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Van der Waals heterostructures have recently been identified as providing many opportunities to
create new two-dimensional materials, and in particular to produce materials with topologically-
interesting states. Here we show that it is possible to create such heterostructures with multiple
topological phases in a single nanoscale island. We discuss their growth within the framework of
diffusion-limited aggregation, the formation of moiré patterns due to the differing crystallographies
of the materials comprising the heterostructure, and the potential to engineer both the electronic
structure as well as local variations of topological order. In particular we show that it is possible to
build islands which include both the hexagonal β- and rectangular α-forms of antimonene, on top of
the topological insulator α-bismuthene. This is the first experimental realisation of α-antimonene,
and we show that it is a topologically non-trivial material in the quantum spin Hall class.

Keywords: Topological Materials, Antimonene, Bismuth, Nanostructures, 2D Materials, Thin films, Elec-
tronic structure

INTRODUCTION

Van der Waals heterostructures consist of multilayers
of weakly-coupled few-monolayer-thick sheets of materi-
als [1–4]. This weak coupling means that the intrinsic
properties of individual layers of the material of interest
may be preserved, only mildly perturbed by interactions
with other layers, and so provides potential for realisation
of new topologically interesting materials [4]. Topolog-
ical insulators are materials in which strong spin-orbit
coupling (SOC) leads to an inversion of the usual band
structure, and hence to unusual topologically protected
boundary states [5, 6]. In the two-dimensional (2D) sys-
tems of interest here, the topologically protected states
are electronic edge states in which spin and momentum
are locked together so that backscattering is forbidden.
The dissipationless 1D spin currents in these systems pro-
vide a platform for the fabrication of spin-selective elec-
tronic devices [7, 8].

To date, only a very limited range of van der Waals
heterostructures have been reported, and the materi-
als that have been investigated have almost exclusively
hexagonal symmetry [1–3, 9–11]. While such graphene-
like [12] structures are very promising, an ability to
engineer heterostructures with different crystal symme-
tries could open up significant new opportunities in both
fundamental physics and electronic device fabrication.
Moreover, incommensurate moiré structures, which mod-

ulate the electronic states in 2D materials, can lead to the
emergence of a fractal spectrum of electronic states con-
taining new Dirac points [13, 14], and could provide a
platform for the observation of predicted spatial modu-
lation of local topological phases [8].

Bismuth is a key ingredient in many topologically
interesting materials because of its strong SOC. As a
thin film, Bi exists in two forms: the [Black Phos-
phorous (BP)-like, rectangular symmetry] α-form and
the [hexagonal (111)-oriented] β-form which are both
called ’bismuthene’. It has been shown recently that α-
bismuthene [17], β-bismuthene [18] and even bulk Bi [19]
are topological insulators. Antimony, which sits above Bi
in group 15 of the periodic table, has similar allotropes
but is much less well explored. It is known that multilayer
β-antimonene is a topological insulator, but that coupling
between the surfaces destroys the topological states in
few-monolayer-thick films [20, 21], unless sufficient strain
is applied [22]. In contrast, despite significant theoreti-
cal interest [23–27], α-antimonene has never been real-
ized experimentally and its topological properties have
not been investigated. The α-phases of Sb and Bi are
particularly interesting because they have structures that
are homologous to those recently used to build novel BP
transistors [28]. If similar transistors could be fabricated
with built-in strong SOC their topologically-protected
edge states could be used in spin-selective devices allow-
ing manipulation and robust transport of quantum in-
formation – the present antimonene / bismuthene struc-
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FIG. 1. Morphology and atomic structure of the layered nanoislands. (a) Large-scale STM image of a typical van der Waals
heterostructure comprising the α-Bi island base (light green), 2 ML-α-Sb (pink) and 1 ML-β-Sb (orange). (Imaging conditions:
+400 mV, 10 pA, 295 K). The scale bar corresponds to 50 nm. The arrow indicates the location of an additional 2 ML thick
Bi stripe on top of the base. The regions marked by rectangles are shown in detail in Figure 2(b) (black rectangle) and
Supplementary Figure S1(d) (blue rectangle). (b) Schematic top and side views (created with VESTA [15]) of the crystal
structures of single sheets of α-Sb and β-Sb, respectively; the unit cells are marked in black. (c) Schematic side view of the
island showing the stacking of the different layers, with colors corresponding to the topography image in (a). The wetting layer
(Bi WL) [16] is shown separately in dark green. (d) Height profile at the indicated position (red line in (a)). (e)-(g) Atomically
resolved STM images of α-Bi, 2 ML-α-Sb, and 1 ML-β-Sb, respectively (scale bar: 1 nm; imaging conditions: 50 mV, 200 pA
for (e); 100 mV, 50 pA for (f) and (g); all at 295 K.) Larger scale atomically-resolved images are presented in Supplementary
Figure S1. (h)-(j) show the inner regions of the 2D Fourier transforms of the respective raw images. (Scale bar: 1.3 Å−1)

tures, grown on microelectronics-compatible substrates,
are a significant step towards this goal.

We report the realisation of van der Waals heterostruc-
tures comprising multiple bismuthene and antimonene
allotropes. These include: (i) α-bismuthene, (ii) one
monolayer (ML)1 thick sheets of β-antimonene (1 ML-
β-Sb) and (iii) 2 ML thick sheets of the never previ-
ously experimentally observed α-antimonene (2 ML-α-
Sb). We investigate these structures using scanning
tunnelling microscopy (STM), scanning tunnelling spec-
troscopy (STS), and density functional theory to show
that the new allotrope 2 ML-α-Sb is topologically non-
trivial and energetically preferred over 2 ML-β-Sb be-
cause of interactions with the underlying Bi islands.
All three allotropes exhibit distinctive moiré patterns
that provide potential for engineering spatially depen-
dent topological order [8].

1 We define [29] a monolayer to be a single sheet of atoms which
in all cases is 3 Å to 4 Å thick; these monolayers are sometimes
called a ’bilayer’ in the literature because of puckering which
results in atoms that lie in two separate planes (see Figure 1(b)).
We use the suffix ’-ene’ to denote the thinnest possible films for
each structure: 1 ML-β-Sb, 2 ML-α-Sb, and 2 ML-α-Bi.

METHODS

In our experiments Bi nanoislands (which have been
intensively studied previously [16, 30–34]) serve as a ba-
sis for the growth of the antimonenes. For growing those
Bi islands we have used MoS2 substrates as well as the
more usual graphite (HOPG) and obtain qualitatively
similar results in both cases, but focus here on the MoS2

samples for three different reasons: (i) MoS2 is a semi-
conductor which provides opportunities for fabrication of
electronic devices, (ii) the difference in the interactions
between the Bi and the MoS2 (compared to HOPG) lead
to subtle but interesting structural differences, and (iii)
neither antimonene nor bismuthene have been reported
on MoS2 before. Sample preparation was carried out
in-situ under UHV conditions; the nanostructures pre-
sented here were grown by first thermally evaporating
2 ML of Bi onto MoS2 substrates (held at 295 K), fol-
lowed by 0.6 ML of Sb. STM/STS measurements were
performed either at room temperature or ∼50 K using
a commercial Omicron VT AFM/STM with Pt/Ir tips.
Imaging and STS conditions are stated in the figure cap-
tions. The lateral resolution of the STM is calibrated
using atomically resolved images of MoS2.
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The first-principles calculations are similar to those
used to predict the band structure of α-Bi [32, 35]. They
were performed with ABINIT package within plane-wave
expansion and pseudopotential framework. In order to
take relativistic effects into account, the Hartwigsen-
Goedecker-Hutter (HGH) pseudopotential was used in
the calculations. The cutoff of electron kinetic energy
was set to be 400 eV. The k-sampling was carried out
on a Γ-centered 13×13×1 grid based on Monkhorst-Pack
method. The films were modelled by a periodic array
of slabs separated by a 15 Å vacuum gap between neigh-
boring layers. The atomic positions, including the in-
plane lattice constants, were allowed to relax by energy
minimization until the Hellmann-Feynman forces were
reduced to below 1.0×10−5 eV/Å.

RESULTS AND DISCUSSION

Figure 1(a) shows a typical STM image of a nanoscale
Bi-island decorated with antimonene. The (110)-oriented
Bi-island is 3 ML thick2 and exhibits three atomically flat
regions of different height (line profile in Figure 1(d)): the
3 ML bismuth island base (green), a 5 ML high region
(pink), and a region which is 1 ML higher than the base
(orange). On careful inspection the 5 ML high central re-
gion comprises a Bi stripe (arrowed) which is absolutely
linear, with straight edges running parallel to the Bi 〈11̄0〉
direction [29, 30, 36] surrounded by a laterally less well-
defined Sb region of variable width. This Sb film is 2 ML
high, and is supported by the 3 ML Bi island base. As
described in detail below, based on atomic resolution im-
ages and spectroscopic data, the differently coloured re-
gions can be identified as 2 ML-α-Bi (green), 2 ML-α-Sb
(pink), and 1 ML-β-Sb (orange). Hence, in this one is-
land, we see a heterostructure comprising three distinct
topologically interesting materials (as shown schemati-
cally in Figure 1(c)).

Figures 1(e)-(g) show magnified atomic resolution im-
ages obtained from examples of each of the three phases
of interest (see also Supplementary Figure S1). In each
case the symmetry of the lattice is indicated, along-
side fast Fourier transforms (Figures 1(h)-(j)) of the im-
ages which allow determination of the lattice constants
of the surface unit cells. We obtain aβ-Sb = 404 pm,
aα-Sb1 × aα-Sb2 = 429 pm×486 pm, and aα-Bi

1 ×aα-Bi
2 =

453 pm×487 pm. These values agree well with the re-
sult of our calculations and existing literature values
[17, 22, 25, 34, 37–40]. Refer to Supplementary Table SI
for full details, including experimental uncertainties.

In our topography images we observe apparent spatial
modulations of the height ≤ 50 pm that are hardly vis-

2 Note that a wetting layer exists underneath the 2 ML-α-Bi. [31,
32]

(a) (b) (c)

FIG. 2. Example of observed and simulated moiré pat-
terns of 2 ML-α-Sb and 1 ML-β-Sb on a 3 ML Bi island. In all
three panels the black arrow represents the Bi 〈11̄0〉 direction.
Dashed white lines serve as guides to the eye. (a) Simulated
moiré pattern of 2 ML-α-Sb. The grey arrow indicates the α-
Sb 〈11̄0〉 direction which is parallel to the Bi 〈11̄0〉 direction in
this case. (b) STM image (200 mV, 10 pA, scale bar: 20 nm)
from inside the black rectangle in Figure 1(a), enhanced to
show both moiré patterns of α-Sb and β-Sb. (Supplementary
Figure S2 shows an example in which different moiré patterns
are observed due to differing orientations of the overlayer and
underlayer.) (c) Simulated moiré pattern of 1 ML-β-Sb. The
grey arrow represents the β-Sb 〈101̄0〉 direction, which is ro-
tated by 10.5◦ with respect to Bi 〈11̄0〉.

ible in Figure 1(a); hence, we show them on expanded
scales in Figure 2 and Supplementary Figures S1 and
S2. In Figure 2 (b) the α-Sb fringes have a period of
7.3 nm± 0.6 nm and are perpendicular to the Bi 〈11̄0〉
direction; the β-Sb fringes are inclined with respect to
the Bi 〈11̄0〉 direction at an angle of 20◦±5◦ and exhibit
a period of 4.0 nm±0.4 nm.

To show that these fringes are moiré patterns we have
carefully modelled them by creating superpositions of the
two lattices with the software VESTA [15] and by varying
the lattice constants and relative angles. Supplementary
Figure S3 exemplifies that the observed period and angle
of the moiré pattern are very sensitive to these parame-
ters.

We begin by considering the pattern that is observed
on the 3 ML-Bi bases due to the mismatch between the
rectangular bismuth crystal structure and the under-
lying hexagonal MoS2. We find that the best agree-
ment with the experimentally observed moiré pattern
(Figure S1 (a)) is achieved for Bi lattice constants that
match exactly with those obtained from atomic resolu-
tion (453 pm×487 pm). Hence, we use those lattice pa-
rameters to subsequently model the antimonene struc-
tures on α-Bi.

The moiré fringes for 2 ML-α-Sb on α-Bi are perpen-
dicular to the α-Bi stripe, consistent with atomic res-
olution results which show that 〈11̄0〉Sb is parallel to
〈11̄0〉Bi (Supplementary Figure S1(d)). This means that
aSb2 ≈ aBi2 = 487 pm 3, and only aSb1 is to be determined.

3 If there is an additional modulation along the length of the fringes
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We find an optimal match (Fig. 2(a)) to the observed
moiré pattern in Figure 2 (b) using aSb1 = 426 pm, in
good agreement with the atomic resolution value.

In the case of 1 ML-β-Sb on α-Bi, we find the best
match (Fig. 2(c)) for the moiré pattern in Figure 2 (b)
by using a lattice constant of 413 pm. This is slightly
larger than the result from atomic resolution and calcu-
lations but still in reasonable agreement. Supplementary
Figure S4 shows the modelled moiré patterns for both
α-Sb and β-Sb in more detail.

We now consider the growth mechanism of these
van der Waals heterostructures. It is well-established
that both Sb and Bi nanostructures grow by diffu-
sion and aggregation on atomically-flat substrates like
HOPG [30, 32, 36]. The present bismuth structures are
very similar to those grown on HOPG but subtle dif-
ferences include predominance of narrower 5 ML stripes
and broader 3 ML island bases, and a shorter wavelength
moiré pattern (Supplementary Figure S1(a)) – these dif-
ferences originate from the different MoS2 and HOPG
lattice constants.

The growth of the antimony layers on top of the bis-
muth structure is rather remarkable. It is known [36] that
Sb prefers to form three-dimensional structures in com-
parison to the planar 2D structures preferred by Bi, and
this is manifested in the present islands by up-diffusion
of Sb from the MoS2 substrate onto the Bi island bases,
no Sb is observed on the MoS2. The amount of Sb that is
directly deposited onto the top surface of the Bi islands
is very small, and so the amount of Sb observed on top
of the Bi island reflects the size of the capture zone on
the MoS2 substrate (e.g. the bottom left of the island
shown in Figure 1(a) is covered with a thicker layer of Sb
because of a large open MoS2 terrace on that side of the
island).

In the vast majority of islands the Bi base was covered
by either antimonene or an additional 2 ML-Bi stripe.
Bare 3 ML Bi regions were scarce and hence we conclude
that on the Bi bases the antimony prefers to form a com-
plete layer first before growing thicker layers. In particu-
lar, the 1 ML-β-Sb regions often covered the whole width
of an island whereas 2 ML-α-Sb was mostly observed ad-
jacent to the additional Bi stripe. After the formation
of a 1 ML-β-Sb layer the arrival of further Sb leads to a
restructuring into 2 ML-α-Sb. The necessary nucleation
can occur directly on the 1 ML-β-Sb but is greatly facil-
itated by the presence of the Bi stripes. According to
this scenario, we believe that the disordered regions on
the left of Figure 1(a) are yet to be fully-crystallized as
α-Sb. Additional data (not shown) shows that these dis-
ordered regions re-order into the α-phase over a period

its period must be at least twice the observed α-Sb film width
of ∼40 nm in Fig. 1. The corresponding lattice mismatch can be
estimated to be ≤3 pm.
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FIG. 3. Comparison of experimental STS data and calcu-
lated DOS for relaxed antimonene structures. Dotted lines in-
dicate the position of experimental peaks and serve as guides
to the eye. (a): Three examples of 2 ML-α-Sb spectra (black,
dark and light grey; vertically offset for clarity) and DOS
(blue). A histogram at the bottom of the panel shows the
detected position of local maxima and shoulders in 850 in-
dividual spectra. The calculation was shifted by 140 mV to
lower energies giving a good agreement with the main peak
positions of the histogram. (b) Comparison of calculated
DOS (green) with a representative experimental spectrum for
1 ML-β-Sb (black). This spectrum was obtained by subtract-
ing the scaled spectrum from the 3 ML-Bi island base (brown,
shifted by 60 mV to higher energies) from that of the original
1 ML-β-Sb spectrum (grey). This subtraction procedure re-
moves the contribution of the underlying 3 ML-Bi layer, which
dominates the measured data for 1 ML-β-Sb because of the
low density of states of the 1 ML-β-Sb near zero bias. Noise
in the central part of the black curve (due to the applied
subtraction procedure) has been removed. STS spectra were
obtained by numerical differentiation of recorded I-V curves
(±2 V, current set points ranging between 0.2 nA and 1 nA)
after median and average filtering per curve, followed by nor-
malization to I/V and spatial averaging of 150-200 resulting
individual curves.
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of weeks because they were only found close to the α-Sb
and only within a few days after deposition.

Thicker layers of β-Sb, such as 2 ML-β-Sb, were never
observed in our experiments, which strongly indicates
that 2 ML-α-Sb is energetically preferred. Our first prin-
ciples calculations find that the energies of free-standing
slabs of these two structures are identical within the
numerical accuracy of the simulations. The preference
for the α-phase in 2 ML thick films can therefore be
attributed to the weak interaction with the underlying
Bi which has rectangular symmetry. Interestingly it is
known that Bi grows initially in the α-phase but re-
orients into the β-phase at a critical thickness that de-
pends on the substrate [33, 41]. Sb also grows in the
β-phase for thicknesses greater than ∼20 ML [20] which
suggests that the α-phase is preferred only for an inter-
mediate thickness range. Deposition of additional Sb will
likely lead to observation of α-Sb in the sequence of thick-
nesses 4 ML, 6 ML, 8 ML etc (as for Bi) [16, 30–34], but it
will be interesting to see at what thickness the transition
to the β-phase occurs.

We have performed first principles calculations of the
electronic states for both the experimentally observed
2 ML-α-Sb and 1 ML-β-Sb structures (Supplementary
Figure S5). The band structure for 1 ML-β-Sb is simi-
lar to that reported previously in Refs. [23–26], and it
is known to be topologically trivial [20, 21] (although
under sufficient strain it becomes non-trivial [22]). We
now focus on the 2 ML-α-Sb films since their topologi-
cal properties have never been reported previously. Our
calculations show that there exists an indirect negative
band gap separating the conduction and valence bands
which allows the Z2 topological invariant to be defined:
the crystal structure is centrosymmetric and thus the
wavefunctions at each time reversal invariant momen-
tum point carry definite parity eigenvalues. By using the
Fu-Kane formula [42] the Z2 invariant can be straight-
forwardly calculated from the parity data in Supplemen-
tary Table SII. Our results show that 2 ML-α-Sb films
are topologically non-trivial, belonging to the quantum
spin Hall class.

In Figure 3, we compare the calculated and measured
density of states (DOS). Figure 3(a) shows experimen-
tal STS spectra (black, grey) for 2 ML-α-Sb which have
deep minima at zero bias and weak peaks whose positions
vary by ∼ ±0.1 V (see the histogram). There is generally
good agreement between positions of the peaks in the
histogram and the peaks in the calculated DOS (which is
shifted by 140 mV, to account for charge transfer from the
substrate [32]) demonstrating that the calculated elec-
tronic structure matches that obtained experimentally.

Figure 3(b) shows the measured STS data for 1 ML-
β-Sb (grey curve). At first sight, there is no agreement
between the experimental data and the calculated DOS
(green curve). However we find that the spectrum for
1 ML-β-Sb is strikingly similar to that for the 3 ML-Bi

island base (brown curve) in the bias range ±0.5 V. As it
is already known that EF lies in a band gap in 1 ML-β-Sb,
we assign the features in our spectra to the underlying
Bi layers. And indeed, when the measured DOS for 3 ML
Bi is subtracted from that for the 1 ML-β-Sb the result
(black) is in very good agreement with the calculated
DOS.

The agreement between the calculated and measured
DOS for both 1 ML-β-Sb and 2 ML-α-Sb confirms that
neither phase is significantly perturbed by interactions
with the underlying Bi, and that the structures shown in
Figure 1(a) are indeed van der Waals heterostructures.

SUMMARY

One of the merits of our deposition technique is that
it allows straightforward fabrication of heterostructures
comprising materials with different thicknesses and dif-
ferent lateral dimensions [30, 36], and exhibiting a variety
of moiré patterns. The combined influence of the moiré
periodicity [8], inter-layer coupling, and strain on each
of the materials within the heterostructures could allow
exquisite control of the topology of their electronic states,
and – as demonstrated in the present work – the realisa-
tion of new topological phases such as alpha-antimonene.

Finally, we note that the α-phases of Bi and Sb have
a BP-like structure which has not previously been em-
ployed in van der Waals heterostructures, and in which
the absence of surface dangling bonds means the struc-
ture is resistant to oxidation [16]. Together with the
semiconducting nature of the MoS2 substrate, and po-
tential to fabricate similar structures on a range of other
substrates (especially those with rectangular symmetry),
these features open up many new possibilities for the en-
gineering of spintronic / topological devices.

NOTES

The authors declare that they have no competing fi-
nancial interests.

ACKNOWLEDGEMENT

This work was supported by the MacDiarmid Insti-
tute for Advanced Materials and Nanotechnology (T.M.,
M.L.S., I.V.M., Z.A., and S.A.B.) and the Marsden
Fund (UOC1503, T.M., M.L.S., I.V.M., Z.A., and
S.A.B.), the National Science Centre, Poland (DEC-
2015/17/B/ST3/02362, P.J.K), the National Natural
Science Foundation of China (11204133, X.X.W) and the
U.S. National Science Foundation (NSF-DMR-1305583,
T.-C.C.).



6

∗ Corresponding author: simon.brown@canterbury.ac.nz
[1] Hunt B, Sanchez-Yamagishi JD, Young AF, Yankowitz

M, LeRoy BJ, Watanabe K, et al. Science.
2013;340(6139):1427–1430.

[2] Geim AK, Grigorieva IV. Nature. 2013;499(7459):419–
425.

[3] Novoselov KS, Mishchenko A, Carvalho A, Castro Neto
AH. Science. 2016;353(6298):aac9439–1–11.

[4] Ajayan P, Kim P, Banerjee K. Phys Today. 2016;69:38–
44.

[5] Hasan MZ, Kane CL. Rev Mod Phys. 2010;82:3045–3067.
[6] Qi XL, Zhang SC. Rev Mod Phys. 2011;83:1057–1110.
[7] Vandenberghe WG, Fischetti MV. Nat Commun.

2017;8:14184.
[8] Tong Q, Yu H, Zhu Q, Wang Y, Xu X, Yao W. Nat Phys.

2016;p. 1–7.
[9] Mannix AJ, Kiraly B, Hersam MC, Guisinger NP. Nat

Rev Chem. 2017;1:0014.
[10] Lee CH, Lee GH, van der Zande AM, Chen W, Li Y, Han

M, et al. Nat Nano. 2014;9(9):676–681.
[11] Ferrari AC, Bonaccorso F, Fal’ko V, Novoselov KS,

Roche S, Boggild P, et al. Nanoscale. 2015;7:4598–4810.
[12] Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang

Y, Dubonos SV, et al. Science. 2004;306(5696):666–669.
[13] Ponomarenko LA, Gorbachev RV, Yu GL, Elias DC, Jalil

R, Patel AA, et al. Nature. 2013;497(7451):594–597.
[14] Dean CR, Wang L, Maher P, Forsythe C, Ghahari F, Gao

Y, et al. Nature. 2013;497(7451):598–602.
[15] Momma K, Izumi F. J Appl Crystallogr. 2011;44:1272–

1276.
[16] Kowalczyk PJ, Belic D, Mahapatra O, Brown SA,

Kadantsev ES, Woo TK, et al. Appl Phys Lett.
2012;100(15):151904.

[17] Lu Y, Xu W, Zeng M, Yao G, Shen L, Yang M, et al.
Nano Lett. 2015;15(0):80–87.

[18] Wada M, Murakami S, Freimuth F, Bihlmayer G. Phys
Rev B. 2011;83:121310.

[19] Ito S, Feng B, Arita M, Takayama A, Liu RY, Someya
T, et al. Phys Rev Lett. 2016;117:236402.

[20] Bian G, Miller T, Chiang TC. Phys Rev Lett.
2011;107:036802.

[21] Zhang P, Liu Z, Duan W, Liu F, Wu J. Phys Rev B.
2012;85(20):2–5.

[22] Zhao M, Zhang X, Li L. Scientific Reports.
2015;5(111):16108.

[23] Wang G, Pandey R, Karna SP. ACS Appl Mater Inter-
faces. 2015;7(21):11490–11496.

[24] Pumera M, Sofer Z. Advanced Materials.
2017;29:1605299.
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lattice constants puckering

experimental moiré sim. calc. lit. bulk calc. lit.

1 ML β-Sb 404 ± 4 413 400 394 - 413 [1–6]
431

Sb (111) [11]
162 155-167 [1, 3–5]

2 ML α-Sb
429 ± 7 ×
486 ± 11

426×487 428×464 ∼430×475 [2, 5]
431×451

Sb (110) [11]
≤ 20 -

2 ML α-Bi
453 ± 5 ×
487 ± 4

453×487 -
∼450×480 [7]

440×478 [8]
454×475

Bi (110) [12]
- ≤5 [8]-60 [9, 10]

TABLE SI. Lattice constants and puckering of the materials in this work. All values are given in picometers. We present our
experimentally determined lattice constants (from Fourier analysis of atomically resolved topography images), the values used
in the moiré simulations in Fig. 2 of the main report, as well as those obtained by our first principles calculations. In the
hexagonal 1ML-β-Sb structure, the puckering describes the distance between the two atomic planes; for the α-structures it
refers to the difference in the vertical position as defined in Ref.[8] In addition, we give values from the literature for the lattice
constants and puckering of the thin films, and lattice constants for the respective planes in the bulk materials.
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(a) (b) (c)

(d)

Fig. S1. Atomic resolution images of (a) the α-Bi base, (b) 2ML-α-Sb, and (c) 1ML-β-Sb . These images show the same
regions as in Figs. 1(e)-(g) in the main paper, but on a larger scale so that the moiré patterns are more easily visible in (a) and
(c). (d) close-up of the region marked by a blue rectangle in Fig. 1(a), showing atomic resolution on the narrow α-Bi stripe
(bright yellow) and the surrounding 2ML-α-Sb region (blue-orange). Clearly, the lattices of the two α-phases are aligned. Raw
STM images were filtered to enhance the contrast, scale bars: 5 nm.
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(a) (b)

Fig. S2. Moiré patterns of 2ML-α-Sb on Bi(110) grown on HOPG showing that very similar moiré patterns are also observed
for heterostructures grown on other substrates, and showing that the moiré patterns in the two different parts of the 2ML-α-Sb
are at different angles due to a small rotation of the α-Sb (see Figure S3). (a) STM topography image of an island grown on
HOPG (black), where 1ML-β-Sb (orange) and 2ML-α-Sb (pink-white) coexist on top of a bismuthene base (green). Note that
the 5ML-Bi stripe is not directly visible as it is covered by 2ML-α-Sb (blue). However, a faintly visible narrow 7ML-Bi stripe
(dark blue) is present, which allows determination of the preferred 〈11̄0〉 direction (black arrow). (b) Cropped STM image
from (a), where the moiré patterns are enhanced (z-scale: 2 Å). Dashed lines indicate the orientation of the moiré patterns in
two different 2ML-α-Sb regions. Imaging conditions: +200mV, 10 pA, 295K. Scale bar: 50 nm.
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θ = + 0.2°, ε = 0.0 %

θ = +0.0°, ε = +1.0%θ = +0.0°, ε = 0.0%θ = +0.0°, ε = -1.0%

θ = -0.2°, ε = 0.0%

θ

a1 (α-Bi)
(a) (b)

(c) (d) (e)

(f)

Fig. S3. Moiré sensitivity for the case of α-Sb on α-Bi: The model in (a) shows the α-Bi unit cell (black) α-Sb unit cell (grey, red)
and the rotation angle θ of the overlayer; simulated moiré patterns are presented in panels (b) to (f) (size 77.6 nm× 80.9 nm).
(d) shows the moiré pattern as in Fig. 2 and Fig. S4, using 426 pm× 487 pm for 2ML-α-Sb, and 453 pm× 487 pm for α-Bi.
Moiré patterns that result when aα-Sb

1 (426 pm) is strained by ǫ = ± 1% are shown in (c) and (e), respectively. The effect of
a relative rotation of θ = ± 0.2◦ is shown in panels (b) and (f). Similar sensitivity is observed for β-Sb on α-Bi (not shown).
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. S4. Simulated moiré patterns with ball-and-stick models for Sb (grey) on α-Bi (black), showing the alignment of the
two atomic crystals on different scales. (a-d) show 2ML-α-Sb on α-Bi , (a) is the same as the simulated pattern in Figs. 2(a)
and S3(d); (e-h) show 1ML-β-Sb on α-Bi. Unit cells are indicated in red for Sb and black for Bi; the width of the panels is
77.6 nm (a/e), 10 nm (b/f), 6 nm (c/g), and 2 nm (d/h). Lattice constants are 453 pm×487 pm for α-Bi, 426 pm×487 pm for
2ML-α-Sb, and 413 pm for 1ML-β-Sb (as in Table SI).
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Fig. S5. Electronic structure. Calculated band structures of (a) 2ML-α-Sb and (b) 1ML-β-Sb along the indicated high-
symmetry directions. The Fermi energy corresponds to zero in the diagrams.
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2 ML-α-Sb TRIMs Parity eigenvalues Parity product

Γ (0.0, 0.0, 0.0) +−+−+−−++− −
X2 (0.0, 0.5, 0.0) −−−−−−−−−− +

M (0.5, 0.5, 0.0) + +−−−−++++ +

X1 (0.5, 0.0, 0.0) −−−−−−−−−− +

4 ML-α-Sb TRIMs Parity eigenvalues Parity product

Γ (0.0, 0.0, 0.0) +−+−+−++−−−+−+−+−+++ −
X2 (0.0, 0.5, 0.0) −−−−−−−−−−−−−−−−−−−− +

M (0.5, 0.5, 0.0) + +−−++−−−−++−−++++−− +

X1 (0.5, 0.0, 0.0) −−−−−−−−−−−−−−−−−−−− +

TABLE SII. Parity eigenvalues of valence bands of 2ML and 4ML α-Sb films at time-reversal invariant momentum (TRIM)
points.

Fig. S6. The surface Brillouin zone of 2ML and 4ML α-Sb films. The parity product at each TRIM point is indicated.

For centrosymmetric materials, the topological Z2 invariant can be calculated straightforwardly by examining the
parity eigenvalues of the valence band at time-reversal invariant momentum (TRIM) points. According to Fu-Kane
theory[13], the topological invariant is given by

(−1)v =

TRIM∏

i=1

δi ,

where δi is the parity eigenvalue of the valence band at the TRIM point ki. We find that the Z2 invariant is v = −1
for both 2ML and 4ML α-Sb films, identical to that of 2D topological insulators such as bismuthene, indicating that
both 2ML and 4ML α-Sb films have a topologically nontrivial band structure.
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