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One-dimensional topological superconductivity at the edges of twisted bilayer graphene nanoribbons
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Twisted bilayer graphene is one of the simplest van der Waals structures, and its inhomogeneous interlayer
coupling can induce rich electronic properties. In twisted bilayer graphene nanoribbons (tBLGNRs), the
interlayer coupling strengths are different for two ribbon edges due to the inhomogeneous bonding, which splits
the edge states into two individuals in energy. The lower-energy state, localizing at the ribbon edge with the
stronger interlayer coupling, is a good candidate to generate one-dimensional (1D) topological superconductivity
in the presence of Rashba spin-orbit coupling, Zeeman field, and s-wave superconductivity. Majorana zero modes
(MZMs) are found to be localized at both ends of this edge. The topological invariants of the system are explored
by evaluating the Berry phase for infinite-length ribbons and Majorana polarization for quasi-1D ribbons, giving
the same topological phase diagram. More importantly, by adjusting interlayer dislocation and uniaxial strain
of tBLGNRs across the critical values, the lower-energy edge changes and 1D topological superconductivity
can “jump” from one ribbon edge to the other one. Finally, by applying a gate voltage bias between bilayers or
changing the interlayer distance, a MZM can transfer along the ribbon edge. The tBLGNRs provide an alternative

platform to study 1D topological superconductivity and MZMs.
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I. INTRODUCTION

The Majorana fermion has become one of the most impor-
tant fundamental quasiparticles of condensed-matter physics.
Various platforms have been proposed to realize such an
exotic particle. Signatures of Majorana fermions have al-
ready been found in semiconducting nanowires with strong
spin-orbit coupling (SOC) in proximity to a superconductor
[1-6], at the end of atomic iron chains on the surface of
a superconductor [7], and in the hybrid system of a quan-
tum anomalous Hall insulator coupled with a superconductor
as one-dimensional (1D) chiral modes [8]. Majorana zero
modes (MZMs) obey non-Abelian statistics [9,10] and are
seen as promising building blocks to realize decoherence-
free topological quantum computation [11,12]. The underly-
ing condensed-matter support of the bounded Majorana zero
modes will certainly play a key role, dictating how easily
Majorana fermions can be braided or manipulated in general.
Twisted bilayer graphene (tBLG) with its high tunability and
rich properties is also a tempting platform.

During the last few years, tBLG has attracted much atten-
tion [13-20]. Apart from bilayer graphene’s unconventional
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behavior, e.g., band-gap opening [21,22], and unique Raman
[23,24] and infrared optical spectra [25,26], it has received
new electronic properties by twist. Due to the moiré pattern,
the wave function of Dirac electrons becomes localized, and
this localization is maximum in the limit of the small twist
angle between the two layers [27,28]. At the first magic
angle 6 ~ 1.1°, Mott-insulating behavior [29] and unconven-
tional superconductivity [30] have been observed in tBLG.
By varying the interlayer spacing with hydrostatic pressure,
the capability to induce superconductivity at a twist angle
larger than 1.1° is also established [18,31]. In twisted bilayer
graphene nanoribbons (tBLGNRs), the interplay of edge and
spatially inhomogeneous interlayer coupling makes the edge
states from AB- and AA-stacked regions split in energy [32],
and the low-energy transport properties are governed by the
edge states with AB stacking [33]. It is also interesting to study
the topological superconductivity based on the edge states of
the tBLGNRs.

The topological superconductivity in single-layer graphene
nanoribbons (GNRs) has been achieved in several proposals.
The SOC in graphene can be enhanced by several orders by
three different methods: proximity to high-SOC transition-
metal dichalcogenides [34,35], via graphene hydrogenation
[36], and a spatially varying magnetic field [37], and therefore
the Majorana zero modes could be obtained based on the
standard ingredients with Rashba SOC, Zeeman field, and
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s-wave  superconductivity [37-40]. Meanwhile, the
interaction-induced magnetic ordering of graphene’s zero
Landau level gives rise to topological superconductivity
when the graphene edge is in proximity to a conventional
superconductor [41]. In proximity to a superconductor, the
ends of effective antiferromagnetic Heisenberg spin-1/2
chains introduced by a 7/9-armchair GNR superlattice with
robust spin are predicted to host Majorana fermion states
[42]. As depositing bilayer graphene on a transition-metal
dichalcogenide (TMD) monolayer, topological nontrivial
phases can also be induced [43]. In graphenelike materials,
such as TMD [44—46], the zigzag edge is also used to support
robust topological Majorana bound states at the edge ends,
although the two-dimensional bulk itself is nontopological.

In the present work, we predict that 1D topological super-
conductivity can be achieved at the edge of tBLGNRs and
the MZMs appear at both ends of this edge in the presence
of the Rashba spin-orbit coupling, Zeeman field, and s-wave
superconductivity. The topological invariant is calculated to
characterize the infinite ribbon, and the Majorana polarization
is evaluated for the quasi-1D ribbons, which give the same
phase diagram. By changing the interlayer dislocation or
uniaxial strain, the lower-energy edge changes and the 1D
topological superconductivity can “jump” from one ribbon
edge to the other one. Moreover, the MZMs can be driven to
transfer along the 1D ribbon edge by changing the gate voltage
bias between bilayers and the interlayer distance.

The paper is organized as follows: In Sec. II, we introduce
the minimum model used to describe the tBLGNRs in the Ma-
jorana physics regime. The verification of topological phase
transition for an infinite ribbon and fully open system is also
included. In Sec. III, we calculate the MZMs, the multiband

Berry phase as the topological invariant to characterize the
infinite ribbon, and the Majorana polarization for fully open
ribbons. In Sec. IV, the “jump” of MZMs between two ribbon
edges and the transfer of a MZM along the 1D ribbon edge
are presented. In Secs. V and VI, the experimental realization
of our model and concluding remarks are given, respectively.

II. MODEL

Figure 1(a) shows a schematic structure of AB-stacked bi-
layer graphene, where a; and a, are the same primitive vectors
of the layer [ = 1, 2. The tBLG can be generated by rotating
the top and the bottom layers of the AB-stacked bilayer around
a common B site by —¢/2 and +¢/2, respectively [32]. The
primitive lattice vectors L; and L, on the twisted two layers
are defined as [15,47,48] L; = ma(ll) + naél) = naiz) + magz),
where m, n are integers and related to the rotation angle ¢. L,
is obtained by rotating L.; with 60° along the counterclock-
wise direction, and thus tBLG is specified by a single pair of
integers (m, n). The rotation angle ¢ is related to (m, n) by

1 m?> +n? 4+ 4mn !
C()S(p_2m2+nz+mn’ M
and the commensurate unit cell contains N = 4(m?* + n® +
mn) atoms. Figure 1(b) shows the atomic structures of (1,2)
tBLG with corresponding rotation angle ¢ = 21.8°, where
the blue parallelogram in the lower right corner indicates its
primitive cell.

In principle, a tBLGNR can be generated by repeating the
unit cell of tBLG along the directions of Ly or L, i.e., N\L{ +
N,L;. For the (1,2) tBLGNR of concern in the present work,

FIG. 1. (a) Lattice structure of AB-stacked bilayer graphene. Solid and dashed lines represent lattices of top and bottom layers, respectively.
§ are the vectors connecting the nearest-neighbor atoms, a; and a, are the primitive vectors, and 6 is the direction of applied tension T.
(b) Lattice structure of (1,2) tBLGNR with N, = 4 and rotation angle ¢ = 21.8° based on a; "’ and a,". The blue parallelogram in the lower
right corner defined by L; and L, indicates a unit cell of (1,2) tBLG. Inset of (b): The atomic structure and the interlayer coupling distribution
in the unit cell. The interlayer coupling is stronger in edge 1. (c) Configuration of experimental proposals: tBLGNR sandwiched between WS,
and ferromagnetic insulator EuS, decorated with alkali-metal atoms Ca or Li.
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the length is along the L; direction and N, tends to infinity,
while the width is along the L, direction with finite N,.

In a tight-binding model in terms of p, atomic orbitals, the
Hamiltonian of tBLGNRs in the Majorana physics regime is
written as

H = —Zt(ri —r))ci cjo + ik Z c (8 X or)"" Cjo

i,j,0 i,j,0,0’

+Vz Yt o0° clg+AZClTli+HC )

l(TU

where c¢; creates an electron with spin o at site i of the

honeycomb lattice and =35 /ap is a unit vector with § the vec-
tors in Fig. 1(a) and ay for the carbon-carbon distance. The
first term in Eq. (2) is bilayer graphene’s tight-binding Hamil-
tonian. The second term is the Rashba SOC with strength A.
The third term is the Zeeman coupling, and the last term is
the induced s-wave superconductivity [40]. ¢(r; — r;) is the
transfer integral between site i and site j, and the following
approximation is adopted [27,47-51]:

d-e 2 d-e, 2
—t(d) I’I’JT 1-— d + Vppa T )
Vypr = VO d—a
T ex - 5
pp. ppm p 50

VPPO' Vpopo' exp <_d S do)s (3)
0

where d =r; —r;, and e, is the unit vector parallel to the z
axis. Vpopﬂ is the transfer integral between the nearest-neighbor
atoms of monolayer graphene, which are located at a carbon-
carbon distance ag ~ 0.142 nm, and V,?a is the interlayer
transfer integral between vertically located atoms at the inter-
layer distance dy ~ 0.335 nm. We take V]?pr[ ~ —2.7 eV and

V[?pa ~ (.48 eV to fit the dispersions of monolayer graphene
and AB-stacked bilayer graphene. &y is the decay length of the
transfer integral, and is chosen as 0.184a (a = V3 ao) so that
the next-nearest intralayer coupling becomes 0.1V, pm [27,51].
to represents the nearest intralayer coupling, and [f] = 2.7
eV is as the energy unit throughout the paper. The transfer
integral for d > 4ay is exponentially small and can be safely
neglected.

According to the symmetry classification of topological
systems this model belongs to Bogoliubov—de Gennes class
D [52], as the Zeeman term breaks the time-reversal sym-
metry. The topology of this class in one dimension can be
characterized by a Z, number, which is associated with the
Berry phase [46,53]. In our system, we calculate the Berry
phase y for the lower half bands to discriminate between
topologically trivial and nontrivial phases, where y = 7 in
the topological nontrivial phase and y = 0 in the trivial phase.
The topological phase transition can also be identified by the
presence of a finite gap with a gap closing point separating
the two phases. For a fully open system, such as finite length
ribbons, the presence of zero-energy states and the Majorana
polarization are two evidences to verify the Majorana bound
states.

The Majorana polarization (MP) is defined as follows
[54-59]. A Majorana state is an eigenstate of the particle-hole

operator. Therefore, a Majorana-like state localized inside a
spatial region R must satisfy C = 1, where C is the magnitude
of the integral of the Majorana polarization vector over the
spatial region R:

|22 er(WIC; W)
> jer(WITIW)
where 7; is the projection onto site j and C; = C7;. The local

MP is simply the expectation value of the local pérticle-hole
transformation:

C= “

(W|Cj|w) = —2Zau,gv,n ()

In the Nambu basis, an eigenstate j of the tight-binding
Hamiltonian can be written as LIJ].T = (Mjr, K> Vigs Vit
where © and v denote the electron and hole components,
respectively. In general we take R to correspond to half of the
system, divided usually along the longer length. Meanwhile,
for a Majorana state, the local structure of the MP defined
in Eq. (5) needs to be aligned inside R (“ferromagnetic” MP
structure).

For the tBLGNRs, the low-energy electronic structures are
closely related to the spatially inhomogeneous interlayer cou-
pling. Thus, the topological superconductivity can be adjusted
by changing the spatially inhomogeneous character, which
mainly depends on two key parameters: the twist angle and the
interlayer coupling. In this work, the twist angle is fixed equal
to ¢ = 21.8°, while the interlayer coupling is redistributed
by two methods: the parallel interlayer dislocation d; and
uniaxial strain €. For the interlayer dislocation, without loss
of generality, we move the two layers of tBLGNR in opposite
directions along L, and define the ratio of relative displace-
ment as d; = Ay/L,, where Ay is the relative displacement
between the two layers. For the second method, the tension T
is applied. When stress is induced in graphene by mechanical
action on the substrate, the relevant parameter is in fact the
tensile strain €, rather than the tension T. For this reason, we
treat € as the tunable parameter. The tensor strain in the lattice
coordinate system reads [40,60]

cos?f —osin’0 (1 +o)cosfsinb
(14+0)cos@sind®  sin*6 — o cos? 6

(6)

where ¢ is the strength of tensile strain, and o is the Poisson
ratio for graphene, o0 = 0.165. 6 is the angle between the
strain € and the zigzag direction [shown in Fig. 1(a)]. The de-
formed vector is given to leading order by the transformation

v=(1+¢€) 1V, @)

where v’ represents a general vector in the undeformed
graphene plane.

III. MAJORANA ZERO MODES AND THE
TOPOLOGICAL INVARIANTS

We consider an infinite ribbon with open boundary con-
ditions in the L, direction (N, = 6) and set k = kz, in the
following discussion. The inhomogeneous interlayer coupling
breaks the lattice symmetry at the edge and induces two
nonequivalent edges [32,33,44], called edge 1 and edge 2,
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FIG. 2. The lowest energy band for (1,2) tBLGNRs with N, =
6. (a) Split edge states due to inhomogeneous interlayer coupling.
State 1 localizes at edge 1 with the stronger interlayer coupling,
and state 2 localizes at edge 2 with the weaker interlayer coupling.
(b) Rashba SOC induced spin split of state 1 with A = 0.54 meV and
(c) spin-resolved band shift due to Zeeman coupling with spin gap
equal to 2Vz (Vz = 1.08 meV). Solid curves, bands with interlayer
distance dy = 0.335 nm; dashed curves, bands with a little smaller
interlayer distance. (d—f) Topological trivial to nontrivial evolution
of superconducting gap versus A and V.

as shown in Fig. 1(b). Correspondingly, the band structure
shows two separate edge states [Fig. 2(a)], called state 1 and
state 2. The upper-energy state (state 2) favors to localize
at edge 2 which has the weaker interlayer coupling, while
the lower-energy state (state 1) favors to localize at edge 1
which has the stronger interlayer coupling. The lower-energy
edge state (state 1) is stable, and we focus on the lower-
energy state hereafter. In Fig. 2(b), the Rashba SOC lifts the
spin degeneracy of state 1 by displacing the parabolic bands
horizontally in opposite directions. The Zeeman coupling lifts
the remaining spin degeneracy at kL; = 7, opening up a gap
of value 2V as shown in Fig. 2(c). As described below, the
two spin-split edge states can be shifted up overall by decreas-
ing the interlayer distance of tBLGNR, as indicated by the
dashed curves in Fig. 2(c). If the chemical potential is inside
the gap shown in Fig. 2(c), a finite s-wave superconducting
pairing can induce 1D topological superconductivity on the
corresponding edge. The system becomes gapped as shown in
Fig. 2(d) for A > V,, goes through a gapless transition point
at A =V, [Fig. 2(e)], and becomes gapped again for A <V,
[Fig. 2(f)].

In order to determine whether this is a topological tran-
sition, we have computed the low-energy spectrum and the
MP C for a ribbon of finite length, Fig. 3(a), as well as the
Berry phase y for infinite ribbon, Fig. 3(b). It is clearly shown
that a finite Berry phase y = 7 in Fig. 3(b) correlates with
the presence of zero-energy Majorana modes and C = 1 in
Fig. 3(a) for A < V7. The transition to the trivial phase is
signaled in Fig. 3(a) by the absence of C = 1 and zero-energy
Majorana modes, and in Fig. 3(b) by a zero Berry phase
y = 0. In Fig. 3(a) we use a finite-size system bounded in
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FIG. 3. Majorana zero modes and topological invariants. (a) En-
ergy eigenvalues (blue curve, solid circles) closest to zero and MP C
(green curve, open circles) as a function of A/V; for a quasi-1D (1,2)
tBLGNR with N, = 10000 and N, = 6. (b) Berry phase y versus
A/Vy for a periodic (1,2) tBLGNR with N, = 6. (c, d) Real-space
distribution of the MZMs in top layer and bottom layer of quasi-
1D (1,2) tBLGNRs. The quasi-1D topological superconductivity is
achieved at edge 1, and the MZMs localize at both ends of edge
1. (e, f) Real-space distribution of the MZMs in a finite AB-stacked
armchair GNR with N, = 10000 and N, = 21 eight-atom unit cells.
The arrows in (c—f) represent local MP at partial carbon atoms for
the zero-energy states.

the Ly direction (N, = 10000 and N, = 6), while in Fig. 3(b)
periodic boundary conditions along L; are used (keeping
N, = 6).

It is well established that in a 1D topological superconduc-
tor the Majorana fermions appear as end states in real space.
Figures 3(c) and 3(d) show the real-space distribution of the
Majorana zero mode wave function on top and bottom layers
of tBLGNRs. It is clearly seen that the edge supports robust
topological Majorana bound states at the edge ends. To further
verify the existence of Majorana zero modes in the fully
open ribbons, the local Majorana polarization is calculated,
shown in the green ellipses in Figs. 3(c) and 3(d). We can
see the formation of two “ferromagnetic” states localized at
the two ends of the edge, with opposite MP. The zero-energy
states also satisfy C =1, which is both a necessary and
sufficient condition for a state being a Majorana state. The
quasi-1D real-space distribution of MZMs of the tBLGNR is
obviously different from that of untwisted bilayer graphene
nanoribbons (BLGNRs). For comparison, the Majorana zero
modes in AB-stacked BLGNRs are calculated [Figs. 3(e)—
3(f)], which satisfy C = 1 and present “ferromagnetic” MP
structure. Because the interlayer coupling is uniform in the
AB-stacked BLGNR with armchair edges, the two ribbon
edges are equivalent. Therefore, the Majorana zero modes
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localize at the two narrow ribbon ends, whose topological
behaviors are the same as for a single-layer armchair ribbon
[40].

IV. RESULTS AND DISCUSSION

A. The “jump” of Majorana zero modes between 1D
ribbon edges

As discussed above, the topological invariants in an infinite
tBLGNR and the MP in the quasi-1D ribbons (N, > N,)
give the same phase diagram. In this section, we discuss the
1D topological superconductivity at the edge of quasi-1D
tBLGNRs. It is known that the inhomogeneous interlayer
coupling splits the edge states in energy, and the lower-energy
state favors to localize at the edge with stronger interlayer
coupling. By introducing the interlayer dislocation d; and
uniaxial strain ¢, the strength of interlayer coupling at edge
1 may be reduced lower than that at edge 2, correspond-
ing with the exchange of position of state 1 and state 2.
As shown in Fig. 4, when d; and/or ¢ increase above the
critical values, the lower-energy edge changes from edge 1
to edge 2, and the 1D topological superconductivity appears
at edge 2. More importantly, the dislocation- [Figs. 4(a) and
4(b)] and strain-induced [Figs. 4(c) and 4(d)] MZM trans-
fer between edge 1 and edge 2 occurs immediately with-
out the process along the ribbon end, just like a “jump”
behavior.
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FIG. 4. The 1D topological superconductivity and Majorana end
states “‘jump” from one edge of (1,2) tBLGNRs to the opposite
edge, induced by the (a, b) interlayer dislocation and (c, d) uniaxial
strain. In (a) and (c), dislocation and strain are below the critical
values, and in (b) and (d) they are above. With the increase of d;
and/or ¢, the lower-energy edge state changes and the 1D topological
superconductivity appears at opposite edges. The “ferromagnetic”
MP structures in the ellipses confirm the existence of Majorana states
in a quasi-1D system. The used parameters are the same as in Fig. 2;
the finite tBLGNR size is N, = 6 and N, = 1.5 x 104
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FIG. 5. (a, b) The evolution of the two edge states as function of
interlayer dislocation d; and uniaxial strain ¢. At the critical values,
d; = 0.143 and ¢/|ty| = 0.023%, the two edge states cross at k =
and the lower-energy edge changes beyond the critical values. The
chemical potential p (black dashed line) is fixed in the topological
region of the lower-energy edge state. (c, d) The jump behaviors
between edge 1 and edge 2 in a wider ribbon. The local MP shows
that the two “quasi-Majorana” end states overlap with each other in
the middle of the edge.

The mechanism of the jump behaviors can be understood
from the evolution of the two edge states of infinite tBLGNRs
with periodic boundary conditions. When the chemical poten-
tial is fixed in the topological region of the lower-energy edge
state, such an edge will be in a topological nontrivial phase.
Under the dislocation, the bottom layer of tBLGNR moves to
the —L; direction and the top layer moves to the L, direction,
and the strength of the interlayer coupling at the two edges
is tuned. In the band structure, a relative movement occurs
between the energy of the two edges, as shown in Fig. 5(a).
We define a gap § = E| — E; to describe the energy difference
between state 1 and state 2. The blue curve with red dots
in Fig. 5(b) presents the evolution of the gap between two
edge states as a function of dislocation d;. For small dj, both
state 1 and state 2 move to the lower energy simultaneously.
State 1 moves faster, so the absolute values of § increase
first. When d; = 0.07, state 1 reverses to higher energy, while
state 2 goes on to lower energy. Until at the critical value of
ds; = 0.143, the two edge states cross and § is roughly equal
to zero. Above the critical value, the two edge states split
again. Edge 1 moves to higher energy and edge 2 moves to
lower energy, so § is positive. Similar behavior can be found
when a uniaxial strain € is supplied, because it changes the
atom coordinate so as to redistribute the strength of interlayer
coupling at the edges of the moiré superlattice. The blue curve
with green dots in Fig. 5(b) presents the evolution of the §
as a function of uniaxial strain &. With the increase of ¢,
8 increases from negative values to positive values, which
indicates the exchange of the two edge states and the “jump”
of MZMs from edge 1 to edge 2 at ¢ = 0.023%. Note that
the jumplike behaviors can be observed by fine-tuning the
parameters and proper operations. It is helpful to reveal the
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connection between inhomogeneous interlayer coupling and
the low-energy edge state property in a twisted bilayer system.

In order to verify the universality of the “jump” behaviors
in tBLGNRs under dislocation and uniaxial strain, a wider
and shorter tBLGNR (N, = 20 and N, = 1000) is investigated
as shown in Figs. 5(c) and 5(d). The parameters used are
in the topological nontrivial region of infinite tBLGNR with
periodic boundary conditions along L;. We can find that one
1D state still localizes at one of the longer edges, which acts
like a topological wire. As the length and the width become
comparable, the in-gap states have nonzero but very small
energies, which are called “quasi-Majorana” states [55,56,59].
The entire topological phase is characterized now by C =~ 0.8.
Two “ferromagnetic” states with opposite MP at the edge
ends overlap in the middle of this edge, which is clearly
seen from the local structure of the MP. For such a wider
and shorter tBLGNR, we can still see the jump behaviors
of the quasi-Majorana states induced by the interlayer dis-
location [Fig. 5(d)]. If Ny > N, (N, =20 and N, = 5000),
the quasi-Majorana states can become Majorana states, and
the topological behaviors are the same as in the narrow case
(Ny = 6 and N, = 10 000). The topological superconductivity
in (4,5) tBLGNRs is also investigated, and similar topological
“jump” behaviors are obtained.

B. Transferring a Majorana zero mode along the 1D
ribbon edge

Comparing to other platforms, the advantage of MZMs in
tBLGNREs lies in their rich tunability and good controllability.
By applying gate voltage bias between the bilayers (Auw)
or changing the interlayer distance (Ady), the MZM can be
transferred along the 1D ribbon edge, as shown in Fig. 6. The
1D topological superconductivity can be supported by one
edge of (1,2) tBLGNR, and the MZMs localize at two ends
of this edge. When the gate bias or interlayer distance are
above the critical values of the topological nontrivial phase,
ie., Au > Au. and/or Ady > Ady., the topological phase
transition occurs and the related region enters into the trivial
phase. The topological invariant y for infinite tBLGNR and
the MP C for finite tBLGNR are checked as a function of
Ap [Fig. 6(b)] and Ady [Fig. 6(e)]. In this case, the MZMs
are driven to transfer along the ribbon edge by voltage bias
[Fig. 6(c)] and stress [Fig. 6(f)].

V. EXPERIMENTAL REALIZATION

In order to realize Majorana zero modes in tBLGNRs using
the standard scheme and then manipulate them through inter-
layer dislocation, strain, gate bias, and interlayer distance, a
sizable superconducting gap, Zeeman field, and Rashba SOC
are required and needed. We show here that such requirements
are within experimental reach.

Twisted bilayer nanoribbons have been obtained by un-
zipping chiral multiwalled nanotubes [61]. Sandwiched be-
tween the high-SOC transition-metal dichalcogenide WS,
[34,62,63] and ferromagnetic insulator EuS [64], the SOC
in bilayer GNRs can be enhanced by several orders, and
the Zeeman field can achieve values comparable to those in
Rashba nanowires. By decorating monolayer graphene with
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FIG. 6. The transfer of a MZM along the stronger interlayer
coupling edge of (1,2) tBLGNR as a function of (a—c) gate voltage
bias Ap and (d—f) interlayer distance dy. (a) Three gates are used
to control the chemical potential of related regions. The chemical
potential of the bottom layer is fixed by gate Vi, and the chemical
potentials of the two ends of the top layer are controlled by gates
V1 and V,, respectively. (b) Berry phase (green lines) for the infinite
ribbon and the MP C (blue dots) for the fully open ribbon are given
as a function of Au. The same phase diagram is obtained. Above
the critical value, the related region enters into a trivial phase and the
MZMs are transferred, as shown in (c). (d—f) The interlayer distance
can be decreased by pressure and, therefore, transfer a MZM. The
used parameters are the same as in Fig. 2.

the alkali-metal atoms Ca [65] and Li [66], or fabricating
Ca-intercalated bilayer graphene [67], a superconducting gap
of A ~ 1 meV has been shown. Three gates on BLGNRs are
used to control the chemical potential of each layer. To make
the interlayer distance have higher tunability, each layer of
the bilayer ribbon is deposited on WS, and EuS substrates,
respectively. The interlayer variation can be tuned by moving
the substrate. In Ref. [37], a spatially varying magnetic field
was shown to give rise to an additional term in the Hamilto-
nian which is equivalent to SOC, thus mitigating the lack of
SOC in graphene.

VI. CONCLUSIONS

In conclusion, we propose a platform, twisted bilayer
graphene nanoribbons, to realize and regulate 1D topological
superconductivity and Majorana zero modes in the presence
of Rashba spin-orbit coupling, Zeeman field, and s-wave
superconductivity. Due to the spatially inhomogeneous inter-
layer coupling between bilayers, two edge states are split in
energy. When the chemical potential is fixed at the lower-
energy edge state, the system is in the topological region,
which can be confirmed by evaluating the Berry phase and
Majorana polarization of an infinite and a finite ribbon, re-
spectively. Simultaneously, the ribbon edge with stronger in-
terlayer coupling will be in a topological nontrivial phase and
acts as a 1D topological wire. Majorana zero modes localize

094531-6



ONE-DIMENSIONAL TOPOLOGICAL SUPERCONDUCTIVITY ...

PHYSICAL REVIEW B 100, 094531 (2019)

at both ends of this edge. By changing the interlayer dislo-
cation and introducing the uniaxial strain, the strength of the
interlayer coupling at both edges can be redistributed. Upon
the critical values, the positions of two edge states exchange
in energy, and the 1D topological superconductor “jumps” to
the other edge. Moreover, the Majorana zero modes localized
at both ends of a 1D topological superconductor edge can be
tuned to transfer along this ribbon edge by gate voltage bias
between the bilayers and interlayer distance.
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