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gapless states in gated bilayer
graphene†

W. Jaskólski a and A. Ayuela *bc

Gated bilayer graphene exhibits spin-degenerate gapless states with a topological character localized at

stacking domain walls. These states allow for one-dimensional currents along the domain walls. We

herein demonstrate that these topologically protected currents are spin-polarized and locked in a single

layer when bilayer graphene contains stacking domain walls decorated with magnetic defects. The

magnetic defects, which we model as p-vacancies, perturb the topological states but also lift their spin

degeneracy. One gapless state survives the perturbation of these defects, and its spin polarization is

largely localized in one layer. The spin-polarized current in the topological state flows in a single layer,

and this finding suggests the possibility of effectively exploiting these states in spintronic applications.
Introduction

Bilayer graphene (BLG) has attracted a great deal of attention
because it can exist with a variety of stacking arrangements with
intriguing electronic properties.1,2 Of particular note is the
revival of interest in twisted layers of graphene due to their
superconductivity.3 In the search for graphene-based systems
for nanoelectronic applications,4–10 Bernal-stacked BLG has
considerable promise as it possesses a tunable energy gap
under an applied gate voltage.11–14 Furthermore, gated BLG
containing stacking domain walls (SDWs) shows conducting
gapless states, which are topologically protected and well
dened in terms of the valley index.15–18 These states continue to
attract attention for their potential applications in novel devices
and as testing grounds for topological phases in 2D
materials.19,20

The existence of topological states has been reported in
experiments on gapped BLG.21,22 Topological states appear as
a pair of states connecting the valence and conduction band
continua in the energy gap of gated BLG.15,17,18,20 They are
induced by SDWs, i.e., when the order of the sublattice changes
from AB to BA. Experimentally, a SDW can be realized by
stretching, corrugating, folding, or introducing defects in one of
the layers.18,21,23,24 In a bilayer, topological states allow for
transport along the domain wall.18 These states are robust and
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-100 Toruń, Poland. E-mail: wj@zyka.

C), Manuel de Lardizabal 4, E-20018 San

-UPV/EHU, Manuel de Lardizabal 5, E-

ea@sw.ehu.es

tion (ESI) available. See DOI:

144
topologically protected because the valley Chern number
changes across the SDW.16,20 Although these states were rst
described in topological terms, atomistic modelling is required
to study their physico-chemical properties in experimental
realizations.25 Atomistic calculations extend beyond topological
considerations and predict the survival of topological states in
cases with atomic-scale defects present in SDWs.24

The conducting states that arise at the one-dimensional
boundary between two regions of gated BLG with different
stacking orders are topologically valley protected.16 The gapless
states are thus locked in their momentum and characterized by
pseudospin due to the sublattice symmetry. Additionally, the
states are spin degenerate, and it may be necessary to remove
the spin degeneracy for future applications, e.g., spintronic
devices. According to Lieb's theorem for p-vacancies in 2D
systems, the spin degeneracy can be removed by a magnetic
signal driven by a local imbalance between the A and B sub-
lattices.26 Graphene p-vacancies can be created by a large
number of experimental methods using Co substituents, radi-
cals, H-doping, and even uorination.27,28 The p-vacancies in
pristine graphene lead to the appearance of localized states and
magnetic moments;29–31 these states appear at zero energy and
are spin split into a couple of spin-polarized states due to the
locally uncompensated sublattices.32–34 Other works investigate
the vacancies in graphene using STM techniques35 and even
report a magnetic signal.36 Then, we have to study how the spin
degeneracy of gapless states is removed by magnetic defects
near SDWs in BLG.

In this work, we consider the vacancy defects close to the
SDW in one of the layers of BLG and investigate their interplay
with topological gapless states. For vacancy defects near the
SDW, the defect states interact with the topologically protected
states in the gap, and the landscape of the states spanning the
gap changes. Despite the strong perturbation caused by
This journal is © The Royal Society of Chemistry 2019
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vacancies, we nd a topologically protected gapless state that is
spin split. The ability to obtain two gapless channels with
different spin orientations, i.e., a characteristic of topological
insulators, is valuable. Although the spin is not locked to the
momentum, we nd that one of the two spin channels is
strongly locked to the layer with vacancies. This result is our
most signicant observation and implies that vacancy defects
can drive the current ow in the domain wall predominantly to
one layer and one spin orientation, which indicates a potential
route for the design of a new type of electronic device that could
exploit features combining spintronics and layertronics.25
Model and methods

We investigate BLG with vacancies close to a SDW, as sche-
matically shown in Fig. 1. We consider the minimal domain
wall because the appearance of topological states is indepen-
dent of whether the SDW is sharp25 or smooth,15 formed by
grain boundaries24 or corrugations in a layer.18,37 Note that when
the domain wall region is smooth, the interchange region
between AB and BA stackings increases. Because the transition
region acts as a gapless medium, the topological states
Fig. 1 (a) Schematic representation of the investigated BLG, including
a SDW and vacancies. The topological gapless states locked to the K
valley and momentum are displayed as a couple of arrows along the
SDW. The green-yellow arrows indicate the vacancy and the related
up–down components in the magnetic moment. (b) An example of
the system unit cell, which repeats periodically in the vertical (zigzag)
direction. The SDWwith vacancies is situated in the upper (red) layer of
the central part embedded between the left and right leads of pristine
BLG. Vertical dashed lines mark the interface between the central part
and the leads; vertical dotted lines mark the building blocks in the
leads.

This journal is © The Royal Society of Chemistry 2019
propagate therein as extended states preserving their low
localization. Thus the major ndings discussed here on the
interaction between magnetic p-vacancies and topological
states in the gap would hold.

The system studied is divided into three regions:38 pristine
BLG on the le- and right-hand sides of the SDW is treated as
the semi-innite leads (L, R) and the central region (C) includes
the SDW with nearby vacancies located in the upper layer. Both,
the leads and the central part extend to innity along the zigzag
direction because there is translation symmetry along the SDW.
A fragment of the unit cell (which is innite in the direction
perpendicular to SDW) is shown in Fig. 1(b). There is only one
vacancy per unit cell. The leads are built as innite sequence of
slabs, which extend to the le/right from the interface with the
central region. The size of the unit cell in the SDW direction
depends on the separation between consecutive vacancies. In
the case presented in Fig. 1(b) the vacancies appear every fourth
graphene unit cell along the SDW, i.e., they are separated byz9.
In this case the central part of the system unit cell and the slabs
of the leads contain 32 carbon atoms each. When the vacancies
are more defused or appear farther away from the SDW, the
corresponding unit cells are larger and contain more atoms.

To calculate the local density of states (LDOS), we employ the
Green function matching technique.38–41 First, the Hamilto-
nians HC, HL and HR for the central region and the slabs of the
le and right leads are generated. They are self-consistently
calculated in the mean-eld Hubbard model within the p-
electron approximation, removing the zigzag edge states. We
use the values of intralayer g0 and interlayer g1 hoppings equal
�2.7 eV and 0.1g0, respectively,11,12 and the value of the on-site
Coulomb interaction term U ¼ 2.8 eV.42,43 Based on the HL/R/C

Hamiltonians and the transfer matrix technique38,44 the Green
function GC for the central region is found and the LDOS

calculated according the formula LDOS ¼ �
�
1
p

�
TrGC; where Tr

means the trace of the corresponding GC matrix. The resulting
LDOS is k-dependent due to the periodicity along the zigzag
direction. In the self-consistent calculations of the Hubbard
Hamiltonians, 2000 k points and the convergence precision up
to 10�6 eV at the Fermi level are used. The large number of the k
and the energy E values (also 2000) is necessary for precise
calculation and visualization of the LDOS.

Results

We now study the electronic structure of gated BLG with a SDW
decorated with vacancies, as shown in Fig. 1. A voltage V ¼
0.18 eV is applied to the bottom layer. The corresponding LDOS
for the middle region including the SDW with vacancies, as per
Fig. 1, is shown in Fig. 2. The green and yellow arrows identify
the spin-up and spin-down bands, respectively. The spin-up and
spin-down states in the valence and conduction band continua
are superimposed because the induced spin splitting is
considered to be almost negligible.

Away from the cone on the le- and right-hand sides, we nd
two spin-polarized states. These stem from the spin-split
vacancy states, which strongly interact with the corresponding
RSC Adv., 2019, 9, 42140–42144 | 42141
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Fig. 2 Energy structure near the Fermi level (zero-energy) for gated
BLG with SDW and vacancies. The k values are given in units of p/a,
where a is the period length in the zigzag direction and set as a ¼ 1. A
gapless state is present in the band gap connecting the valence and
conduction bands at the cone, and it is spin split due to the interaction
with the vacancy band.
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topological states close to the cone due to the SDW. A detailed
analysis of these vacancy states conrms their strong localiza-
tion in the upper layer; the spin-polarized LDOS in the upper
layer is a few orders of magnitude higher than that in the lower
layer.

At the cone, two spin-polarized states span the entire energy
gap. They appear as a result of the interaction and mixing of the
two spin-degenerate topological states at the SDWwith the spin-
split vacancy band. The most striking result is the persistence of
a topological spin-split state in the gap, despite the strong
interaction of the electronic structure of BLG with the SDW
caused by the vacancy defects.

Most of the spin-down vacancy band in the le side of the
cone lies above the Femi level and is unoccupied. Therefore, the
total magnetic moment in the middle region is about 0.5 mB.
The moment obtained by uncompensated sublattices due to the
vacancy is reduced from the a priori value of 1 mB because the
leads are passing charge to the vacancy and the SDW region.

We also perform calculations for other systems with
different distances between consecutive vacancies or between
vacancies and the SDW. No signicant differences are observed
in the trends of the results presented in Fig. 2. The splitting
slightly decreases when the distance between vacancies
increases. Similarly, when the vacancies move away from the
SDW region, their role in the extended gapless states weakens,
and the spin-splitting slightly decreases. The decrease in the
spin-splitting of the topological state for the sparse distribution
of vacancies can be easily explained; the gapless states are
spatially located along the SDW and decay away from the
domain wall.18

The vacancies are periodically distributed along the SDW.
Each vacancy introduces a local zero-energy state with a local
42142 | RSC Adv., 2019, 9, 42140–42144
magnetic moment, which interacts with the topological states,
so that they have spin splitting. As mentioned above, the split-
ting slightly depends on the site of the vacancy with respect to
the SDW. Anyhow, we may reasonably assume that spin-
splitting of the gapless states occurs even when magnetic
defects are not perfectly periodically distributed along SDWs.

To understand the interplay between the topologically pro-
tected states and vacancy states, we remove the observed spin
polarization. We performed LDOS calculations with the on-site
Coulomb interaction set to zero, i.e., hindering spin-splitting of
the involved states. The results are shown in the ESI.† Aer
strong interaction and mixing of the pair of topological gapless
states with the vacancy band one gapless state survives before
spin polarization is included. This nding is further claried by
modelling the interaction of the spin-degenerate gapless states
with the localized vacancy state. We use a three-band
Hamiltonian:

Hvac�SDWðkÞ ¼

0
BBBBB@

�ak 1

2
g1 g2

1

2
g1 �ak þ V 0

g2 0 0

1
CCCCCA
; (1)

where g1 is the interlayer hopping, V is the gate voltage
responsible for the gap opening, and g2 represents the inter-
action between the gapless states and the vacancy state at zero
energy. The diagonal �ak terms are related to the topological
states at the K valley; the zero-energy diagonal term denotes the
at vacancy state. We include the vacancies in the top layer and
the gate in the bottom layer. By solving the eigenproblem for
Hvac–SDW it becomes clear that the interaction between the
topological states and the vacancy state implies the survival of
a topological state along the gap. Further discussion is pre-
sented in the ESI.†

We next investigate the spin-polarization gain of the topo-
logical states aer including the vacancy states and how this
gain depends on the gate voltage. We consider the layer-
resolved LDOS for the spin-up and spin-down gapless states at
the Fermi energy. This LDOS is calculated by accounting for the
contribution from the atoms in the middle region and inte-
grating over k-values in a range of �0.1 around the point where
the topological state crosses the Fermi level. Fig. 3(a) and (b)
show the LDOS in the lower and upper layers for two values of
gate voltage V ¼ 0.18 eV and V ¼ 0.36 eV, respectively. Hori-
zontal axis corresponds to k values. Different separation of the
spin-up and spin-down gapless states for voltages V < g1 and V >
g1, reect the fact that with an increasing voltage, the calculated
spin splitting decreases because the energy of the p-vacancy
state decreases for higher voltages and interacts more with the
valence bulk continuum. The LDOS of topological states is
mainly spin-down and localized strongly in the upper layer,
because the vacancy is in the same layer. The layer localization
is especially pronounced for V < g1.45 The topological states
shows opposite spin polarization to the vacancy states because
of the magnetic coupling.

The spin polarization of the topological state for experi-
mentally attainable voltages is mainly spin down, and thus
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) and (b) Layer-resolved LDOS of spin-polarized gapless states
shown in Fig. 2 (marked by green and yellow arrows) for the case of
BLGwith SDW and vacancies for two different gate voltages. Layers are
denoted by colours: blue – bottom, red – top. LDOS values are
calculated at the Fermi energy and are represented by bar heights. (c)
Visualization of current flow along the SDW in BLG with vacancies. The
sizes of the dots and arrows represent the current and spin densities,
respectively, in the layers. A current with almost fixed spin orientation
flows mainly in the upper layer.
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almost all the current ow in the SDW will have the same spin
orientation mostly localized in one layer, as shown schemati-
cally in Fig. 3(c). Therefore, the presence of vacancies in BLG
with a SDW affords not only spin splitting of gapless states, but
also allows for partial locking of the spin to a single layer. This
effect could allow the exploitation of BLG in spintronics and
relates to the role of magnetic impurities in general.
Conclusions

We searched for a method to spin split the topologically pro-
tected gapless states, which are induced by SDW, that appear in
gated BLG to render them useful in spintronic applications.
Spin splitting can be accomplished by introducing magnetic
defects, which we modelled as p-vacancies. We found that
despite the strong perturbation of the topological gapless states
caused by the presence of vacancies, a topological state con-
necting the valence and conduction bands survived in the gap.
Its spin degeneracy was lied, and the state was locked in one
graphene layer. We thus obtained two spin-polarized channels
for current conductance along the domain wall, which is similar
to topological insulators. Although the focus of our study was on
vacancies, the results could also be extrapolated to magnetic
atoms near a SDW.
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