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Recent experiments [L. Ju et al., Nature, 2015, 520, 650] confirm the existence of gapless states at
domain walls created in gated bilayer graphene, when the sublattice stacking is changed from AB to
BA. These states are significant because they are topologically protected, valley-polarized and give
rise to conductance along the domain wall. Current theoretical models predict the appearance of such
states only at domain walls, which preserve the sublattice order. Here we show that the appearance
of the topologically protected states in stacking domain walls can be much more common in bilayer
graphene, since they can also emerge in unexpected geometries, e.g., at grain boundaries with atomic-
scale topological defects. We focus on a bilayer system in which one of the layers contains a line of
octagon-double pentagon defects, that mix graphene sublattices. We demonstrate that gap states
are preserved even with pentagonal defects. Remarkably, unlike previous predictions, the number
of gap states changes by inverting the gate polarization, yielding an asymmetric conductance along
the grain boundary under gate reversal. This effect, linked to defect states, should be detectable in

transport measurements and could be exploited in electrical switches.

PACS numbers: 73.63.-b, 72.80.Vp

I. INTRODUCTION

Although graphene presents a record-high electron
mobility at room temperature, its application in next-
generation electronics requires the opening of an energy
gap [I]. This has triggered the quest for various physical
mechanisms capable of opening a substantial gap, includ-
ing external fields, quantum size effects and the use of dif-
ferent substrates. Gated Bernal-stacked bilayer graphene
(BLG) shows a tunable band gap [2H4]. This setup is not
only an interesting candidate for novel electronic appli-
cations [5HE] but also for the study of fundamental phys-
ical phenomena[9HI3]. The gate-induced gap in bilayer
graphene has a topological origin [10], linked to the exis-
tence of two inequivalent valley—K and K’'—which give
rise to chiral edge and boundary states. Provided there is
no-valley mixing, gated bilayer graphene presents topo-
logically protected gapless states when a domain wall is
introduced, either by an electric field reversal [10] or by
an AB/BA stacking change [I4HI7]. Such states are of
high interest because they open a possibility of exploring

valley physics in graphene.

The existence of stacking boundaries in BLG has been
experimentally identified [14] [I5]. Since the separation
in momentum space between graphene valleys is large,
topologically protected, valley-polarized gap states may
appear and localize at such domain walls; this fact has
been also confirmed [16]. These states have been pre-
dicted so far at stacking boundaries created when one
layer is either stretched or corrugated [T4H16}18]. In both
cases the stacking change between graphene layers is in-
troduced keeping its hexagonal structure, without intro-
ducing topological defects. This implies that sublattice
symmetry is preserved. In these proposals, atomic-scale
defects are avoided because, intuitively, they may act as
sources of inter-valley scattering, which in principle can
destroy topological gapless states [16].

In this work we show that this intuition fails. We
demonstrate that robust gap states can exist in BLG de-
spite the presence of atomic-scale defects. Remarkably,
some of these gap states are topologically protected states
arising at stacking boundaries. We investigate a gated bi-
layer system, in which the top layer contains a defect line



along a zigzag direction, built of octagons and pentagon
pairs, and the bottom layer is pristine graphene. This
type of defect line has been experimentally identified in
monolayer graphene [19]. Our calculations reveal the ex-
istence of bands in the bulk gap, the number of which
depends on the gate polarization. One of these bands is
topologically protected, connecting the bulk valence and
conduction bilayer continua. The other states stem from
the mixture of the band induced by the defect line with
those originated by the stacking change. Remarkably,
despite the presence of pentagonal defects, which mix
graphene sublattices, topologically protected gap states
persist in this system, although sublattice symmetry is
not conserved. This means that topological phases in
BLG can be found also at grain boundaries, where they
are not expected to occur.

II. MODEL AND METHODS

The model system is schematically presented in Fig.
On the two sides of the grain boundary, we have bi-
layer graphene with the most stable Bernal stacking, i.e.,
the nodes of one sublattice in one layer fall into hexagon
centers of the other layer (unconnected sublattices), so
the atoms of the other sublattices are vertically aligned
(connected sublattices).

Away from the defect line, we identify the stackings
as AB and BA, as seen in Fig. The two semiinfinite
graphenes in the top layer are joined by a line of oc-
tagons and double pentagon defects (8-55), forming the
grain boundary. The pentagonal rings mix graphene sub-
lattices. If one tries to label the two sublattices of the
top layer from the outer parts towards the defect line,
one ends up with two atoms in the unit cell which can-
not be uniquely assigned to any sublattice, so the sys-
tem presents geometrical frustration. These two bonded
atoms, at the sides shared by the adjacent pentagons,
are responsible for the sublattice mixing; we denominate
them mizing nodes, see Fig. [I| (b). The nodes closest
to the mixing ones are called zigzag or Z-nodes. This
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FIG. 1. (Color online). (a) Top view of bilayer graphene
with an AB/BA stacking boundary produced by an octagonal-
pentagonal defect line in the top layer (blue). (b) Detailed
view of the AB-BA stacking. Different sublattices are colored
in blue and cyan. The nodes which mix the two sublattices
are depicted in grey color. Neighboring nodes at the defect
line in the top layer, called zigzag or Z-nodes, are also marked
with arrows.

name derives from one possible way of creating an 8-55
boundary, namely by joining a zigzag-terminated edge
[20). Note that the mixing nodes belong to the uncon-
nected sublattice, whereas the Z-nodes belong to the con-
nected one.

We perform calculations in one-orbital tight-binding
approximation for nearest-neighbors, with intralayer
hopping parameter 79 = —2.66 eV, and the interlayer
hopping parameter, given only for nodes that are directly
on top of each other, is set to y; = 0.17 [2,21]. Note that
the effects of screening, which mainly lead to a reduction
of the energy gap, can be just seen as a scaling of V', but
do not affect the global features of the gap states under
study [21]. A gate voltage V = £+0.3 V is applied to the
bottom layer. Based on this model, we calculate the local
density of states (LDOS) [22] using the Green function
matching approach [23H25]. As the system has transla-
tional symmetry along the grain boundary, the LDOS is
k-dependent in this direction. We have performed test
calculations for different values of V' and ~;, applying
also the gate voltage to the top layer, and we have ver-
ified that the main results presented in Sec. do not
depend qualitatively on these parameters.

Energy (eV)

FIG. 2.

(Color online).
graphene with an 8-55 grain boundary. (b) LDOS(E, k) for
AB/BA stacked graphene with a minimal stacking bound-
ary for positive and negative gate voltages. Topological gap
states reverse the sign of their velocities when the voltage sign
is changed.

(a) LDOS(FE, k) for monolayer

III. INGREDIENTS

On the one hand, previous works show that an 8-55 de-
fect line in monolayer graphene yields a defect-localized
band [19, 20, 26129]. In Fig. |2|(a) we show the LDOS as a
function of energy and wavevector k for an infinite mono-
layer graphene with this type of boundary. A defect flat
band (D) spans from the Fermi level at & = 0 to the Dirac
point and next it emerges up to 0.8 eV at the edge of the
BZ. The defect band to the left of the Dirac point is due
to the zigzag edges facing each other, connected by the
mixing nodes. These edge states appear at grain bound-
aries with topological defects, and we can relate them
to the zigzag components of the joined edges [20, B0H32].
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FIG. 3. (Color online). LDOS(E, k) calculated at the defect
line region of BLG. Gate voltage applied to the undefected
layeris V = 0.3 eV (a) and V = —0.3 eV (b). The wavevector
k corresponds to direction along the defect line in reciprocal
units where a is the unit cell width. Dashed lines mark the
center of the gated bilayer gaps.

Its localization changes from the Z-nodes of the pentagon
(see Fig. to the mixing nodes at higher energies to
the right of the Dirac cone. On the other hand, stack-
ing boundaries have been shown to possess topological
gap states when a gate voltage is applied throughout the
system, if no-valley mixing symmetry holds. Fig. [2| (b)
shows these topological bands when a positive (S1, S2)
or a negative (S3, S4) voltage V is applied to the bottom
layer. These states can carry a current along the bound-
ary which is valley-polarized. The sign of their velocities
is changed by the reversal of the gate voltage [10]. In
this work we investigate the interplay between the states
produced by the octagon-double pentagon grain bound-
ary and the topological gapless states resulting from the
stacking change which, remarkably, persist after valley
mixing.

IV. RESULTS

In Fig. [3| we present the LDOS(FE, k) at the boundary
for energies around the bandgap. We focus on the valley
with positive wavevectors near the Dirac point. For pos-
itive voltages, V' = 0.3 €V in panel (a), there are three
bands in the energy gap. For negative voltages, V = —0.3
eV shown in panel (b), only two bands appear in the gap.
The velocities of these bands change from positive to neg-
ative with the voltage sign. We can relate these states to
the grain boundary band appearing in a single graphene
layer and the two bands in bilayer graphene produced by
the change of stacking (Fig. . The flat band that is
pinned at 0 eV for both voltages is clearly related to the
defect line for low k. For positive V' (Fig. [3] (a)) it fol-
lows closely another band, labeled S1, that has the same
behavior as a topologically protected band in a simple

stacking boundary, i.e., it joins the lower and the upper
bulk continua. Similarly to the topologically protected
band, the third band starts in the lower bulk continuum
(S2), but crosses the gap without merging in the con-
duction band continuum, running parallel and close to it
up to 0.8 eV, where it ends. Comparison of Fig. |3| (a)
and Fig. [2] allows us to infer that this band results from
hybridization of the D and S2 bands, so we label it as
S2-D.

For V < 0 the flat band at 0 eV, labeled D-S3, bends
towards the lower bulk continuum, while the other band
(S4) joins the upper and lower continua as a topologi-
cally protected band. Comparing Figs. [2| and (3| (b), we
infer that there are strong hybridization and mixing be-
tween the defect band D and the S3 band arising from
the stacking change. Notice that despite this hybridiza-
tion, we can still identify the parts of the band with D
character. The band is again pinned at 0 V for low k
and fixed at 0.8 eV at the edge of the BZ, although it is
now embedded in the continuum, which is shifted down
by V = —-0.3 V.

In order to understand the reasons why these different
hybridizations take place, we present in Fig. [4 the LDOS
resolved in top and bottom layers (top panels) and in
connected /unconnected sublattices (lower panels). The
defect band D that for V' > 0 joins the upper continuum
at k ~ %g has the same type of localization as the upper
continuum, being both mostly in the top layer and in
the connected sublattice. Likewise, for k > %%, the S2
band hybridizes with the D band that runs parallel to
the conduction continuum, being both more localized in
the top layer and in the unconnected sublattices.

When the voltage is negative, the top/bottom local-
ization of the two bulk continua is reversed, and the hy-
bridization also changes. The D band, localized at the
top layer, now strongly anticrosses with the S3 band, to
the extent that we end up with a D-S3 band, which spans
from a localized D to stacking S3 character, ending at the
lower bulk continuum. As mentioned above, the higher k
portion of the defect band is buried in the upper contin-
uum, barely emerging at 0.8 eV. The other band related
to the change of stacking, S4, extends from the upper to
the lower continuum, closing the gap.

We verify that bands with similar localization, mostly
at the same layer and preferentially in the same
(connected or unconnected) sublattices, interact more
strongly and hybridize, yielding in both cases bands that
energetically close the gap, but they do not necessarily
end in two continua. Instead, bands with a mixed novel
character arise, that are D-like (defect-like) for some k
values and evolve into S-like (related to the stacking
change) due to strong hybridization. It is important to
note that for each sign of V', one of the bands originating
from the stacking change (S1 or S4) preserves its strong
and genuine topological character.

We further analyze the role of the sublattices by resort-
ing to the atom-resolved LDOS, plotted in Fig. The
energy chosen corresponds to the middle of the gap for
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FIG. 4. (Color online). (a) and (b): In(LDOSg/LDOST),
where B/T refer to the bottom/top layers.  (c¢) and

(d): In(LDOSuy/LDOSc) where U/C refer to uncon-
nected/connected sublattices. The large width of the D-like
portions of the bands at low and high k is due to their strong
localization.

both cases, marked with a dotted line in Fig. 3] For pos-
itive V' the D state is mostly localized at the connected
sublattices, to which the Z-nodes belong. Although the
S1 state has important weight at the top layer, as the
defect state, it is mainly located at the unconnected sub-
lattices, so they do not hybridize and run closely in par-
allel towards the upper continuum. The sublattice and
layer distribution of S1 and S2-D are rather similar, and
they share a remarkable feature: both are mostly local-
ized at the mixing atoms. It is important to emphasize
that this type of localization at low energies is not pos-
sible in a monolayer grain boundary [20]; here it arises
because of the AB/BA bilayer stacking change. It results
in gap modes living at the unconnected sublattices, which
are frustrated at the nodes responsible for the sublattice
mixing.

For negative V', the D-S3 state is mostly located at
the connected sublattices, with a predominant weight at
the top layer, especially close to the topological defects.

We have checked that the unperturbed states D and
S3 shown in Fig. |2| possess similar characteristics. This

FIG. 5.

(Color online). Atom-resolved LDOS for the D, S1,
S2-D, D-S3 and S4 gap states at the grain boundary region
and surroundings. The LDOS is calculated for energies at the
center of the gaps. The radii of the circles at the bottom (red)
and top (blue) layers are proportional to the LDOS values.
The green rectangle marks the grain boundary region with
the 8-55 defects.

explains the strong hybridization between the D and S3
bands, that leads to a band of mixed D-S3 character, as
indicated in Fig. [3] The remaining state, S4, which pre-
serves its topological character, has a larger LDOS in the
bottom layer, with both sublattices having an apprecia-
ble weight.

If we focus on bilayer regions outside the green rect-
angle marking the grain boundary in Fig. [5] the LDOS
of the D, S2-D and D-S3 states is significantly concen-
trated in the upper layer, and shifts from the connected
to unconnected nodes following the order D, D-S3, and
S2-D as the component of the defect state (that is, de-
gree of hybridization) decreases [33]. In contrast, S1 and
S4 topological states have a significant LDOS in the un-
connected nodes of the bottom layer. Apparently, the S4
state, and to some extent also the S1 state, depicted in
Fig. do not seem to be localized close to the grain
boundary. This is an artifact due to the length of the
plotted region. In fact, at longer distances than those
shown in Fig. [f] they decay with slow oscillations. This
is an interesting feature of these states appearing in the
bulk gap and it is related to the fact that the decay is
oscillatory because the Dirac point is not at k = 0 [I7].

Similarly to AB/BA stacking boundaries produced by
strain or a fold, the system presents a conductance gap
measured perpendicularly to the grain boundary, but is
conducting along it [I6 I7]. This longitudinal current
is due to the gap states, and it is valley-polarized. If
a local probe is used, such that only states along the
defect line are measured, a conductance proportional to
the number of states crossing the gap should be expected.



Therefore, in contrast to previously studied boundaries
[I4H17], here we have an asymmetry due to the differ-
ent number of channels for the two gate polarizations,
yielding a substantial change of one quantum of conduc-
tance (2¢2/h) on the transport properties under gate re-
versal, that we have numerically verified. We propose
that this distinctive asymmetric feature in the conduc-
tance of grain boundaries with 8-55 defects in BLG could
be experimentally checked in a setup similar to the one
presented in Ref. [I6]. Furthermore, this characteristic
could be also of interest for applications such as elec-
trical switches, where the transport properties could be
easily controlled by the sign of the applied gate voltage.
Although the defect size is on the atomic scale in the di-
rection perpendicular to the domain wall, in the direction
of the boundary the defect is extended and periodic. So
along this line the two valleys are well separated in recip-
rocal space and propagating states could travel without
intervalley backscattering.

V. CONCLUSIONS

In summary, we have shown that an AB/BA stack-
ing boundary in bilayer graphene can be achieved by in-
cluding a line of octagon and double-pentagon defects in
one of the layers. Under an applied voltage a gap opens
in the system and several robust gap states appear, un-
expectedly, despite the presence of atomic-scale defects.
We have elucidated the origin of these states, showing
that in spite of the sublattice mixing due to the defects,

one of the states preserves its full topological character
for each gate polarization. It means that topologically
protected states can be much more common in bilayer
graphene than so far predicted, since they can also ap-
pear at unexpected geometries, e.g., at grain boundaries
with atomic-scale defects. The other gap states stem
from the mixture of the band localized at the defect line
with those originating from the stacking change. All of
them provide conducting channels for the current flow-
ing parallel to the defect line. More importantly, unlike
previous predictions for stacking domain walls preserving
the sublattice order, here the number of the gap states de-
pends on the gate polarization. The change of the num-
ber of channels under gate polarization reversal yields a
difference of conductance along the grain boundary that
should be experimentally detected and could be exploited
in electrical switches.
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