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Abstract

The lattice arrangement and degree of buckling have been playing vital roles in the structure stability, bonding
configuration, and electronic band structures of two-dimensional (2D) single-layer materials. Here, we fabricate
two tin allotropes beyond honeycomb stanene by epitaxial growth method on AI(111). Sn-I phase with quasi-
periodic lattice and Sn-1l phase with square-like lattice have been identified by scanning tunneling microscopy.
Combined with scanning tunneling spectroscopy, it is revealed that Sn-Il phase with four-coordinate tin atoms
exhibits enhanced decoupling effects due to their saturated bonds. In this study, the discovery of new lattice
arrangements with well-defined atomic structures beyond honeycomb lattice provides an appealing approach to
searching 2D elemental single layers and novel physical properties.
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INTRODUCTION

Two-dimensional (2D) tin in honeycomb lattice, also known as stanene, has attracted enormous research
attention in the field of condensed matter physics as a candidate for room temperature quantum spin Hall
(QSH) insulator and recently discovered topological superconductor . The arrangement of 2D lattice and
degree of buckling have been playing vital roles in the structure stability, bonding configuration, and
electronic band structures of 2D tin, as exemplified by a number of epitaxially grown stanene systems, such
as planar stanene on Cu(111), strained stanene on Sb(111), and stanene Au(111)"*". Aiming at either
pursuing superior or new physical properties, allotropes of 2D tin beyond planar and buckled honeycomb
structures have been widely predicted. 2D tin with dumbbell structure and staggered layered dumbbell
structure is predicted to be a stable topological insulator and topological Dirac semimetal, respectively!>"*.
Besides, 2D tetragonal tin with repeated square and octagon rings is predicted to be a node line semimetal
protected by the combination of spatial inversion and time-reversal symmetries"*. Double-layer 2D tin with
a square lattice has also been proposed to be favorable for free-standing films"*. In contrast to the intensive
theoretic exploration, experimental construction of 2D allotropes beyond honeycomb and buckled
honeycomb structures, however, are rarely reported for either tin or other 2D elemental single layers"”*,
which requires subtle interaction and proper lattice-matching between the substrate and the elemental layer.

In this work, two different 2D tin allotropes with quasi-periodic lattice and square-like lattice are fabricated
on Al(111) by epitaxial growth method at different tin coverages. Scanning tunneling microscopy (STM)
and scanning tunneling spectroscopy (STS) studies reveal their atomic structures, electronic properties, and
the degree of interaction with the substrate. We find that in the sub-monolayer region, tin overlayer prefers
the quasi-periodic lattice, in which three-coordinate and four-coordinate tin atoms coexist. While at 1
monolayer (ML) and above, the quasi-periodic lattice transforms to the square-like lattice with four-
coordinate tin atoms, which exhibits apparently enhanced decoupling with the substrate.

MATERIALS AND METHODS

The growth of tin on Al(111) and STM measurements were carried out in the ultra-high vacuum (>1 x 10
Torr). The Al(111) single crystal with a well-polished surface was purchased from Mateck, GmbH. The
Al(111) single crystal was treated in the ultra-high vacuum condition by cycles of sputtering and annealing.
The process of epitaxial growth is illustrated in Figure 1A, in which Sn atoms were evaporated from a
home-made crucible onto Al(111) at 293 K. The as-grown samples were then in-situ transferred to STM
chamber for characterization at 77 K. During the STM and STS tests, the voltage was applied to the sample.
All the STM images were acquired at constant current mode. The dI/dV measurements were acquired with
a lock-in technique with a sample voltage modulation of 10 mV at 937 Hz. The STM images were analyzed
using WSxM software”').

RESULTS AND DISCUSSION

Figure 1B and C show two typical surface topographies after deposition of sub-monolayer tin on Al(111)
surface. The majority of islands are found on the same atomic layer of Al(111), between which an apparent
boundary can be observed as indicated by the white dashed line in Figure 1B. In addition, several islands
that are not adjacent to the step edges can also be found [Figure 1C]. These two types of islands turn out to
show the same superstructure, as shown in Figure 1D, which exhibits hexagonal structure with a periodicity

of around 1.5 nm and directions of +/- 19° with respect to Al[110] direction. Therefore, they are assigned to
be Sn-I phase. Moreover, during the scanning, the Sn-I islands can easily be scratched at extremely low
sample bias, here, 5 mV, as shown in Figure 1E. The apparent height measurement along a phase I island
[Figure 1C] and the scratched area [Figure 1E] are shown in Figure 1F and G, respectively, in which the
same apparent height is verified for the scratched area and the lower terrace. This indicates that Sn-I islands
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Figure 1. (A) Schematic diagram of the epitaxial growth of Sn on the surface of Al(111). (B and C) Typical scanning tunneling microscopy
(STM) images of as-prepared surfaces showing the coexistence of bare substrate and sub-monolayer Sn-I phase [(2 V, 50 pA for (B)
and 1V, 50 pA for (C)]. (D) Enclosed STM image of Sn-I phase, showing two lattice directions with their unit cell marked by black
rhombuses (0.5 V, 50 pA). (E) The STM image (1V, 50 pA) of a selected area after scanning at an extremely low sample bias which
induced scratches on the surface of Sn-I phase. (F and G) Height profiles along the corresponding lines in (C) (blue) and (E) (black).

are tin overlayers on the Al(111) surface and possess strong enough bond strengths between in-plane tin
atoms. The formation of tin overlayer on the surface of Al(111), instead of surface alloy, is consistent with
the immiscible nature between tin and Al*?,

The atomic resolution STM image of Sn-I phase is shown in Figure 2A, with the unit cell of the
superstructure marked by the light blue rhombus. The superstructure and lattice direction match well with
the 2V7a x 2\7a R19.1° of Al(111) [shortened as 2V7a, a is the unit cell of Al(111)]. The superstructure is
also apparent in the corresponding fast Fourier transform (FFT) image [Figure 2B and C], in which
periodicities of 2V7a and 2V7/3a can be identified as marked by six light blue circles and six purple circles,
respectively. These periodicities are reproduced in the inverse-FFT image of these spots [Figure 2D],
indicating both translational and rotational symmetries of the lattice. The sketch of the 2V7a x 2V7a
structure on the Al(111) substrate is exhibited in Figure 2E. It is clear that this quasi-periodicity of 2v7a is
not composed by a simple triangle or honeycomb lattice, but a complex tiling of triangle, square and
pentagon lattices, as mimicked in Figure 2F. From the comparison, the 2V7/3a periodicity and their
surroundings satellite spots in the inverse-FFT images can be assigned to the triangle lattices with different
directions as marked in Figure 2F. In addition, a set of twelve-fold spots (green circles) can be identified in
the FFT image and the corresponding inverse-FFT image [Figure 2D], which forms a dodecagon lattice.
This complex superstructure of Sn-I phase can be understood as a mix of three-coordinate and four-
coordinate Sn atoms in the tiling of triangle, square, and pentagon units.

The difference in the electronic properties of Sn-I and the substrate can be revealed by the bias-dependent
STM images in which their height differences vary at different sample biases [Figure 3A-C]. Sn-I exhibits a
decreased apparent height from 0.23 nm at 1 V to 0.21 nm at 3 V, while Al(111) shows a constant step
height of 0.23 nm. In addition to the superstructure 2v7a and the Al(111) lattice, two sets of square-like
lattices can be seen at the boundary area in the atomic resolution STM image [Figure 3D]. These two
square-like lattices show a same lattice constant of 0.3 nm and coincident lattice directions of the
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Figure 2. (A) Atomic resolution STM image of Sn-I phase with the unit cell marked by the rhombus (-50 mV, 50 pA). (B) Fast Fourier
transform (FFT) image of (A) with the periodicity of 2\7a x 2\7a structure, 2N7/3a x 2N7/3a structure, and the dodecagonal
periodicity (12-fold) marked by light blue, purple, and green circles. (C and D) Inverse-FFT image obtained from the 2V7a x 2\7a
structure and the dodecagonal periodicity marked by light blue and green circles in (B), respectively. (E) Sketch of the 2V7a x 2v7a
structure on the AI(117) substrate. (F) Sketch of the triangle-square-pentagon tiling on the surface of Sn-1 phase, with the unit cell of 2
7a x 2\7a marked by the light blue rhombus and the dodecagonal periodicity marked by green shapes, respectively.

superstructure. Therefore, for these two different Sn-I phases, whether connecting with Al(111) with
boundaries or not, different electronic structures are expected. However, only the variation of the spectral
weight can be seen without apparent difference in the spectral features from the comparison of Sn-I and
Al(111) in the dI/dV spectra [Figure 3E]. This indicates that even though Sn-Sn bonds form in Sn-I, strong
orbital hybridization between tin atoms and Al atoms exists, which is very likely raised by the unsaturated
electrons contributed by the large proportion of the three-coordinate tin atoms.

When the coverage of tin atoms is increased to 1 ML and above [Figure 4A], a second phase with stripe
feature (Sn-1II) appears on the surface covering the whole surface. With the atomic resolution STM image in
Figure 4B, Sn-II phase is revealed to be square-like lattice with the lattice constant of 0.3 nm, which is the
same as the atomic structure of the boundary between Sn-I phase and Al(111). Therefore, with the same
lattice constant and lattice direction, Sn-II phase is thought to gradually form from Sn-I phase with
increasing coverage at the boundary area. The difference is that Sn-II phase exhibits a 4 x 6 stripe structure
[Figure 4B and C], whose coverage is estimated to be around 0.78 with respect to the topmost Al atomic
layer. It is most likely that the stripe structure forms as a result of lattice buckling to release the lattice strain,
which has been observed in other epitaxial stanene films"”.

Here, the square-like tin allotrope, however, is rare in the epitaxial growth elemental films on hexagonal
substrates which usually exhibit hexagonal or trigonal lattice geometries. The unusual difference in
geometry between the epitaxial film and substrate can be explained by the decoupling effect of increased
bonding strength between tin atoms at higher tin coverage. The formation of four-coordinate bonds in the
square geometry can also decrease the number of unsaturated bonds and reduce the orbital hybridization
with the substrate, thereby promoting the decoupling effect. This conjecture is supported by the fact that Sn
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Figure 3. (A and B) STM images of a selected area with coexistence of Sn-I phase and bare substrate under different sample biases [3
V for (A) and 1V for (B)]. (C) Height profiles along the corresponding lines in (A) (red curve) and (B) (blue curve). (D) The STM image

of a boundary area between Sn-I phase and the bare substrate showing the square-like lattice at the boundary (-50 mV, 50 pA). (E)
dl/dV spectra on Al(111) and Sn-I phase.
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Figure 4. (A) STM image of the surface after deposition of >1 ML Sn on Al(111) showing stripe structure (Sn-Il phase) and abundant
clusters on the surface (2.5 V, 50 pA, image size is 50 nm x 50 nm). (B) Atomic resolution STM image of Sn-Il phase (16 mV, 900 pA).
(C) Height profile along the white line in (B). (D) dl/dV spectra on the hill and valley of the stripe structure of Sn-Il phase.
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nanoclusters appear on the surface of Sn-II as the coverage is much higher than 1 ML [Figure 4A], which
indicates that Sn-II phase is acting as a “buffer” layer that decreases the interaction between the surplus tin
atoms and the substrate and enables the formation of Sn nanocluster. The dI/dV spectra on Sn-II phase
[Figure 4D] show apparent depression of local density of states in the close vicinity of the Fermi level
compared to Sn-I phase, which agrees with the decoupling effect.

CONCLUSIONS

In summary, two 2D tin allotropes with quasi-periodic lattice and square-like lattice are fabricated on
Al(111) by epitaxial growth method at different tin coverages. Beyond sub-monolayer coverage, the
enhanced decoupling effect occurs and induces a square-like lattice, which is rarely found among epitaxial
elemental monolayers on metal substrates with hexagonal lattice. The presence of these two well-defined
structures adds another degree of freedom to stanene and other 2D elemental monolayers beyond the
honeycomb and buckled honeycomb lattices regarding the lattice symmetry design and tunning the
interaction between epitaxial films and substrates.
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