Epitaxial growth of ultraflat stanene with
topological band inversion
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Two-dimensional (2D) topological materials, including quantum spin/anomalous Hall insulators, have attracted intense
research efforts owing to their promise for applications ranging from low-power electronics and high-performance thermo-
electrics to fault-tolerant quantum computation. One key challenge is to fabricate topological materials with a large energy gap
for room-temperature use. Stanene—the tin counterpart of graphene—is a promising material candidate distinguished by its
tunable topological states and sizeable bandgap. Recent experiments have successfully fabricated stanene, but none of them
have yet observed topological states. Here we demonstrate the growth of high-quality stanene on Cu(111) by low-temperature
molecular beam epitaxy. Importantly, we discovered an unusually ultraflat stanene showing an in-plane s-p band inversion
together with a spin-orbit-coupling-induced topological gap (~0.3eV) at the I'" point, which represents a foremost group-IV
ultraflat graphene-like material displaying topological features in experiment. The finding of ultraflat stanene opens opportuni-
ties for exploring two-dimensional topological physics and device applications.

tum spin Hall (QSH) and quantum anomalous Hall (QAH)

insulators, are intriguing emergent states of quantum mat-
ter characterized by a nontrivial band topology and topologically
protected metallic edge states, which are useful for realizing dis-
sipationless conduction, magnetic monopoles, Majorana fermi-
ons, and so on'”. Various 2D topological materials have recently
been theoretically proposed and investigated®?, but very few have
been experimentally fabricated and confirmed to be topologically
nontrivial. Among them, one promising material candidate is sta-
nene’, which is theoretically predicted to be the latest cousin of
graphene, composed of an atomic layer of tin (Sn) in a low-buckled
honeycomb lattice. Benefitting from the heavy element and struc-
tural buckling, stanene has strong spin—orbit coupling (SOC) and
shows extraordinarily large QSH and QAH gaps (~0.3eV), feasible
for room-temperature applications'®**. Moreover, the topological
states of stanene are highly tunable and can be varied from 7 to ¢
orbitals by chemical functionalization. Thus, the two classical
models (that is, the Kane-Mele® and Bernevig-Hughes—Zhang?
models) can both be studied in stanene, offering an ideal platform
to explore 2D topological physics'>**. The intriguing proposals
have stimulated intensive experimental efforts. In 2015, mono-
layer (ML) stanene was successfully fabricated on Bi,Te,(111),
confirming the existence of the theoretically predicted structure"’.
Further experiments on different substrates obtained ML stanene
with distinct material properties®-*°. However, none of the experi-
ments reported the finding of topological states in stanene, due
to unfavourable substrate effects. Very recently, superconductiv-
ity was discovered in few-layer stanene, offering opportunities
to explore Majorana fermions®. A critical issue is to grow sta-
nene with topologically nontrivial states, which requires accurate

Two—dimensional (2D) topological materials, including quan-

control over substrate/interface structures at the atomic level and
still remains elusive.

In this work, we grew Sn films on Cu(111) by molecular beam
epitaxy (MBE) and measured the atomic and electronic structures
by scanning tunnelling microscopy (STM) and angle-resolved
photoemission spectroscopy (ARPES) for comparison with first-
principles calculations. Unexpectedly, we obtained high-quality ML
stanene samples crystallized in an unusually ultraflat honeycomb
lattice, although structural buckling is well known to be a key ingre-
dient to lower the free energy and a planar stanene is believed to be
unstable. Further analysis shows that the substrate not only stabi-
lizes the ultraflat structure, but also causes significant lattice stretch-
ing and orbital filtering effects in stanene. These substrate effects
synergistically generate an ultraflat stanene with an s-p band inver-
sion together with a sizeable SOC-induced gap (~0.3eV), giving
topologically derived edge states within the energy gap. Our finding
of ultraflat stanene sheds light on future research and applications of
planar graphene-like materials.

The schematic sample preparation set-up is shown in Fig. la. Sn
atoms were evaporated from an effusion cell onto a Cu(111) sur-
face held at ~200K in ultrahigh vacuum. The samples were then
cooled to 5K for STM and scanning tunneling spectroscopy (STS)
measurements without annealing (see Methods). Figure 1b shows
a representative STM topographic image of a 0.9 ML sample. Most
of substrate is covered by uniform continuous Sn film except a
few small regions of bare substrate, which clearly reflects a typi-
cal 2D growth mode. The apparent height of the Sn film is 0.18 nm
(Fig. 1b), indicating it is a single atomic layer in thickness. The
detailed atomic network is visualized in Fig. 1c, mimicking a well-
known graphene structure but with a much larger lattice constant
of 0.51 nm, which is exactly twice that of the underlying Cu(111)
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Fig. 1| Atomic and electronic structures of ultraflat stanene on Cu(111). a, Schematic sample preparation set-up. b, STM image of Sn deposited on

Cu(111) with 0.9 ML coverage (sample bias V,=—1V, tunnelling current /=0.1nA). ¢, High-resolution STM image of the stanene film (V,=1V, I=0.4nA).

d, Schematic atomic model of the honeycomb stanene in c. e, Profile along the line in € showing that the adjacent Sn atoms are identical in apparent height.
f, 2D BZs of ultraflat stanene on Cu(111). The second BZ of stanene is also shown. g,h, ARPES spectra of 0.9 ML stanene on Cu(111) along the M-T"-K-M,
(red line in f) (g) and M-I'-M’-T', (green line in f) (h) directions. The orange lines outline the energy bands which are contributed mainly by orbitals of Sn.

surface (2.55A). Considering the relative orientation between the
Sn film and the substrate, the honeycomb structure can be viewed
as a (2 x2) superstructure. The most intriguing fact is that this hon-
eycomb lattice is completely flat, as illustrated in Fig. 1d,e. There are
two nonequivalent Sn atoms in a unit cell (Fig. 1d). In the height
profile along the blue line (Fig. le), the two adjacent Sn atoms are
clearly resolved and identical in height. The Sn-Sn bond length
in this honeycomb structure is 2.94 A, close to the bond length of
2.81A in bulk a-Sn and 2.83 A in freestanding stanene'’. Our STM
results clearly show that an atomic layer of Sn in a planar honey-
comb lattice with zero structural buckling, namely ultraflat stanene,
is formed on Cu(111).

Such an unexpected ultraflat stanene inspires us to look further
into its electronic structure. The high uniformity of the ultraflat
stanene grown on Cu(111) enables high-resolution ARPES mea-
surements. The stanene/Cu(111) surface Brillouin zones (BZs) are
shown in Fig. 1f. The ARPES spectra of 0.9 ML stanene along M-T"
-K-M, are presented in Fig. 1g. Here M, is the M point of the sec-
ond BZ. The ARPES spectra show additional fine features in com-
parison with those of clean Cu(111), which are marked by orange
lines and can be ascribed to the presence of stanene (Supplementary
Fig. 1). It is found that the experimental band structure shows an
obvious gap between two intense bands centred at the " point. The
bandgap opening can be more clearly visualized at the I', point in
the second BZ, which is equivalent to the I" point of the first BZ.
Figure 1h shows the ARPES spectra along a cut in the M-T'-M'-T,
direction. A remarkable gap opening with an amplitude of ~0.3eV
centred at around —1.25eV is clearly resolved. Interestingly, we

found that such a band structure as well the noticeable gap open-
ing at the I' point present significant similarities to the p,, orbit-
als and large SOC gap predicted for fluorinated stanene despite the
energy difference', implying a possible similar mechanism for the
ultraflat stanene.

2D Xenes (X=Si, Ge, Sn) all have buckled honeycomb struc-
tures due to their weak x bonds, thus z—o¢ interactions are allowed
by buckling, leading to a more stabilized structure than the planar
one. This is well established both theoretically and experimentally*2.
Previous experiments on stanene mostly obtained low-buckled
structures®*?, Nearly planar stanene with low height variations
was obtained only on Ag(111) with a Ag-Sn surface alloy*. The
growth of ultraflat stanene with zero height variation in the pres-
ent experiment seems contradictory to common sense. Something
unusual must happen to explain our experimental finding. We
performed first-principles calculations to reveal the underlying
mechanism (Fig. 2). Generally one would expect a smaller buckling
(0) in a stretched lattice. For a freestanding stanene, § decreases
from 0.85 A to 0.72 A by varying the lattice constant (@) from 4.68 A
(a,) to 5.1 A. Obviously, the lattice stretching itself is not enough
to explain the experiment results. In fact, a freestanding stanene
with zero buckling is unstable (Fig. 2¢), implying an indispensable
role for the substrate. Once including a substrate, both the energy
of stanene itself (E,) and the energy contributed through interac-
tions with the substrate (E,) should be taken into account. When
forcing =0 A, E, increases by 0.19 eV. The dominant energy con-
tribution comes from E,, considering that the adsorption energy
of stanene is ~1.16 eV/atom on Cu(111). By reducing buckling, all
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Fig. 2 | Calculated atomic and electronic structures of the ultraflat stanene. a,b, Crystal structure for stanene on Cu(111) from the top (a) and side (b)
views. Inset, corresponding theoretically simulated STM image. ¢, Energy as a function of buckling for freestanding and supported stanene, referenced to
the minimal energy. d-g, Band structures for freestanding (d,e) and supported (f,g) stanene excluding (d,f) and including (e,g) the SOC. Red (blue) dots
denote the contribution from the p,, (p,) orbital of Sn. h, Same as g, together with the band structure of a freestanding hydrogenated stanene (black).

i, Edge states for semi-infinite stanene/Cu(111) with a zigzag-type termination, showing linearly dispersing Dirac-like bands within the SOC-induced gap
(approximately —1.0 eV) near the " point. X’ =0.1x/L,, where L, is the lattice periodicity. A high (low) density of states is coloured red (blue).

the Sn atoms of stanene are able to couple strongly with the sub-
strate, which reduces E, considerably. Thus a net energy gain is
obtained by minimizing 8, and zero buckling corresponds to the
most stable geometry (Fig. 2c). Moreover, the theoretically pre-
dicted ultraflat geometry of stanene/Cu(111) agrees well with STM
measurements. In the most stable configuration (Fig. 2a,b), the
adsorption height is 2.36 A, which is comparable to the apparent
height of 1.8 A measured by STM (Fig. 1b). Each stanene unit cell
is adsorbed on a 2x2 Cu(111) supercell, in which one Sn atom is
on the hexagonal close-packed hollow site and the other on the
face-centred cubic hollow site, exactly the same as experimentally
observed (Supplementary Fig. 2). It is worth noting that both the
sublattice Sn atoms of stanene are located at hollow sites and have
essentially the same chemical environments, making the ultraflat
stanene a true analogue of graphene where the two sublattice atoms
are chemically indistinguishable.

For comparisons, on PbTe(111) (ref.?), which can form chemi-
cal bonds with only half the Sn atoms of stanene, E, would increase
considerably if a planar structure was enforced. On the weakly
bonded substrate Bi,Te,(111) (ref.'”), the energy contribution is
dominated by E|, that prefers a finite buckling as well. Therefore, the
interplay of the energies (E, and E,) and structural buckling deter-
mines whether a planar configuration is stable or not. The revealed
mechanism could be applied to design further planar graphene-like
structures of other materials.

Previous work found that an s—p band inversion could happen at
the I" point in the condition of large lattice constants, which induces
a topological phase transition in stanene!®*. However, none of the
existing stanene samples show this band inversion, since most of
them have a lattice constant compressed by substrates (a=4.38 A on
Bi,Te,(111) (ref. ') and a~4.52 A on PbTe(111) (ref.?)). Intriguingly,
a tensile strain is applied to stanene on Cu(111) and the lattice con-
stant is greatly enlarged to 5.1 A. To see the strain effect, we computed
the band structure for a freestanding ultraflat stanene (Fig. 2d,e).
The p,, bonding states are located far above the s antibonding states
at the I point (Supplementary Fig. 3), showing an inverted band
order. When excluding the SOC, the p,, orbitals are degenerate at
the I point. They are decoupled from the p, orbitals due to the ultra-
flat geometry, and the corresponding bands cross each other along
I'-KandI"'-M (Fig. 2d). When including the SOC, avoided crossings
appear between bands contributed by p,, and p.. More importantly,
abandgap ~0.40eV is opened at the [ point for the p,, orbitals. This
SOC-induced gap is interesting from the topological point view, as
we will discuss below.

When taking the substrate into account, the p, orbitals of stanene
are strongly hybridized and become indistinguishable from sub-
strate states, whereas the p, orbitals remain predominantly unaf-
fected and can be clearly visualized by orbital projection (Fig. 2f).
The SOC-induced gap at the T" point still exists, but the gap value
decreases to ~0.22eV as a result of the weakened SOC on the
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Fig. 3 | Edge structure and edge states of the ultraflat stanene flakes. a, STM image (V.=-0.5V, [=0.1nA) of Sn deposited on Cu(111) with 0.2 ML
coverage. b, Representative stanene flake with a hexagonal shape. ¢, Zoom-in STM image (V,=-0.5V, I=0.6 nA) of the white square in b, showing the
zig-zag type edge. d, dI/dV spectra taken at the edge and centre of the stanene flakes. e, Zoom-in dI/dV spectra indicated by the green dashed rectangle in
d to highlight the differences. The enhanced spectral weight located between —1.2V and —1.45V is attributed to the edge states.

Cu(111)
lower terrace

Fig. 4 | Atomically resolved line defect and point defects in the ultraflat stanene. a, STM image (V,=0.5V, /=0.6nA) of a stanene domain boundary
(line defect) close to a Cu(111) step. Scale bar, 1Tnm. b, Zoom-in STM image of a gives the detailed boundary structure. Scale bar, 0.5 nm. ¢, Atomic
stacking model for b, which reveals both the lattice mismatch between domains and adsorption sites of Sn atoms. Each unit in the boundary has a Sn atom
with four-fold coordination, which has not been observed for graphene boundaries. d,e, Atomically resolved STM images of two typical point defects:
monovacancy (d) and divacancy (e). Scale bars, 0.5nm.



substrate (Fig. 2g). In this sense, the Cu(111) substrate can be
viewed as an ‘orbital filter*?, which selectively filters out the p,
orbitals of stanene. Thus the epitaxial stanene can be viewed as a
honeycomb lattice of in-plane p,, orbitals, which is of great interest
in topological physics***. By comparing the calculated band dia-
gram with the ARPES spectra (Fig. 1g,h), we found that the topo-
logical gap is approximately —1.0eV in theory, slightly higher than
the experimental value of approximately —1.25eV. This quantita-
tive discrepancy is explained by the inaccurate description of Cu
d-bands (higher in energy than experiment), caused by the general-
ized gradient approximation used in the density functional theory
calculations. Despite the minor discrepancy, we found excellent
agreement between experiment and theory in both the band disper-
sion and gap opening, strongly suggesting the band inversion and
SOC as the origins of the gap at the I point.

A recent work reported the epitaxial growth of a nearly planar
stanene over a Ag-Sn surface alloy on Ag(111)*, which also shows
an enlarged lattice constant (~5.0A) and thus might give a topo-
logical band inversion. However, as the Ag-Sn surface alloy shows
slight structural corrugation and the two sublattice Sn atoms of sta-
nene are located at different surface sites with significantly distinct
chemical environments (one above Ag-Ag and the other above
Ag-Sn), their stanene sample exhibits a finite structural buckling.
Moreover, due to the complicated mixing between the surface Sn
and subsurface Sn layers, it becomes challenging to characterize the
band features of stanene separately. Whether their material sample
exhibits topological band features or not remains unknown.

The multi-orbital honeycomb has been theoretically revealed
to be topologically nontrivial®>. Although the band topology is not
well defined for gapless states, topologically derived boundary states
(TDBSs) could appear within an inverted energy gap, as experimen-
tally found for noble metal surfaces®. Similarly, based on the s—p
band inversion, one would expect TDBSs within the SOC-induced
gap of stanene/Cu(111). Despite the unwanted metallic states from
the substrate, our Green’s function calculation clearly shows linearly
dispersing Dirac-like edge bands within the SOC-induced gap near
the I" point (Fig. 2i), confirming the existence of TDBSs. The topo-
logical feature can be further clarified by considering an equivalent
system—a hydrogenated stanene (that is stanane), whose p, orbit-
als are removed from the Fermi level by hydrogenation, giving a
p.-orbital honeycomb as well. The ultraflat stanane shows essen-
tially the same p, -derived bands and SOC-induced gap around the
I' point (Fig. 2h), which confirms the equivalence of the two sys-
tems. We calculated the band structure for a nanoribbon of ultraflat
stanane (Supplementary Fig. 4), which also shows TDBSs within the
SOC-induced gap.

As a direct consequence of band inversion and the opening of
a SOC-induced gap, TDBSs within the energy gap are expected to
exist at the edges of stanene. Since the sample is nearly fully cov-
ered with stanene, it is not accessible for ARPES measurements to
detect the in-gap edge states. To verify the existence of the TDBSs,
submonolayer ultraflat stanene was grown (Fig. 3) and subjected to
STS measurements. The ultraflat honeycomb structure of stanene
resolved with single-atomic precision allows the direct observation
of a variety of topological structures, including edge termination
and defect structures (see Fig. 4 for typical line and point defects).
Structural determination of these features at the single-atomic level
in graphene and graphene-like 2D materials is highly challenging
and of crucial importance because it refers directly to many exotic
properties®** . As a predominant analogue of graphene in an ultra-
flat honeycomb structure, the stanene flakes are expected to bear
a great resemblance to graphene in edge structures, defects and
chemical stability. In our case, the stanene flakes we observed are
mostly zigzag-terminated (Fig. 3c), in accordance with graphene.
The TDBSs should introduce an increased density of states within
the energy window of the SOC-induced gap, which can be observed

as an enhancement in the differential conductance spectra taken
at the edges. Figure 3d,e shows typical spectra for a hexagonal
stanene nanoflake with a diameter of ~6nm. Comparing the two
dI/dV spectra taken at the edge and centre of the flake, we indeed
found a pronounced peak developed in the energy range from
—1.2V to —1.45V, in line with the energy of the SOC-induced gap
(—1.25eV+0.15eV) observed in the ARPES results. These edge
states can be observed only within a 5-A-wide rim along the edges
(Supplementary Fig. 5), supporting the existence of TDBSs.

To check the stability of the ultraflat stanene, we exposed the
sample to oxygen. The main results are shown in Supplementary
Fig. 6. After exposure to ~100langmuir oxygen for 10 min, the inner
honeycomb structure of ultraflat stanene remains intact. Hence the
ultraflat stanene flakes are fairly chemically inert, in contrast to the
buckled stanene on PbTe(111) (ref.?), further supporting that the
chemically active p, orbitals are fully ‘filtered’ via hybridization with
the underlying Cu(111) substrate. We expect such a chemical sta-
bility may facilitate further transport investigations of stanene, as
implemented in the silicene field-effect transistors*. Concerning
thermal stability, the ultraflat stanene on Cu(111) is stable up to
~243 K, which is much higher than the temperature of liquid nitro-
gen (~77K), enabling low-cost practical research and applications.

In summary, 2D high-quality ultraflat stanene is fabricated
on Cu(111) by low-temperature MBE, which represents a group-
IV analogue of graphene in an ultraflat configuration. The lattice
stretching and strong substrate interactions synergistically stabilize
the zero-buckling geometry, creating a honeycomb lattice of p,,
orbitals by the substrate orbital filtering effect. This multi-orbital
honeycomb is characterized by an s—p band inversion and a SOC-
induced bandgap at the I" point, which offers a monolayer stanene
sample showing topologically nontrivial features, like the TDBSs.
Furthermore, the epitaxial stanene with TDBSs could possibly
be a candidate material to explore 2D superconductivity or even
Majorana fermions, in light of the recent discovery of superconduc-
tivity in ultrathin stanene films*’. In addition, our first-principles
calculations predict that ultraflat germanene and plumbene (mono-
layer lead) could also be fabricated on Cu(111), which also show an
s—p band inversion together with a SOC-induced gap at the I" point
(Supplementary Figs. 7,8). The ultraflat two-dimensional Xene
materials (X=Ge, Sn and Pb), including germanene, stanene and
plumbene, form a distinct class of ultraflat graphene-like materi-
als that are stabilized by a substrate. An extended discussion of the
calculated results can be found in the Supplementary Information.
In this context, our work could stimulate future research on finding
further ultraflat graphene-like materials with which to investigate
low-dimensional and topology-related physics and applications.
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Methods

Stanene synthesis, STM and ARPES measurements. The synthesis of stanene
was achieved by depositing Sn atoms on Cu(111) in ultrahigh vacuum with a base
pressure of 1.3 x 107" mbar. Two polished Cu(111) single crystals from MaTecK
GmbH and MTI Corporation were used in this work and gave the same results.
The Cu(111) substrates were cleaned by cycles of Ar* ion sputtering and annealing.
Sn was evaporated from an alumina crucible heated to about 800 °C in an effusion
cell (Quantech). The vacuum pressure was lower than 5 107" mbar during
deposition and the deposition rate was controlled at 0.1~0.5 ML min~'. Here 1 ML
refers to the atomic density of the ultraflat stanene. During the deposition, the Cu
single crystals were kept at a low temperature of 200 K. This substrate temperature
was intentionally selected to ensure the growth of high-quality highly strained
ultraflat stanene. Higher substrate temperatures will lead to the growth of buckled
stanene with a much smaller lattice constant (Supplementary Fig. 9). The growth of
stanene was characterized by low-temperature STM (Omicron GmbH) with a base
pressure of 3X 107" mbar. A tungsten tip was used and was intentionally dipped
into the Cu(111) surface before STM and STS measurements to guarantee the
cleanliness of the tip apex. The STS measurements were acquired simultaneously
with I-V spectroscopy and topographic microscopy using a lock-in amplifier by
applying a small sinusoidal modulation to the sample bias voltage (8 mV, 731 Hz).
The correctness of STS was verified by checking the standard dI/dV spectrum of
Cu(111) with the same tip. All STM and STS experiments were obtained at 5K.
For ARPES measurements, the stanene sample was prepared in situ on the cold
Cu(111) substrate (~200K) and investigated with ARPES spectra without any
other transportation (during measurement the sample was kept at ~100K). ARPES
measurements were performed with 21.21 eV He Ia rays using a Scienta DA30L
analyser with a base pressure better than 1.5X 107" mbar. The energy resolution
was better than 5meV and the angular resolution was better than 1% of the BZ.

First-principles calculations. Density functional theory calculations were
performed with the Vienna ab initio simulation package®, using a projector-
augmented-wave potential®, the Perdew-Burke-Ernzerhof exchange-correlation

functional™ and a plane wave basis with an energy cutoff of 300 eV. The surface
lattice constant of Cu(111) was fixed to the experimental value of 2.56 A. The
Cu(111) surface was modelled by a periodic slab of six atomic layers, with the
bottom three layers fixed during relaxation. Stanene on Cu(111) was studied by
using a vacuum layer of ~15A, a 12x 12x 1 Monkhorst-Pack k-point grid and
Gaussian smearing with a broadening of 0.1 eV. The SOC was included in the
self-consistent calculations of the electronic structure. The maximally localized
Wannier functions were obtained from first-principles electronic structures by the
WANNIER90 code®. The edge states of semi-infinite stanene/Cu(111) were then
computed using the software package WannierTools*, where the Cu(111) substrate
was simulated by a three-layer slab to reduce computational costs. Note that the
topological gap is centred at approximately —0.91eV for a three-layer slab; slightly
higher in energy than that obtained for a six-layer slab (approximately —1.02eV).

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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