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Shear-resistant topology in the quasi-one-dimensional van der Waals material Bi4Br4
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Bi4Br4 is a prototypical quasi-one-dimensional (1D) material in which covalently bonded bismuth bromide
chains are arranged in parallel, side-by-side and layer-by-layer, with van der Waals (vdW) gaps in between. So
far, two different structures have been reported for this compound, α-Bi4Br4 and β-Bi4Br4, in both of which
neighboring chains are shifted by b/2, i.e., half a unit-cell vector in the plane, but which differ in their vertical
stacking. While the different layer stacking is known to result in distinct electronic properties—higher-order
and weak topological insulators, respectively—the effect of different in-plane arrangements of the atomic chains
remains an open question. Here, using scanning tunneling microscopy and spectroscopy (STM/STS), we report
an unusual Bi4Br4(001) structure, with a shift of b/3 between neighboring chains in the plane and AB layer
stacking. We determine shear strain to be the origin of this structure, which can readily result in shifts of
neighboring atomic chains because of the weak interchain bonding. For the observed b/3 structure, the (residual)
atomic chain shift corresponds to an in-plane shear strain of γ ≈ 7.5%. STS reveals a bulk insulating gap and
metallic edge states at monolayer surface steps, indicating that, just like for α-Bi4Br4, monolayers of the b/3
structure are also quantum spin Hall insulators, in agreement with density functional theory (DFT) calculations.

DOI: 10.1103/tdp5-wmqc

I. INTRODUCTION

The quasi-1D vdW materials Bi4X4, where X = (Br, I),
have attracted recent interest, because, among other aspects,
their nontrivial band topologies realize exotic electronic prop-
erties [1–3]. Monolayer Bi4Br4 was identified both in theory
and experiment to be a quantum spin Hall (QSH) insulator
[4–7], manifesting in an insulating 2D interior and gapless
helically spin-polarized edge states [8,9], with potential ap-
plications in spintronics and quantum computing [10]. These
properties are maintained for a monolayer of Bi4Br4 on
a bulk α-Bi4Br4 substrate, without significantly altering its
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QSH properties [4,5]. As a result, along step edges of the
monolayer, topologically protected edge states were observed,
which persisted from 4.2 K up to room temperature [11].

Bulk α-Bi4Br4 is a higher-order topological insulator
(HOTI): Along lines (“hinges”) where certain surface facets
meet, e.g., (100) and (001) in the case of Bi4Br4, topologically
protected so-called hinge states can exist. These hinge states
are one-dimensional states extending along the (step) edge
between two facets [11–15]. Bulk α-Bi4Br4 can be thought
of as a stack of multiple individual monolayers, each of which
would be a QSH insulator with edge states. However, because
of the AB stacking of α-Bi4Br4, pairs of QSH edge states
in adjacent layers interact in a way that is specific for the
orientation of the side facet. This is illustrated in the atomic
model of a α-Bi4Br4 unit cell in Fig. 1(a) for a stack of two
monolayers. On the right ([100] facet), where the two chains
meet at an obtuse angle <180◦, the two edge states hybridize
[14]. In contrast, on the left ([1̄00] facet), where the chains
meet at an angle >180◦ and consequently the two edge states
are separated by protruding atoms in both chains, they do
not hybridize, forming instead two separate hinge states at
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FIG. 1. (a) Atomic model of α-Bi4Br4, with AB layer stacking. The black line shows a projection of the monoclinic bulk unit cell. Each
monolayer is a quantum spin Hall (QSH) insulator with edge states (gray circles). On the right, the edge states hybridize, while on the left, they
form two hinge states. See the main text for more details. (b) Scanning tunneling spectrum of the b/3 surface with band gap Eg, measured at the
set point Vt = 0.6 V and It = 50 pA. (c) Schematic band structure with topological gap and edge states. (d) Top-view of the α-Bi4Br4(001)-A
surface. The lower Br atoms are indicated by smaller size. Neighboring chains are shifted by b/2 with respect to each other. The rectangle
shows the projected monoclinic bulk unit cell (which equals the nonprimitive centered surface unit cell), the parallelogram is the primitive
surface unit cell. (e) The experimentally observed surface structure in which neighboring chains are shifted by b/3 against each other. The
primitive surface unit cell is shown. (f) STM topography recorded at It = 0.4 nA and Vt = −0.4 V. The atomic model from (e) is superimposed
on the chains, showing good agreement. The image has been upscaled by linear interpolation. The spectrum displayed in (b) was smoothed
using a moving average with a 14-meV window.

the top and the bottom of the stack [11]. The name hinge
state becomes clearer if one considers four- or six-monolayer
stacks, where the edge states hybridize as discussed above,
leaving one state at the top of the stack as a hinge between
the [100] and [001] facets, and another one at the bottom and
on the same side of the stack as a hinge between the [100]
and [001̄] facets, cf. the schematic drawings, which illustrate
the systematics of hinge states on terraces with (001) orien-
tation displayed in Sec. S1 within the Supplemental Material
[16]. This schematics also makes it clear that the edge-state
properties depend on the stacking arrangement of the lay-
ers. However, the influence of (hypothetical) shifts along the
chains, i.e., the stacking of the chains in the in-plane layer, is
not clear at present.

In this paper, we report an unusual structure of the
α-Bi4Br4(001) surface. In high-resolution STM topography
images, we observe a shift of b/3 between neighboring chains
(in at least the top two layers of the sample) and propose a
corresponding crystal structure. Analyzing the STM topog-
raphy of terraces separated by monolayer steps, we observe
AB stacking, as present in α-Bi4Br4, despite the structural
modification within the planes. Experimental spectra taken at
monolayer step edges and results from our density functional
theory (DFT) calculations confirm the existence of QSH edge
states in the b/3 monolayer.

Before turning to our results, we briefly summarize the
crystal structure of α-Bi4Br4. It crystallizes in a base-
centered monoclinic structure with space group C2/m [18].

The lattice constants are a = 1.3064 nm, b = 0.4338 nm,
c = 2.0061 nm, and �ac ≡ β = 107.42◦ [18]. Figure 1(a)
shows an atomic model of the monoclinic unit cell of
α-Bi4Br4 projected along the b axis, while Fig. 1(d) displays a
top view of the α-Bi4Br4(001) surface. The Bi atoms (green)
form short, four-membered and S-shaped units in the ac plane,
with four Br atoms (blue) each, two of which are bonded
to the top and two of which are bonded to the bottom Bi
atoms. These Br atoms connect the S-shaped Bi units into
infinite chains that extend in the b direction, cf. Fig. 1(d).
Since all interchain bonds are of vdW type, α-Bi4Br4 can be
classified as a quasi-one-dimensional vdW crystal. In Fig. 1(d)
both the projected bulk unit cell, which maps onto a centered
rectangular surface unit cell, and the primitive surface unit
cell (parallelogram) of the α-Bi4Br4(001) surface are indi-
cated. The primitive unit cell is spanned by lattice vectors bs

(with bs = b) and as with length as =
√

(a/2)2 + (b/2)2 =
0.688 nm. The angle between these lattice vectors is ϕ =
108.4◦. The interchain distance d between two neighboring
chains is given by d = a/2 = 0.6532 nm. As can be seen in
Fig. 1(a), α-Bi4Br4 exhibits AB stacking along the c axis,
with chains of S- and S-shaped cross section stacked on top of
each other. Because of the AB stacking, the (001) surface can
expose either an A or a B layer. In the projection of Fig. 1(a),
the layers are distinguished by the topmost Br atom being
placed either to the left (A) or to the right (B) of the Bi atom
[11,15]. The top view in Fig. 1(d) shows the A surface, the
lower-lying Br atoms are indicated by a smaller diameter. The
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A-to-A or B-to-B step height is equal to the height of the unit
cell, h = c sin β = 1.91 nm. Therefore, the step height from
A to B (or B to A) is 0.96 nm. Note that neighboring atomic
chains on the α-Bi4Br4(001) surface are shifted by b/2 with
respect to each other [cf. Fig. 1(d)]. This can be clearly seen
in the rectangular unit cell spanned by the lattice vectors a
and b.

II. METHODS

The α-Bi4Br4 single crystal, grown by the self-flux method
[14], was glued to a standard sample plate using conductive
epoxy. The sample was then introduced into UHV, where it
was cleaved at room temperature using Kapton tape, which
was peeled off along the b direction.

Experiments were carried out in the low-temperature four-
tip scanning tunneling microscope (STM) in Oak Ridge
at 4.7 K using a commercial PtIr tip. Scanning tunneling
spectroscopy (STS) was performed with a lock-in amplifier,
employing a modulation frequency f = 500 Hz and modula-
tion amplitudes Vmod = 10 mV to 100 mV. Figure 1(b) shows
a scanning tunneling spectrum of the α-Bi4Br4 crystal used
in this study (with the b/3 structure), showing properties
consistent with the literature. The bulk band gap is Eg =
230(40) meV, as estimated from multiple spectra using the
method described in Ref. [19] (compare also Sec. S4 within
the Supplemental Material [16]). This value falls into the
range of experimentally measured band gaps of α-Bi4Br4

reported in the literature (b/2 structure), either from ARPES
(0.3 eV [13] and 0.23 eV [7]), STS (0.26 eV [11,15] and
∼0.2 eV [7]), or optical measurements (0.22 eV) [6]. A
schematic sketch of the band structure is depicted in Fig. 1(c).

Density functional theory (DFT) calculations were carried
out to investigate the electronic properties and topological
band character of Bi4Br4 monolayers, both in the well-known
b/2 and the b/3 structures. We employed the Vienna ab-initio
simulation package (VASP) [20] with the Heyd–Scuseria–
Ernzerhof hybrid functional (HSE06) [21] to describe the
exchange-correlation potential, and set the energy cutoff of the
plane-wave basis to 300 eV. To construct maximally localized
Wannier functions for the p orbitals of Bi and Br atoms, we
used the WANNIER90 code [22] and performed the calculations
on a 6 × 6 × 3 k mesh. Relaxing the Bi4Br4 monolayer struc-
ture did not lead to crystal structures that are compatible with
the experimental structures, which we tentatively assign to the
difficulty of describing vdW interactions in DFT. Therefore,
we fixed the unit cells for the calculations according to the
literature and experimental data, respectively, without further
relaxation.

A second set of DFT calculations was carried out to an-
alyze the total energies (per unit cell) as a function of the
shift between neighboring Bi4Br4 chains in the monolayer
structure. In these calculations, we used the experimen-
tally determined crystal structure of monolayer Bi4Br4 [18].
Periodic boundary conditions with a 2-nm vacuum gap be-
tween monolayers were employed. The chains were shifted
rigidly against each other, without relaxation from their
bulk structure in α-Bi4Br4. The calculations were performed
with a plane-wave basis set as implemented in Quantum
ESPRESSO [23,24]. We used the generalized gradient ap-

proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
[25] exchange-correlation functional. Further, we employed
scalar relativistic projector augmented wave (PAW) pseu-
dopotentials, generated using an “atomic” code [26] with a
nonlinear core correction; semicore d electrons were treated
as valence electrons. The DFT-D3(BJ) vdW correction [27]
was used to account for the vdW interactions. The plane-
wave cutoff energies for the electronic wave functions and
the charge density were set to 60 and 720 Ry, respectively,
and the energy convergence criterion was set to 10−9 Ry.
A 8 × 8 × 2 Monkhorst-Pack grid was chosen for k-point
sampling. Convergence was verified for the b/2-, b/3- and
0-shifted geometries.

III. EXPERIMENTAL RESULTS

A. Surface structure

Figure 1(f) shows an atomically resolved STM topography
image of the Bi4Br4(001) surface. It clearly shows parallel
chains, running along the b axis (from top to bottom in the
image). However, the mutual alignment of these chains does
not correspond to the bulk-terminated α-Bi4Br4(001) surface:
Instead of the expected s = b/2 offset [cf. Fig. 1(d)] that
was already observed in the literature [7,11,15,28], the im-
age reveals a shift of s = b/3 between neighboring chains.
This structure is no longer spanned by the two surface lattice
vectors as and bs, but by the new lattice vectors a′

s and b′
s

displayed in Fig. 1(e). From Fig. 1(f), we extract the lengths
of the lattice vectors as a′

s = 0.69(4) nm and b′
s = 0.45(3) nm

with an angle ϕ′ = 101(5)◦ between them; the interchain
distance is determined as d ′ = 0.68(4) nm. These values are
averages obtained from multiple STM topographs, including
Figs. 1(f) and 2. We note that although the lattice vector
b′

s appears slightly larger than that of α-phase Bi4Br4 (bs =
0.4338 nm [18]), both still coincide within the experimental
error of b′

s, i.e., b′
s ≈ bs. Superimposed on the STM topogra-

phy in Fig. 1(f), a model of the b/3 structure based on rigidly
shifted chains shows good agreement with the experimental
image. The positions of the individual atoms on the surface
were identified by comparison with annotated STM topogra-
phies in Ref. [11] and DFT calculations [7,28], which show
that the deeper depression in the surface topography appears
near the more elevated Br atoms. The shift of the adjacent
chains results in a shear strain γ = (b/2 − s)/d , which for
s = b/3 results in γ ≈ 7.5% strain with respect to the b/2
structure.

For several reasons, scan distortions can be excluded as the
origin of the b/3 structure. First, before the experiments on
Bi4Br4, we carefully calibrated the STM on the Au(111) sur-
face (Fig. S2 within the Supplemental Material [16]). Second,
the fact that the structure is consistent both within one image
and between multiple scans of the same area rules out piezo
creep and drift (Fig. S3 within the Supplemental Material
[16]). Third, on terraces separated by a monolayer step the
same structure rotated by 180◦ is observed as we will now
show.

On the Bi4Br4(001) surface, we observed multiple parallel
steps running in the b′

s direction. Figure 2(a) shows a high-
resolution STM topography of such a step. From the height
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FIG. 2. (a) STM topography of a step edge on the Bi4Br4(001) surface, acquired at It = 0.1 nA and Vt = −0.3 V. The image shows a
one-monolayer step edge with atomic resolution on both the upper and the lower terraces. (b) Line profile indicated by the orange box in (a).
(c) and (d) show a zoom-in of the upper and the lower terraces, respectively. In panel (d), the surface structure can be readily identified by
comparing to Fig. 1(f) and the literature [11]: The lower terrace presents the A surface. In panel (c), a standing wave originating from the step
edge is imposed onto the atomic resolution on the upper terrace. Nevertheless, away from the step edge, the lattice is identified as a B surface.
For comparison, we also show the unit cell together with ball-and-stick models of the corresponding surfaces. The detail images have been
scaled up using linear interpolation and denoised using Fourier filtering.

profile displayed in Fig. 2(b), a step height of 0.97 nm can be
extracted. This step height compares well with experimental
step heights reported in the literature [7,11]. According to the
crystal model in Fig. 1(a), on α-Bi4Br4(001) a step height of
0.96 nm corresponds to a change from an A to a B surface or
vice versa.

To check whether AB stacking is also observed for the b/3
structure, we zoom into the upper and lower terraces next
to the step [Figs. 2(c) and 2(d)]. On the lower terrace, we
readily observe the A surface, as defined in Fig. 1. On the
upper terrace, there is a strong modulation of the topographic
height next to the step edge [compare also the line profile
in Fig. 2(b)], which we attribute to a standing wave pattern
originating from the step edge. The standing wave partially
masks the atomic resolution on the upper terrace, but nev-
ertheless, the upper terrace can be identified as a B terrace.
Consequently, AB stacking is also present in the b/3 struc-
ture. From this, we can also exclude that we have observed
β-Bi4Br4, as this polymorph of Bi4Br4 is expected to feature
AA stacking [29].

B. Electronic structure

We now turn to the electronic properties of the b/3 struc-
ture. Figure 3(a) shows two parallel steps that together form
a trench of one monolayer depth on the surface with b/3

structure. As explained above, for the b/2 structure, we
expect the presence of topologically protected edge states at
the steps, as schematically indicated in Fig. 3(b). The ques-
tion is whether such edge states are also present in the b/3
structure. Figures 3(c) and 3(d) display scanning tunneling
spectra taken along lines across the two step edges. In both
measurements, the bulk band gap is clearly visible away from
the steps. However, at the step edges, we observe a localized
density of states (LDOS) within the band gap, which extends
2 to 3 nm into the top terraces (compare Ref. [11])—a typical
signature of topological edge states [19,30,31] and similar to
literature reports for the b/2 structure [6,7,11,15]. For a more
detailed comparison, we plot the averages of the three distinct
regions for each step (upper terrace, edge, lower terrace) in
Figs. 3(e)–(g). We interpret the nonvanishing LDOS of the
b/3 structure within the bulk band gap as arising from the
QSH edge states that are expected for a monolayer step on
the α-Bi4Br4(001) surface (see Sec. S1 of the Supplemental
Material [16]). We thus conclude that a Bi4Br4 monolayer in
the b/3 structure also is a QSH insulator.

It is well known that the precise location of hinge states in
α-Bi4Br4 depends on the step height [11,14,15]. Considering
a trench with the same step height on both sides, as in the
present case, there will always be two hinge states no matter
which facets [(100), (1̄00), (101̄), or (1̄01)] form the walls of
the trench. For a step height corresponding to an even number

245415-4



SHEAR-RESISTANT TOPOLOGY IN THE … PHYSICAL REVIEW B 111, 245415 (2025)

FIG. 3. (a) STM topography of a trench in the surface, bordered by two Bi4Br4 monolayer steps. (b) Atomic model of the trench with
indicated edge states [filled circles, according to Fig. 1(a)]. (c) and (d) show the topography and tunneling spectra taken along lines crossing
the left (c) and right (d) step edge, respectively. The spectra exhibit the bulk band gap away from the steps and a metallic density of states
located at the topographic step edge, extending into the respective upper terraces. The dotted white lines in (c) mark the band bending close to
the edge on the lower terrace. Panels (e)–(g) show averaged spectra of sections of (c) and (d), with filled circles in (a) schematically indicating
the locations of the spectra. Spectrum 2 and 5 show metallic edge states within the bulk band gap. The spectra have been smoothed using a
moving average with a 14-meV window. The shaded areas indicate the standard deviation.

of layers, the two hinge states appear on the same step on
one side of the trench. In contrast, for an odd number of
layers, they are located at opposite sides, cf. Sec. S1 within
the Supplemental Material [16] and Refs. [11,14,15]. Thus, if
the step height corresponds to a single layer on both sides of
the trench, we expect hinge states, i.e., quantum spin Hall edge
state in this case, on both sides of the trench [Fig. 3(b)]. Thus,
the electronic structures shown in Figs. 3(e)–(g) are consistent
with the step height of one monolayer. We note, however, that
the edge configuration and thus also the details of the edge
state localization differ for the two steps, i.e., for the left step
in Fig. 3(b) the edge state is more localized at the top of the
step, whereas at the right step it is more localized at the bottom
of the step [11]. This difference may explain our observed
different edge state signatures in Figs. 3(c)–(g). We further
note that slight shifts between the curves in panel (e) through

(g) may be the result of defects [28], which may also give rise
to a slight band bending [32], which we observe close to the
step edge in panel (c).

We now analyze with DFT whether the b/3 structure is
expected to be a QSH insulator. It is well known that DFT
predicts the Bi4Br4 monolayer in the b/2 structure to be a
QSH insulator [4,5]. For the b/2 structure, the QSH property
arises from the inverted band gap at the Y point that is caused
by the spin-orbit coupling (SOC). The latter exchanges the
two Bi-6p orbitals from which the lowest conduction band
and the highest valence band derive. Crucially, this also leads
to the exchange of parity between the conduction and valence
bands at the Y point [Figs. 4(a) and 4(b)], which makes the
b/2 structure a QSH insulator.

Since the experimentally determined interchain distance
d ′ and the surface lattice vector b′

s of the b/3 structure are
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FIG. 4. (a) and (b) show the Biin-px and Biex-px projected orbital character of the conduction and the valence bands around the Y point
without (a) and with (b) SOC for the b/2 structure, see [4]. (c) and (d) show the same projected orbital character of the bands around the Y
point for the b/3 structure. (c) and (d) were calculated using the lattice constants indicated in the main text. For both structures, SOC exchanges
the two orbitals leading to an exchange of parity, which makes both the b/2 (b) and the b/3 (d) structure a QSH insulator. (e)–(g) Evolution of
the inverted band gap Eg as a function of the interchain distance d ′ and the lattice constant bS’. The dashed lines are a guide for the eyes. (e)
Dependence of Eg on the interchain distance d ′, when fixing bS = 0.4338 nm. The inverted band gap decreases, until it closes at d ′ = 0.66 nm,
and then transitions to a trivial gap. (f) Fixing d = 0.6532 nm and increasing the lattice vector bS’ enhances the inverted band gap. (g) The
same applies if the ratio bs/d = 0.664 is kept constant.

somewhat larger than the literature values for α-Bi4Br4, and
since it is evident that these structural parameters must have
a strong influence on the band structure, we investigated the
evolution of the band gap with d ′ and b′

s. Figure 4(e) displays
the dependence of the nature and size of the band gap of
the b/3 structure on d ′ when b′

s is fixed to the literature
value of the b/2 structure, bs = 0.4338 nm. We find that the
b/3 structure becomes a trivial insulator for d ′ > 0.66 nm.
Since this threshold still lies within the error bars of the
experimentally determined value d ′ = 0.68(4) nm, the DFT
result is compatible with the b/3 structure indeed being a
QSH insulator. We note that the interchain distance of the
b/2 structure (d = 0.653 nm) is well below the threshold
of 0.66 nm. However, the experimental b′

s is larger than the
literature value bs for the b/2 structure. Therefore, we also
investigate the dependence of the topological properties on b′

s.
To this end, we fix d ′ at d = 0.6532 nm, i.e., the value for the
b/2 structure, and increase b′

s, starting from its literature value
for the b/2 structure (bs = 0.4338 nm). The result is displayed
in Fig. 4(f). It shows that stretching b′

s has the opposite effect
of stretching d ′, i.e., a larger b′

s stabilizes the QSH property by
increasing the inverted gap, and that this effect is significant.
It should stabilize the nontrivial topological properties of the
b/3 structure with its larger b′

s even further.
The opposite scaling behavior of topological properties

with d ′ and bS’ raises the question which of these two ef-
fects is stronger. Therefore, we investigated the nature and

size of the gap as both parameters, d ′ and b′
s, are increased

simultaneously, such that their ratio is constant (clearly,
this also requires a scaling of a′

s). Since—interestingly—
this ratio is nearly identical for the b/2 and b/3 structures
(b′

s/d ′ = 0.662 and bs/d = 0.664), we fixed the ratio to 0.664.
The result is plotted in Fig. 4(g). In the complete range, the
gap is inverted and the b/3 structure is a QSH insulator, with
the gap opening further with increasing b′

s. Hence, the larger
experimental value of b′

s > bs stabilizes the QSH insulator
gap, even if the mutual displacement along bs in the b/3
structure is expected to lead to an increased (and destabiliz-
ing) d ′ > d for steric reasons (stronger repulsion between Br
atoms).

Alternatively, one can take the view that a change in bs

from the b/2 to the b/3 is unlikely, since this lattice con-
stant is determined by covalent bonds. In that case, we define
b′

s ≡ bs = 0.4338 nm and scale the experimentally measured
a′

s and d ′ accordingly [assuming an isotropic distortion of the
experimental image in Fig. 1(f)], obtaining ã′

s = 0.67(4) nm
and d̃ ′ = 0.66(4). The latter value is close to the calculated
threshold for a nontrivial topology (d ′ = 0.66), but given the
experimental error, the result is once more compatible with
the b/3 structure being a QSH insulator, although again with
a slightly smaller topological gap than the b/2 structure.

From the structures represented in Fig. 4(g), we find
the closest agreement with the experimental parameter set
[a′

s = 0.69(4) nm, b′
s = 0.45(3) nm, d ′ = 0.68(4) nm, and
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ϕ′ = 101(5)◦] for the marked data point, with calcu-
lated parameters a′

s,c = 0.6959 nm, b′
s,c = 0.4512 nm, d ′

c =
0.6795 nm, ϕ′

c = 102.48◦. For this model of the b/3 struc-
ture, the energy gap is predicted to be EG = 80 meV. This is
smaller than the gap DFT-predicted gap of the b/2 structure
(Eg = 100 meV). However, it should be noted in this context
that DFT generally tends to underestimate band gaps. For the
b/2 structure, experimentally determined gaps are in the range
200 meV to 300 meV; for STS measurements on the surface of
a bulk α-Bi4Br4 crystal in the b/2 structure Eg = 260 meV has
been reported [11,15]. In our STM experiments, we observe a
slightly smaller gap of EG = 230(40) meV. This is line with a
slightly smaller DFT-predicted gap of the b/3 structure when
compared with the b/2 structure, suggesting that the former
is somewhat closer to the transition to trivial topology. Fig-
ures 4(c) and 4(d) show Biin-px and Biex-px orbital projected
character of bands without and with SOC, respectively, in
analogy to Figs. 4(a) and 4(b) for the b/2 structure. Also for
the b/3 structure, the SOC leads to a change in parity at the
Y point. To substantiate this conclusion, we performed addi-
tional edge state and Wilson loop calculations, which result in
Z2 = 1 (see Sec. S5 within the Supplemental Material [16]).
We therefore finally conclude that the b/3 structure is a QSH
insulator.

IV. DISCUSSION

We now turn to a discussion of the origin of the observed
b/3 structure, which has not been reported in the literature
so far. Since STM only allows access to the topmost layer, we
cannot directly determine if the b/3 crystal structure is present
deeper in the sample or only at its surface. However, since we
observe the b/3 lattice to be present across step edges (i.e.,
on adjacent surface terraces), we conclude that either only the
topmost layer systematically exhibits a b/3 structure (surface
reconstruction), or that at least the top two monolayers of our
sample are in the b/3 structure. A surface reconstruction is
rendered unlikely by the fact that other groups have consis-
tently observed the b/2 structure at the surface [7,11,15,28].
Furthermore, the possibility of a surface reconstruction is also
essentially ruled out by DFT calculations.

Figure 5 displays the total energy �Etot per monolayer unit
cell as a function of the shift s in units of b, referenced to
Etot of the b/2 structure. Also shown is the dependence on
the angle ϕ between the two primitive unit cell vectors as

and bs. Evidently, the b/2 structure (s = b/2 and ϕ = 108.4◦)
represents an energetic minimum, with the total energy in-
creasing monotonically towards the b/3 structure with s = b/3

and ϕ′ = 102◦. The energetically least favorable configuration
is s = 0 (ϕ′ = 90◦). Overall, the behavior in Fig. 5 can be
understood as the result of steric hindrance between atoms
in neighboring chains. While these results suggest that the
b/3 structure is not energetically favorable and does not even
correspond to a local energy minimum, it should be kept in
mind that the DFT calculations were carried out for a single
Bi4Br4 monolayer of the bulk structure and without relaxation
of the internal chain structure or the experimental interchain
distance. In principle, intrachain distortions could stabilize
the b/3 structure; however, we consider it unlikely that the
total energy increase of 0.3 eV per unit cell (Fig. 5) could be

FIG. 5. Total energy per unit cell relative to the b/2 structure as
a function of the shift s = −d cot ϕ (plotted in units of b) between
neighboring chains, where d is the interchain distance. ϕ is the
angle between the constant unit cell vector bs and the changing as

associated with s. The inset defines ϕ′, d ′, s, a′
s, and b′

s.

offset by such distortions. Thus, we reject the possibility of
a reconstruction that leads to an energy minimization of the
crystal structure. This leaves us with the scenario of external
stress distorting the crystal structure.

Because of the quasi-1D nature of α-Bi4Br4, it is conceiv-
able that especially externally applied shear stress will result
in distortions of the crystal structure. For example, it is well
known that external stress applied parallel to the planes of 2D
vdW materials can result in glide shifts of the crystal planes
and significantly modifies their electronic structure [33]. Since
in quasi-1D vdW materials the in-plane shear modulus is
much smaller than in 2D compounds, because of the addi-
tional vdW gaps in the 2D plane, glide shifts of the chains are
easily conceivable. We note that the function �Etot (s) (Fig. 5),
by symmetry, is periodic �Etot (s) = �Etot (s − b). Because of
the periodicity of �Etot (s), the maximum shear strain γ =
(b/2 − 0)/d = 33% occurs at ϕ′ = 90◦, i.e., when neighboring
chains are aligned and s = 0. This means that a strain that
would lead to s > b (even s � b) causes a plastic deformation
with neighboring chains shifting against each other by one or
more lattice constants b. Owing to the translational symmetry
of the crystal, we can only detect this residual strain corre-
sponding to s mod b/2. In this strained crystal scenario, there
is a priori no reason why the residual strain should lock at any
particular value of s, e.g., s = 1/3 (corresponding to the b/3
structure and γ ≈ 7.5%) as in the present case. However, it
should be noted that small relaxations of the internal chain
structure could occur as the response to an external stress,
such that the intrachain interaction energy could make certain
values of s metastable.

The strain-based explanation of the b/3 structure raises the
question of the origin of the stress. Here, three possibilities
are conceivable. First, stress could have been applied when
handling the bulk crystal, e.g., when gluing it on the STM
sample holder. In this case, we would expect the b/3 structure
to extend throughout most of the sample. Second, the strain
could have been introduced during the cleaving process of the
sample in UHV. Note that we cleaved the sample approxi-
mately in the b direction, such that a small misalignment of
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the pulling direction from b may well explain the observed
strain. In both of these scenarios, we expect the strain field
to extend through the sample on macroscopic length scales.
Third, microscopic inhomogeneities in the bulk crystal, such
as mosaic spread or domain boundaries could induce stress
within individual domains. However, in our experiments we
observed the b/3 structure throughout the whole investigated
area, such that we deem the latter explanation unlikely.

V. CONCLUSIONS

We report an unusual monolayer structure of Bi4Br4 in
which the shift between quasi-1D chains is b/3 instead of
b/2. We exclude the possibility of a surface reconstruction
and conclude that it likely results from external shear stress.
The resulting gliding of the quasi-1D chains against each
other does not change the AB layer stacking of the original
α-Bi4Br4 crystal. Experimentally, we find strong evidence
that the b/3 structure is also a QSH insulator, because we
detect edge states at monolayer steps. Our DFT calculations
of the b/3 structure support this, showing an inverted energy
gap at the Y point, opened by spin-orbit coupling, which
exchanges the parity between the conduction and valence
bands at Y, in full analogy with the conventional b/2 structure.
The qualitatively identical electronic structure of the b/2 and
b/3 structures is remarkable, as it is known that the stacking
order of 2D materials can have a major influence on their
electronic and topological properties [33,34]. Here, a massive
change in the stacking of the 1D chains in the 2D Bi4Br4

plane does not change the topology, which thus turns out to be
robust, although both the experimentally determined band gap
energy and the DFT calculations with structural parameters
derived from the STM experiment consistently indicate that
the b/3 structure is closer to the transition to a trivial topology
than the b/2 structure is. Since the monolayer properties of
b/3 and α-Bi4Br4 are almost identical, it is likely that also
bulk b/3-Bi4Br4 is a HOTI. Finally, our observations differ
significantly from the structural and electronic properties of
α-Bi4Br4 under hydrostatic pressure, which has been reported
to be metallic/superconducting [29]. The corresponding
triclinic unit cell observed at high hydrostatic pressure

[29] is also clearly distinct from our observation of AB
stacking.
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