines, an in-
dividual effective mass calculation following equation (1) was
performed for each of them.

For the PBL system, the equivalent minima and maxima are
located at the same point, namely G, only in the case of theM¼ 4 mB
configuration. At this point, we remind the reader that the most
stable magnetic configurations for the PBL were the AF and the
M ¼ 4 mB ones. Specifically for the AF state of the PBL system, the
electron effective masses fitted to the four equivalent minima are
very similar for the spin-up and spin-down channels: values range
from 1.21 to 1.32 m0 ðm0 ¼ 9;11 �10�31kgÞ: Contrariwise, the
maximum is reached at a single point of the VB and presents a very
high hole effective mass of approximately m*

h ¼ 10.8 m0 in both
channels. This is reasonable because the spin-up and spin-down
channels in the antiferromagnetic state are nearly degenerate
(the band structures are very similar [9] and present an indirect
band gap of about 0.2 eV, at the vdW-DF level of theory).

As regards the M ¼ 4 mB configuration of the PBL system, the
smaller band gap in the spin-up channel (in comparison with the
band gap in the spin-up band structure of the AF state) is reflected
in smaller electron effective masses. In the same way, the larger
band gap in the spin-down channel is translated into the increase of
electron effective masses. Conversely, the hole effective masses in
the M ¼ 4 mB configuration of the PBL system do not follow directly
the band gap size line, probably due to spin-orbit splitting effect
seen in the valence bands. This effect is lost in the band structure of
defective systems. It is straightforward that the increase of the
magnetic moment in the PBL system yields smaller hole effective
masses.

The removal of a single carbon atom in the BL generates struc-
tural distortions throughout the entire system, resulting in a clear
anisotropy (according to the studied path in the Brillouin zone) in
the band structures of the SV system that is reflected in the effective
ic configurations of the SiC-BL with SV and for the perfect SiC-BL system, at the vdW-

M�� m*
e K

��G m*
h GM m*

h KGM� m*
h K�GM�� m*

h K��G

1.32 10.78
1.32 10.86

0.83 7.22
1.06

0.79 1.52 1.43 1.51 1.51
1.11 0.86 0.71 0.67 0.83

1.57 2.61
0.84 2.18

1.50 0.79 0.65 1.23 1.23

1.14 1.13
1.01 0.67 1.05 1.40



Table 3
Electron (m*

eÞ and hole (m*
hÞ effective masses in m0 units determined for different magnetic configurations of the SiC-BL with DV and SW defects, at the vdW-DF/DZP level of

theory, along the GM, GM�, K�GM��and K��G paths in the Brillouin zone.

m*
e GM m*

e KGM� m*
e K�GM�� m*

e K
��G m*

h GM m*
h KGM� m*

h K�GM�� m*
h K��G

DV AF -
M ¼ 1 mB Spin-up -

Spin-down -
M ¼ 2 mB Spin-up 1.79 1.02 0.82 1.46 2.31

Spin-down -
M ¼ 3 mB Spin-up -

Spin-down -
M ¼ 4 mB Spin-up 0.06 0.06

Spin-down 1.00 0.44
NM 1.54 1.12 0.91 1.34 1.84 1.36 1.06 1.58

SW AF Spin-up 0.63 0.47 0.69 0.79 7.84
Spin-down -

M ¼ 1 mB Spin-up -
Spin-down -

M ¼ 2 mB Spin-up 2.47 1.88 1.61 2.25 2.23
Spin-down 0.64 0.51 0.40 0.73 1.05

M ¼ 3 mB Spin-up -
Spin-down -

M ¼ 4 mB Spin-up 8.05 2.19 1.15 3.00 9.80
Spin-down 0.76 1.04 1.38 0.88 0.92 1.01 1.09 1.00

NM -
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masses. Effectively, while in the AF configuration all the valleys
occur at the gamma point, m*

e values vary from 0.92 to 2.04 m0 in
the spin-up channel, and from 0.84 to 1.49 m0 in the spin-down
channel. Concerning the CB, the maximum is reached at only one
point of the path, but the value of m*

h in the antiferromagnetic PBL
is reduced by 76e80%. In this manner, there is a drop in the values
of the hole effective masses from PBL to SV. The lack of a CeSi
interface bond in the latter system, which would reduce the scat-
tering effect, could account for this distinction.

As for the most stable configuration (NM) of the DV system, as
many as fourm*

e and fourm*
h were calculated at the vdW-DF level of

theory. Very similar electron effective masses were obtained for the
M¼ 2 mB and the NM configurations even though the band gaps are
very different in both configurations (see Tables 1 and 3).

In the M ¼ 4 mB configuration of the DV system, the maximum
and minimum are achieved at only one point of the path (K �Þ. In the
spin-up channel (comprising the graphene-like Dirac cone previ-
ously mentioned) the smallest effective mass of all defective sys-
tems is verified (0.06m0 for both electron and hole effective
masses).

Smaller effective masses (m*
e varying from 0.47 to 0.79 m0 and a

value of 7.84 m0 for m*
h) were also measured for the AF state of the

SW system in comparison with the same state of the PBL system.
For theM¼ 2 mB stable state of the SW system,m*

e values ranged
from 1.61 to 2.47 m0 in the spin-up channel and smaller effective
masses were found in the spin-down one (0.40e0.73 m0). Also m*

h
in spin-up and down channels measured 2.23 and 1.05 m0,
respectively.

The largest hole effective mass among all studied systems cor-
responds to the spin-up channel of the M ¼ 4 mB configuration of
the SW system. This is likely caused by the flat VB which makes the
parabolic approximation not ideal for this model.

The effective masses in the spin-down channel of the M ¼ 4 mB
configuration of the SW system are smaller in general than the ones
obtained for the same magnetic configuration of the PBL system.

4. Conclusions

In this paper, first principle calculations were applied to study
the electronic properties of SiC-BL defective systems, considering
8

different magnetic states for each of them. Structural local recon-
struction at the vicinity of defects as well as spin polarization of
both, silicon dangling bonds in the top bilayer SiC and nearby car-
bons from the BL, give rise to energetically degenerate magnetic
states displaying electronic properties completely apart. This is in
sharp disagreement with previously reported results for the PBL
which suggested that the most stable degenerate magnetic con-
figurations share a semiconductor nature.

In relation to the SV defective model where three different
magnetic states turned out to be degenerate, semiconductor, half-
metallic and metallic characters are observed. For the DV system,
the introduction of two vacancies in the carbon network of the PBL
causes loss of magnetism and renders the system semiconductor,
opening a band gap of 0.54 eV. In the case of the SW defective
system, three out of six magnetic states display a different elec-
tronic nature as comparedwith the non-defective system. Added to
this, the two degenerate magnetic states behave either as half-
metal or semiconductor, in the presence of a SW defect.

Defects on the BL do change the size of the band gaps, examples
of which were provided above. Effective masses are also altered. In
particular, hole effective masses decay upon removal of one and
two carbon atoms, bearing in mind themost stable magnetic states.
It is common knowledge that the size of the effective mass affects
directly the electron mobility since both magnitudes are inversely
proportional. Based on our results, we suggest that the presence of
defects in the BL may increase the carrier mobility providing a
potential application in high-speed electric devices. However cur-
rent directions should be carefully selected. Otherwise, too small
electron mobilities may result, hampering the application of these
models.
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