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Abstract:

Despite the superiority of two-dimensional (2D) topological insulators (TIs) over their
three-dimensional (3D) counterparts in various aspects and the essential distinction between
them in structural symmetry, the variation of the topological 1D edge states upon magnetic
interaction and their application for spintronic devices have not been sufficiently illuminated.
Here, we reveal that 1D edge states of 2D TI have a unique magnetic response never
observed in 2D surface states of 3D TI, and using this exotic nature we propose a new way to
utilize the spin-polarized channel for spintronic applications. We investigate the effects of
width and magnetic decoration on the 1D topological edge state of Bi-bilayer nanoribbons
(BNRs). Through the Zak phase, we find that the zero-energy states are enforced at the
magnetic domain boundaries in the Cr-decorated BNR and directly examine their robustness
using short-range magnetic domain structures. We also demonstrate that 1D edge states of
BNRs can be selectively and reversibly controlled by the combination of magnetic
reorientation and electric field without compromising their structural integrity. Our work
provides a fundamental understanding of 1D topological edge states, and shows the

opportunity of using these features in spintronic devices.
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[.INTRODUCTION

Since graphene inaugurated an era of two-dimensional (2D) materials in a decade
ago [1], extensive efforts have been dedicated to finding innovative 2D systems that can host
new quantum phenomena [2-6]. One plausible example is the realization of the quantum spin
Hall effect [7, 8] in HgTe/CdTe quantum wells [9, 10], which are now viewed as prototypical
2D topological insulators (TIs). Ideally, the one-dimensional (1D) chiral edge states of 2D TIs
are immune to backscattering by local disorders due to the spin-momentum locking feature
[11]. Especially, 2D TIs have advantages over their three-dimensional (3D) counterparts in
terms of applicability and controllability [12-16]. The Fermi level of a 2D TI can be easily
tuned by gate voltage, and its electronic structure can be also manipulated via structural
deformation and chemical modification [15-17]. Among various types of 2D TIs, Bi bilayer
ultrathin films are the most promising candidate for practical applications [18-24]. Bi bilayers
have been successfully grown on a few substrates and shown the presence of edge-localized
states in experiments [25-28]. Recently, a monolayer bismuthene [29], one of chemically
modified variations of Bi-bilayer, was also realized on a SiC substrate as theoretically
predicted [30-32]. Obviously, fundamental studies of 2D TIs such as ultrathin Bi films and
ribbons are of great importance for the discovery of new science and for the development of

excellent spintronics materials.

Although tremendous experimental achievements have been made for understanding
2D TIs in various aspects, much less attention has been dedicated to the magnetic effect on
their topological edge states. Since a variety of magnetic configurations can be constructed
through the proximity effect of magnetic substrates and edge decorations [33-37], it is
intriguing to investigate how the topological states of a 2D TI can be manipulated. The

magnetic domain boundaries in a 1D chain can be extremely thin due to the large magnetic



anisotropy and missing neighbors. This provides a nice playground for examining the
interplay between magnetic ordering, bias, and lattice strain on the topological, magnetic, and
electronic properties of low-dimensional materials. Note that the effective model Hamiltonian
describing 1D edge states of 2D TIs [19] is fundamentally inequivalent to that describing the
surface states of 3D TIs [38], and the response of the topological 1D edge states to magnetic

interaction is a new issue and should therefore be separately discussed [39].

Here, we investigate the modification of the electronic structure of 1D topological
edge states caused by edge magnetism in Cr-decorated Bi-bilayer nanoribbons (BNR). Based
on density functional theory (DFT) calculations, we study how the addition of exchange
interaction into 1D edge states affects the topology of BNR by varying the size of BNR and
magnetic configurations. We show the zero-energy state is enforced at the magnetic domain
boundary in the Cr-decorated BNR through the Zak phase calculation. We also examine the
appearance of the nontrivial state by constructing magnetic interfaces in a large supercell. We
find an edge-selective conduction in BNRs can be realized via a combined operation with
edge magnetism and external electric field. Our results provide a useful guideline to engineer

low-dimensional quantum phenomena for the exploitation of 2D TIs in spintronic devices.

II. METHOD

Our DFT calculations are performed using the projected augmented plane-wave
method [40, 41] as implemented in the Vienna ab initio simulation package (VASP) [42]. The
Perdew-Burke-Ernzerhof functional of the generalized gradient approximation is used for the
description of exchange-correlation interactions among electrons [43]. BNRs consisting of 40
Bi and 2 Cr atoms in supercells are separated by more than 15 A in all directions. All BNRs

used in our calculations are periodic along the y-axis. The spin-orbit coupling term is



included in the self-consistency loops. The energy cutoff for the plane-wave-basis expansion
is chosen to be 300 eV. We adopted a 1x15x%1 k-point grid to sample the essentially 1D
Brillouin zone. The positions of all atoms are fully relaxed until total energies are converged
to better than 0.1 meV per formula unit. Using the Wannier charge centers calculation [44] as

implemented in the QUANTUM ESPRESSO code [45], we calculated the Zak phase

ou,

ok

according to, p= Zi[ﬁdk<uﬂk

> [46], whereu,, is the Bloch wave-function and energy of
the n-th band at a k-point.

III. RESULT AND DISCUSSIONS
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Figure 1 (a) Calculated adsorption energy of Cr atom on BNR along the lateral direction. The
innermost hollow-site energy is set to zero. A schematic atomic structure of BNR is shown in the upper
part of (a). Red dots and black crosses represent two different Cr-adsorption sites. (b) Calculated total
energy of Cr-decorated BNR varying the spin direction of Cr atom. The spin direction represented in
the inset is labelled from 1 to 12. Calculated band structure and its spin projection in Cr-decorated
BNR with the local magnetic moment aligned along (c) the x-axis, (d) the y-axis, and (e) the z-axis.
Spin up (down) states are marked by red (blue) dots. (f) The schematic drawing of the spin(red

arrows)-momentum(black arrows) locking for 2D surface states and 1D edge states. The z-direction



and the y-direction magnetizations break the time-reversal symmetry because they are perpendicular

to the spin-rotating plane (blue lines) for the 2D and the 1D, respectively.

As the first step for our investigation of the magnetic effect on the edge states, we
introduce Cr atoms. Cr atoms prefer to take the edge sites between outermost Bi atoms as
marked by the red dot in Fig. 1(a), according to total energies. For example, this geometry is
0.45 eV lower in energy than the case by directly attaching Cr atoms to the outermost Bi
atoms as marked by the black crosses in Fig. 1(a). Based on the optimized Cr-decorated BNR
structure, we calculated the preferred spin direction of localized Cr magnetic moments. Fig.
1(b) shows that the spin anisotropy energy dose not change much in the x-z plane and the

easy magnetization is along the y-axis (red arrow).

One important point is that the electronic structure of BNR is very sensitive to the
direction of magnetization of Cr. Unlike the topological surface states of 3D TIs that have
only two distinguishable directions, parallel or perpendicular to the surface, the topological
edge states of 2D TIs have three distinct spin directions. For the case that magnetization is
along the x-axis, the linear dispersion of the edge state is preserved even in the presence of
the localized magnetic moment [Fig. 1(c)]. The spin-projected band structure indicates that
two different Dirac cones are split in the momentum space, which is analogous to the Dirac
cone translation induced by the in-plane magnetization for 3D TIs [47]. Due to the spin-
momentum locking feature, the spin of topological edge state lies in the x-z plane as shown in
Fig. S1[19, 48] as the momentum direction of the edge state (or the cutting direction) is fixed
to the y-axis in 1D BNR [Fig. 1(d), inset]. The x-direction magnetization does not induce a
gap because the spins of the edge states are mostly polarized along the same direction (x-
direction) by the strong interconnection between the edge state and the edge magnetization

[Fig. 1(c)]. When the magnetic moment is aligned along the y-axis, the linear bands disappear,



and a wide gap opens near the Fermi level as shown in Fig. 1(d), indicating that the time-
reversal symmetry is broken. Since the external field perpendicular to the plane in which the
spin of the topological state is rotating [blue lines in the inset of Fig. 1(d)] destroys the time-
reversal symmetry, the magnetization pointing along the y-direction corresponds to the

surface normal direction of the topological 2D surface states.
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Figure 2 (a) The variation of the Zak phase upon the width (W) of BNR passivated by Cr atoms. The
local magnetic moment of Cr atom is parallel or antiparallel to the y-axis. (b) A schematic structure
of Cr-decorated BNR (W=42.5 A) expanded along the y-axis. A (1x10) supercell is used to reproduce
the magnetic domain boundary. Yellow balls, Bi; Black balls, Cr. Spin up (down) states are marked by
red (blue) arrows. (c) Calculated band structure of the BNR supercell depending on the spin direction.
The spin direction is indicated at the top of the panels.



Interestingly, the z-direction magnetization generates a new low-energy state that has
not been discussed for topological surface states [Fig. 1(e)]. To understand this unique feature,

we construct an  effective model Hamiltonian which is expressed as

H :Thvky(}tax+\/1—/120'Z)+1\7[ﬁ , where v is the Fermi velocity, ¢ are the Pauli

matrices, and the helicity of Dirac fermions t is identical to .. Mand A are the magnetic
moment and a normalization factor for the o, component, respectively. The first term
describes the topological edge state with the o, and o, components and the magnetic exchange

effect is represented in the second term of this model Hamiltonian.

For the g, component of the edge states, the z-direction magnetic moment (M) yields
a shift of the Dirac point by M.o, in the momentum space as already shown in Fig. 1(c),
whereas M, plays as a source of a mass gap for the g, component of the edge states. The
Dirac cone near the I" point is dominated by the o, component along with a small contribution
from the o, component (Fig. S1) [48]. Therefore, by combining the translation of the Dirac
cone toward the X point and the mass gap at the band crossing point, the W-shape (or M-

shape) topological edge state develops around the I point [Fig. 1(e)].

To more closely see how magnetism at the edges affects the topological phase of
BNR, we investigated the 1D Berry phase also known as the Zak phase in the most stable
spin configuration with the y-direction magnetization. When the width of BNR is greater than
20 A, as shown in Fig. 2(a), the Zak phase difference between the spin-up state and the spin-
down state reaches a constant: 27 (m per each edge), which means that there is a zero-energy
state enforced by the topology at the magnetized edges of BNR as suggested by theory [11].
The sign of a mass (m) of Dirac cone is determined by the direction of the magnetization and

the mass should be zero at the magnetic domain wall where the mass should be continuously



changed from +m to -m. In other words, at the domain boundary between the spin-up state
and the spin-down down state in an expanded supercell, a chiral state is always developed by
their topological difference and preserved as long as the magnetic configuration is maintained.
To appreciate the robustness of the topological zero energy state, we directly calculate its
localization in a 1x10 supercell (43.1 A along the y-axis) as illustrated in Fig. 2(b). Contrary
to the conventional perception that the localized zero-energy state develops at the boundary,
the topological edge states spreading over the entire edge is restored and the signature of the
boundary state is not found near the Fermi level (Fig. S2) [48]. Fig. 2(c) also shows that the
sharp Dirac cone is restored at the I" point by the magnetic domain structure and this recovery
of the linear dispersion is independent of the local spin direction. Based on our findings, we
hypothesize that the topological edge state is rather delocalized and sense the averaged
magnetization in the supercell. As a result, the magnetization effect on the edge state vanishes

when adjacent magnetic domains are exactly antiparallel to each other.
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Figure 3 (a)-(d) Calculated band structure (left) and corresponding schematic drawing (right) for
various types of magnetic configuration. A domain boundary (a) that two magnetic domains have
different magnetic easy axes (x-and y-axis) and (b) that magnetic domain sizes are inequivalent and
they are antiparallel (+x and —x). A spin wave excitation (c) that the local spins rotate in the x-y plane

and (b) that the local spins precess around the y-axis. Yellow balls, Bi; Black balls, Cr.

To prove our hypothesis, we explored the association of the topological edge state
with the magnetic exchange interaction thoroughly by considering a variety of spin domain
configurations. When two magnetic domains (x-and y-axis) whose spin directions are
perpendicular to each other are contiguous, the gapped Dirac cones shifts toward the X point
and they look like to have band structures of two different magnetic domains in the same
plot [Fig. 3(a)]. For example, the mass gap is produced by the y-direction magnetization and

the Dirac cone shift away from the I point is caused by the x-direction magnetization. We
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also tested the case that the sizes of neighboring domains are inequivalent [Fig. 3(b)]. Due
to the diminished net magnetization, the shift of the Dirac point is also decreased compared
with the case without a domain boundary (Fig. S3) [48]. Our results imply once again that
the net magnetic moment is more important than magnetic patterns in a nanometer scale. We
note that, in principle, the 2D topological surface states can show a similar response to a

magnetic impurity as the 1D edge state [39, 47].

We also examined how the spin wave excitation affects the electronic structure of Cr-
decorated BNR. When spins rotate in the x-y plane and the net magnetization is constrained at
zero as illustrated in Fig. 3(c), the Cr-decorated BNR shows linear bands, very similar to Fig.
2(c). We note that, since the BNR width we are using is not thick enough to eliminate the
coupling of two edges and a very small magnetic moment survives, a small energy gap
appears in the spin wave case. For the spin precession around the y-axis [Fig. 3(d)], BNR
becomes an insulator with a band gap of 0.2 eV as also seen in Fig. 1(d) and Fig. S3 [48].
This means that the precession does not change the electronic structure of BNR. Our results
for the various configurations confirm that the edge state depends on the averaged
magnetization unless its coherence length becomes shorter than the domain size. It is
important to point out that we are not able to get the zero-energy state that is supposed to be
protected by the topology at the interface. Hence, the topologically protected zero-mode state

1s not robust in Cr-decorated BNR.
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Figure 4 Calculated band structure of Cr-decorated BNR with magnetization (a) in the x-direction
and (b) in the z-direction when subjected to an electric field (0.3 V/A). The magnetic moments on both
edges are parallel (left) or antiparallel (vight). (c) The squared wave functions of the states near the
Fermi level for Cr-decorated BNR with the z-direction magnetization under the electric field (0.3 V/A4).
Yellow balls, Bi; Black balls, Cr. (c) The variation of the band gap of Cr-decorated BNR as a function
of electric field varying the width of BNR from 27.5 A to 72. 5 A.

To find more ways to engineer the edge state, we now investigate the interplay
between magnetic interaction and electric field in Cr-decorated BNR. When spins of Cr
atoms point to the x-direction [Fig. 4(a)] or the z-direction [Fig. 4(b)], one of the topological
edge states becomes gapped by the z-direction electric field of 0.3 V/A whereas the other still

has the linear dispersion without a gap. The selective edge conduction controlled by an
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electric field makes it possible to utilize the pure spin-polarized channel as opposed to
ordinary topological states where two different chiral channels are juxtaposed. This unique
feature is well maintained even if the magnetic moments of both edges are antiparallel to
each other [right panels in Figs. 4(a) and (b)]. The magnetic order between both edges just
determines the position of the Dirac cone in the momentum space because the width of BNR
is thick enough to eliminate the coupling between them [47]. The charge distribution of states
near the Fermi level clearly shows the metallic behavior along an edge [Fig. 4(c)]. We note
that this unique edge conduction is a universal characteristic of BNR regardless of the type of
passivation atoms (Fig. S4) [48]. In addition, the edge-selective conduction always occurs
when the width of BNR is larger than ~40 A [Fig. 4(d)]. Our results imply that tuning of edge
conduction through external electric field is efficient and is likely to be feasible if the edge
magnetization direction is pinned in the x-z plane. We also note that, unlike the z-direction
field, the x-direction electric field just makes the Dirac cone at each edge move in the

opposite energy directions (Fig. S5) [48].
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Figure 5 The charge (a) accumulation and (b) depletion induced by an electric field (0.3 V/A) for Cr-
decorated BNR with the z-direction magnetization. (c) The change in the ratio (R) of S, to S, as a

function of electric field on each edge. (d) Band structures from the model Hamiltonian for R=1 (left)
and for R=0 (right).

To understand the underlying physics of this edge-selective conduction, we
investigated how the presence of electric field affects the topological edge states. Figs. 5(a)
and (b) shows that the charge redistribution of two edges caused by electric field are not
identical. In an energetically stable zigzag nanoribbon [17], both edges are not structurally
equivalent in the z direction due to its buckled structure and consequently the pattern of
charge redistribution also becomes asymmetric under the influence of electric field along the
z-direction. This asymmetric charge redistribution leads to different values of 4 at the two
edges. The variation of the ratio of S; to S. upon electric fields of Fig. 5(c) indicates that when

BNR is subjected to an external electric field the left and the right edges are dominated by o,
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and o, components, respectively. As explained in Fig. 1, the z-direction magnetization acts as
a source of mass gap for the g, component (right edge) while just shifts the edges state for the
o, component (left edge). The band structure obtained from our model Hamiltonian shows
that the linear Dirac cone is restored by adjusting the spin ratio (R) from R=1 to R=0 [Fig.
5(d)], which confirms the different spin contributions give rise to the edge-selective

conduction depending on the direction of electric field.

IV. SUMMARY

In summary, we show that 1D topological edge states behave differently from 2D
surface states under various perturbations such as magnetic doping and external electric field.
At the edge, an additional degree of freedom of spin direction whose counterpart does not
exist in the surface is allowed and it gives rise to a totally new electronic structure which
have never been observed in 2D surface states. Despite the nontrivial Zak phase difference
between the magnetic domains, the chiral interface states were not found in our calculations
because the topological edge states experience the net magnetic moment in the entire unit cell
due to their nonlocal nature. We also propose a way to selectively and reversibly control 1D
edge states by applying electric field. Our results shed light on the unexplored magnetized 1D
topological states and pave the way for designing a new type of spin device through the edge-

selective conduction.
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