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Single-layer graphene with electronic properties of a gated bilayer
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We demonstrate that single-layer graphene exhibits the electronic structure of a bilayer when it is connected to
two gated bilayers. The valence and conduction band continua as well as the energy gap characteristic of gated
bilayer are induced in the single layer; the gap persists for distances separating the bilayers up to 20 nm. Most
importantly, we report on the appearance of a topologically protected gapless state localized in a single graphene
layer when the distant bilayers differ in the stacking order. The one-dimensional current in the topological state
flows in single-layer graphene, and this finding suggests a new exploitation of graphene in nanoelectronics.
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I. INTRODUCTION

One of the obstacles in the common application of
graphene in nanoelectronics is the gapless electronic structure
of single-layer graphene (SLG). Various ways have been
proposed to brake this bottleneck and to force graphene to
open the energy gap. One of them is to apply a gate voltage
to Bernal-stacked bilayer graphene (BLG) [1-5]. The value
of the gap in gated BLG is, to some extent, tunable with the
gate voltage, which is important for electronic applications
[6-11] as well as for the study of fundamental phenomena in
graphene [12-16].

Bilayer graphene has recently received a lot of attention
due to its superconducting properties discovered for twisted
layers [17]. Gated bilayer has an additional advantage:
it provides topologically protected gapless states when
stacking domain walls (the change from AB to BA in the
stacking order of sublattices) are present in BLG [16,18-20].
The pair of states connecting the valence and conduction
band continua appears at each valley (K and K'); they are
localized at the domain walls and provide one-dimensional
topologically protected currents along the stacking boundary.
The stacking domain walls in BLG can be created by
stretching, corrugating, or delaminating one of the layers
[20-23]. Gapless states persist in gated BLG even when the
stacking domain walls contain atomistic defects [24]. The
existence of topologically protected gapless states has already
been reported in experiments [23,25].

In this paper we demonstrate that the energy spectrum
characteristic of gated BLG, with its tunable energy gap, is
induced in SLG when the strip of the single layer is connected
to two distant gated bilayers, as shown in Fig. 1(a). The struc-
ture can also be seen as SLG with additional layers deposited
and forming two distant bilayers. Additionally, we show that
when the stacking orders in these bilayers are different, a
topological gapless state connecting the induced valence and
conduction band continua appears in SLG. For some gate
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voltages and widths of the SLG slab, this state is localized
mostly in the central part of the single layer. This means that
one-dimensional current can flow in single-layer graphene.
This finding can be exploited in graphene nanoelectronics and
sheds light on the nature of topological gapless states that
so far have been proved to exist only in BLG. Topologically
protected states appear in BLG at stacking boundaries, which
are usually unintentional. Our finding suggests an easy way
to prepare it on demand, i.e., by proper deposition of two
separated sheets of graphene on the SLG substrate.

II. MODEL AND METHODS

The system we investigate consists of a large SLG (infinite
for the purposes of calculation). On it the top two half-
infinite graphene layers are deposited at distance W, forming
two bilayers connected by the SLG strip. The structure is
schematically shown in Fig. 1(a). We assume that the bilayers
have the Bernal stacking order of sublattices and are cut along
the zigzag direction. Our aim is to study how the presence of
bilayers influences the energy structure of the SLG slab. To
do so we calculate the local density of states (LDOS) at the
central part of the SLG slab. The LDOS depends on the wave
vector k due to the periodicity in the zigzag direction. All the
calculations are performed using the Green’s function match-
ing technique within the standard m-electron tight-binding
approximation [26-29]. Intralayer and interlayer hopping pa-
rameters ¢t = 2.7 eV and y; = 0.27 eV are used, respec-
tively [1,2]. We investigate LDOS for different widths W mea-
sured in numbers of graphene unit cells and for different volt-
ages V applied to the bottom layer. Two values of V are taken
into account, V < y; and V > y, both accessible experimen-
tally. This choice is dictated by the observation that topologi-
cal gapless states in BLG with stacking domain walls localize
in different layers depending on the value of V vs y; [30].

III. RESULTS

We start with the calculation of LDOS in the central part
of the SLG slab [see Fig. 1(a)] for gate V = 0.1 eV. We first
consider the case when both BLGs have the same order of
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FIG. 1. (a) Schematic representation of the investigated system.
Two separated layers of graphene (red) are deposited on the single
layer (blue), forming two bilayers connected by the single layer of
width W. The BLGs may differ in the stacking order. The central
strip of SLG (dark blue) with width equal to one graphene unit cell,
W = 1, marks the area for the calculation of LDOS. Top view of the
fragment structure with W = 1 for two cases: (b) when both BLGs
have the same stacking order of sublattices A and B and (c) when
BLGs have different stacking orders. BLGs extend to infinity on the
left and right sides; only one unit cell along the zigzag direction is
presented.

stacking sublattices, as visualized in Fig. 1(b). The results for
different widths W of SLG are shown in Fig. 2. For W = 5, 13,
and 21 the LDOS does not differ substantially from the typical
LDOS of the gated BLG. For W larger than 5, a single band
separates from the valence band (VB) continuum and starts to
approach the conduction band (CB) edge. This is the state of
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FIG. 2. LDOS calculated in the central part of SLG (shown in
Fig. 1) for different widths W of SLG. The voltage V = 0.1 V is
applied to the bottom layer. The BLGs have the same stacking order
AB. (a)—(d) correspond to width W = 5, 13, 21, and 42 graphene unit
cells, respectively.
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FIG. 3. LDOS calculated in the central part of SLG (shown in
Fig. 1) for different widths W of SLG. The voltage V = 0.1 V is
applied to the bottom layer. The BLGs have different stacking orders
AB and BA. (a)—(d) correspond to width W =5, 13, 21, and 42
graphene unit cells, respectively.

the quantum well (QW) formed by the SLG slab embedded
between two BLG leads. For very large W = 42, one can see
another QW state approaching the cone from the conduction
continuum region. We have checked that for growing W more
and more QW states appear in the spectrum, while the LDOS
in the CB and VB continua weakens. The QW bands close the
energy gap for W ~ 50, i.e., for W ~ 20 nm. It is important
to note that the QW states are the only states that originate
from the slab of the single layer; the CB and VB continua are
induced in SLG by the nearby bilayers.

A note is required about the thin LDOS structure seen in
Fig. 2, which is pinned to the conduction band at the cone
and approaches the zero energy for larger values of k. This is
the trace of the edge state localized at the zigzag edge of the
upper layer of the left BLG. The presence of such states has
been reported also for SLG-BLG interfaces [31]. As reported
in [32,33], the zigzag-edge states of SLG are localized at only
one sublattice [red B sublattice in this case; see Fig. 1(b)].
However, this state couples via y; to the bottom layer, and
thus, its traces can be seen in the LDOS of the SLG slab. For
k = m /a, the zigzag-edge state is localized exclusively at the
outermost atoms of the edge, couples weakly to the bottom
layer via only one atom (in the unit cell), and is thus almost
invisible in the calculated LDOS. At the cone, i.e., for k =
2/3m /a, the edge state decays slowly away from the edge,
couples more strongly to the bottom layer (via many atoms
of the connected sublattices), and is thus very visible in the
LDOS. The right BLG also has a zigzag edge. However, the
corresponding edge state is localized at the nodes that are not
connected to the bottom layer [red A sublattice in Fig. 1(b)];
this state is therefore invisible in the LDOS spectrum of the
bottom layer.

When the BLGs have different orders of stacking sublat-
tices, a gapless state connecting the conduction and valence
band continua appears in the energy spectrum of the SLG slab.
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FIG. 4. LDOS calculated in the central part of SLG (shown in
Fig. 1) for different widths W of the SLG. The voltage V = 0.5 V is
applied to the bottom layer. The BLGs have the same stacking order
in (a)—-(c) and different stacking order in (d)—(f). (a) and (d) Width
W =5 graphene unit cells, (b) and (e) W = 13 graphene unit cells,
and (c) and (f) W = 21 graphene unit cells. The blue dashed lines
in (e) show how the energy (in the middle of the gap) and the
corresponding value of k are selected for the calculation of the
density distribution of the gapless states presented in Fig. 5.

This is shown in Fig. 3. Unlike the case of typical stacking
domain walls in gated BLG, where two topological states
appear in the gap, here only one such state is present. As
reported in [30], the gapless states induced in BLG by stacking
domain walls are localized in different layers for V # y;. In
the system studied in this paper no upper layer is present in
the region when the stacking order changes from BA to AB.
Therefore, only the gapless state localized in the bottom layer
persists.

Figure 4 shows the LDOS calculated in the center of the
SLG slab for a gate voltage of V = 0.5 eV. The calculations
have been performed for W =5, 13, and 21. The results for
the case when both BLGs have the same stacking order are
presented in the left column. The results for different stacking
orders in BLGs are shown in the right column. The presented
results are similar to those obtained for V = 0.1 eV. Also for
this gate voltage, the fundamental features of the gated BLG,
like the valence and conduction band continua, the energy
gap, and topological gapless state, are induced in the single
layer. More QW states are visible in the gap for this gate
voltage. This is because now the gap is wider, situated deeper
in the valence energy region of the bottom (gated) layer, and
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FIG. 5. Density distribution of topological gapless state for dif-
ferent widths W of the SLG. (a) and (d) Width W = 5 graphene unit
cells, (b) and (e) W = 13 graphene unit cells, (c) and (f) W =21
graphene unit cells. Left: the results for gate V = 0.1 V; right:
V = 0.5 V. The LDOS distribution is calculated for energy in the
middle of the gap, E = 0.05eV forgateV = 0.1 Vand E = 0.25eV
for gate V = 0.5 V. One vertical bar represents LDOS calculated for
one four-atom unit cell. Five unit cells are taken into account in the
left and right BLG leads, so the SLG part starts at cell number 6.
LDOS distributions in the bottom and top layers are represented by
red and blue bars, respectively.

the energy range is almost three times larger than in Fig. 2.
However, in both cases the energy structure of discrete QW
states is the same, although for V = 0.1 eV (Fig. 2) some of
them are hidden in the valence band continuum.

When the BLGs differ in the stacking order, the two edge
states localized at the zigzag edges of the upper layers are
connected to the bottom layer [see Fig. 1(c)]. Therefore,
they interact, mix, and split, as seen in Figs. 4(d)—4(f). The
splitting is present also in the case of V = 0.1 eV, although
it is much smaller and not visible within the resolution of the
LDOS presented in Fig. 3. The small splitting is in contrast
to recently reported giant edge states splitting at atomically
precise graphene zigzag edges [34]. This is because the upper
layer zigzag edges in the present system do not belong to
one graphene nanoribbon, so the corresponding edge states
interact weakly via the lower graphene layer.

We now investigate the density distribution of the gapless
states. To this end, we choose the energy in the middle of the
gap and find the k value corresponding to a given gapless
state, as shown, for example, in Fig. 4(e). Next, for that
particular pair (E, k), we calculate the layer-resolved LDOS
in each four-atom cell (ABAB) across the SLG [see Figs. 1(b)
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and 1(c)]. Five four-atom cells in both layers of the BLGs are
also taken into account. The results are presented in Fig. 5.
For both values of V and small width W = 5 of the SLG,
the density of the gapless state is largely concentrated in the
SLG slab. For V = 0.1 eV and increasing W, the density in
the SLG slab slowly decreases compared to the LDOS in the
lower layer of the BLG. For V = 0.5 eV, the effect is just
the opposite; for increasing W, the density is more strongly
localized in the central part of the SLG.

This behavior can be easily explained. When W increases,
more and more QW states appear in the energy gap, and they
push the topological state to the right (i.e., to larger values of
k). As reported in [30] for the case of typical stacking domain
walls in BLG with two topological states in the energy gap, the
gapless state that appears on the right-hand side of the cone
localizes in the upper layer when V < y;. However, this layer
is absent in the system we investigate. Thus, for V = 0.1, the
density of the gapless state has to decrease in the SLG slab
when its width W increases. In contrast, the gapless state is
pushed to the right with increasing W when V > y; and thus
has to concentrate more strongly in the lower layer, i.e., in the
SLG slab. This is our most important result; for V > y; and
large widths of the SLG, the gapless state strongly localizes
in the central part of the SLG [35]. This means that if the
single layer of graphene is appropriately prepared, one can
thus achieve strictly one-dimensional topologically protected
currents for use in nanoelectronic applications [36].

IV. CONCLUSIONS

We have investigated the electronic structure of a single
layer of graphene connected to a pair of gated bilayers. We
have demonstrated that the energy structure characteristic of
gated bilayer is induced in the single layer. Thus, we have
shown how to force the single-layer graphene to open the en-
ergy gap between the valence and conduction band continua.

Moreover, we have demonstrated that when the bilayers
differ in the stacking order of the sublattices, a topologically
protected gapless state, appropriate for bilayers with stacking
domain walls, appears in the gap and localizes in the single
layer. For some values of the applied gate voltage and some
separation distances between the bilayers, this gapless state is
strongly confined to the central part of the SLG. It is worth
noticing that the system studied does not resemble a typical
stacking domain wall in BLG. Therefore, the appearance of
a topological state can be seen as a kind of memory of the
stacking domain wall that would be present if part of the upper
layer was not removed.

Since the gapless states provide one-dimensional topo-
logically protected currents, this finding can be potentially
exploited in graphene nanoelectronics. Stacking domain walls
with localized gapless states occur unintentionally in BLG.
This work suggests also an easy method for experimental
preparation of a bilayer system with a topologically protected
state and associated one-dimensional current.
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