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ABSTRACT: Group-V elemental monolayers were recently predicted to exhibit exotic physical properties such as nontrivial
topological properties, or a quantum anomalous Hall effect, which would make them very suitable for applications in next-
generation electronic devices. The free-standing group-V monolayer materials usually have a buckled honeycomb form, in
contrast with the flat graphene monolayer. Here, we report epitaxial growth of atomically thin flat honeycomb monolayer of
group-V element antimony on a Ag(111) substrate. Combined study of experiments and theoretical calculations verify the
formation of a uniform and single-crystalline antimonene monolayer without atomic wrinkles, as a new honeycomb analogue of
graphene monolayer. Directional bonding between adjacent Sb atoms and weak antimonene-substrate interaction are confirmed.
The realization and investigation of flat antimonene honeycombs extends the scope of two-dimensional atomically-thick
structures and provides a promising way to tune topological properties for future technological applications.
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he discovery of graphene with its unique properties and

tremendous potential applications spurred the investiga-
tion of other monoelemental two-dimensional (2D) materi-
als.'™® Specifically, Group-V elemental 2D materials have
attracted intensive interest due to their many interesting
properties such as tunable band gap, high carrier mobility,
topological nontrivial states, and great potential for future
applications.””"” Group-V 2D materials include black and blue
phosphorene, arsenene, antimonene, bismuthene, etc. Among
these, antimonene has attracted increasing attention in recent
years because it was calculated to have a significant fundamental
band gap (228 eV)'® and other excellent properties,'”™>’
which make it very suitable for next-generation nanoelectronic
devices. In experiments, although the fabrication of antimonene
films with different thickness has been realized by different

methods,”™*° the fabrication of high-quality, monolayer
antimonene with finite atomic undulations remained to be

explored extensively, which may give wider knowledge of the
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tunable structures and novel properties in a group of elemental
materials.

Group-V elements have five valence electrons in the outmost
shell of the electron configuration. The buckled honeycomb
group-V elemental monolayer, as shown in Figure la, involves
hybridized orbitals between in-plane sp* and out-of-plane p,
bands holding partially hybridized sp® bands;”” see Figure S1 for
a detailed discussion of the orbital hybridization. If the group-V
elemental monolayer is highly dilated, the buckled monolayer
can become a flat honeycomb configuration, as denoted by a
flat antimonene monolayer (FAM) in Figure 1b. Unlike the
bonding properties of the former buckled structure, in-plane sp”
orbitals of the Sb atoms in the flat honeycombs do not couple
with the out-of-plane p, orbital, which preserves the in-plane sp*
orbitals in FAM, similar to the bonding configuration in
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Figure 1. Atomic structures and hybridized orbitals of the buckled and
flat honeycombs of antimony: (a) the buckled honeycomb
configuration with hybridized orbitals between in-plane sp* and out-
of-plane p, (partial sp®) and (b) the flat honeycomb structure with
decoupled orbitals between in-plane sp* and out-of-plane p,.

graphene monolayer. The existence of flat antimonene
monolayer probably induces unique properties unlike those
of its buckled configuration. Indeed, the flat bismuthene
monolayer on a SiC substrate has very recently been shown as a
promising high-temperature quantum spin Hall material.”®
Being in the same group-V, however, the monolayer
antimonene with a flat honeycomb structure, which promises
novel electronic properties, has not been experimentally
investigated yet.

Here, we report the growth of flat antimonene monolayer
(FAM) on a Ag(111) substrate by molecular beam epitaxy

(MBE). Ag(111) is a commonly adopted substrate with
hexagonal symmetry and on which it is easy to obtain a clean
and defect-free surface, which makes it a good template for the
synthesis of 2D honeycomb-like materials such as silicene,””*’
h-BN,*" and borophene.”” In particular, the lattice match
between the FAM lattice and the Ag substrate can facilitate the
formation of the flat antimonene honeycomb lattice on
Ag(111). By combining characterization by low-energy electron
diffraction (LEED), scanning tunneling microscopy (STM),
first-principles calculations and high-resolution STM simula-
tions, we verified the 2D continuous growth of FAM film on
the Ag(111) substrate with a unbuckled antimony lattice. The
FAM, which inhibits hybridization between in-plane and out-of-
plane orbitals, is endowed with the quantum spin Hall effect,
showing topologically nontrivial states. This high-quality
epitaxial FAM is promising for applications in novel spin-
electronic devices, broadening the application field of
antimonene.

Figure 2 shows the monolayer antimonene film fabricated by
epitaxial growth of antimony atoms on Ag(111) surface. The
fabrication process is shown schematically in Figure 2a. The
Ag(111) substrate was first cleaned by several cycles of
sputtering and annealing until it yielded a distinct Ag (1 X 1)
diffraction spot in a LEED pattern (as shown in Figure 2b,
circled by a white dashed line) and clean surface terraces in
STM images. Then, the antimony (Sb) atoms were deposited
onto the as-cleaned Ag(111) substrate kept at 353 K, forming a
high-quality monolayer antimony film on it. A total of six new
hexagonal diffraction spots, circled by orange dashed line in
Figure 2c, are visible and show a \/ 3 X 4/3 superstructure with
respect to the Ag(111) surface lattice. The clear and simple
LEED pattern in reciprocal space demonstrates the high quality
and single crystallinity of the as-grown monolayer antimony
film. Furthermore, identical LEED patterns were observed
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Figure 2. (a) Schematic of fabrication process. (b) LEED pattern of a clean Ag(111) substrate, presenting sharp (1 X 1) diffraction spots. (c¢) LEED
pattern of antimonene on Ag(111), presenting a Ag(lll)—(\/ 3 X 4/3) superstructure. (d) Large scale STM image of monolayer antimonene on the
Ag(111). Inset: A height profile along the yellow line at the terrace edge. The height corresponds to the intrinsic height of Ag(111) terrace,
suggesting the Ag(111) terraces are covered fully by monolayer antimonene. (e) High-resolution STM image of antimonene depicted by the white
square in panel d, demonstrating a well-ordered honeycomb-like lattice. (f) Line profile corresponding to the red line in panel e, revealing the

periodicity of the antimonene lattice (5.01 A).
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Figure 3. (a) Atomic-resolution STM image of monolayer antimonene on Ag(111). The unit cell of the Ag(lll)—(\/ 3 X \/ 3) superstructure is
marked by the blue dashed line. (b) STM simulation of flat monolayer antimonene on Ag(111). (c) Energetically favorable atomic model of
monolayer antimonene on Ag(111), showing a honeycomb lattice. Orange (blue) balls represent Sb (Ag) atoms. (d) Top view of the overall
electron localization function (ELF) of the relaxed model of FAM, showing the continuity of the monolayer antimonene. (e) Cross-sectional ELF
along the black dashed line in panel d, demonstrating high localization of the electrons in Sb—Sb pairs and weak Sb—Ag interaction.

across the entire sample surface (8 mm X 8 mm in size),
indicating the growth of a homogeneous and high-quality thin
film of monolayer antimony.

To further investigate the structural features of monolayer
antimony in real space, STM measurements were carried out.
Figure 2d is a typical large scale STM image of the same
sample, demonstrating a homogeneous thin film on the entire
Ag(111) surface. The apparent height of the antimonene film is
2.2 A, as measured by decreasing coverage (Figure S2), and in
which small submonolayer antimony islands are visible. Here
the apparent height is lower than the previously reported
buckled monolayer antimonene (2.8 A),?>% suggesting that a
single-layer antimonene with a lower buckling configuration has
been fabricated on the Ag(111) surface.

Figure 2e shows a zoomed-in STM image of the area
designated by the white square in Figure 2d, revealing a well-
ordered honeycomb-like lattice. The period of this honeycomb-
like lattice, measured along the red profile line, is 5.01 A, as
shown in Figure 2f, which is in excellent agreement with the
Ag(lll)-(\ﬁ:] X \/ 3) superstructure observed in the LEED
patterns (The 4/3 times of the lattice constant 2.89 A of
Ag(111) surface is 5.01 A.). Compared to the lattice constant
(4.13 A) of freestanding antimonene with a buckling
conﬁguration,18 the larger lattice constant of 5.01 A here
indicates that the as-grown antimonene film certainly has a
lower buckling configuration on the Ag(111).

Figure 3a shows an atomically resolved STM image of
monolayer antimonene film, which clearly reveals a flat
graphene-like honeycomb lattice without obvious atomic
buckling. In this image, the unit cell of the flat honeycomb
lattice is denoted by the blue dashed lines. Each bright
protrusion in the unit cell denotes an individual antimony atom.
The brightness of these protrusions is almost the same,
indicating there is no clear corrugation between two nearest
antimony atoms in the monolayer antimonene.
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To deeply elucidate the experimental results above, we
carried out first-principles calculations by using the Vienna ab
initio simulation package (VASP).*>** Slab models of
monolayer antimony adsorbed on Ag(111) surface were used
by considering three adsorption configurations. Their relative
locations are denoted by fcc-hollow, hep-hollow and atop sites
of the Ag(111) surface, respectively, taking the center of
antimonene hexagon as a reference point (Figure S3). After all
three of these models are fully relaxed, the most energetically
stable configuration (hcp-hollow sites) are found and shown in
Figure 3c. Based on this optimized model, we performed an
STM simulation as shown in Figure 3b. It is found that the
adjacent antimony atoms have almost the same brightness in
the unit cell marked by a dashed-line rhombus in the simulated
STM images, which well-reproduced the honeycomb features
of the experimental STM image (Figure 3a). Considering
together the STM simulations and experimental STM
observations, we are safe to conclude that we have successfully
fabricated flat antimony honeycomb monolayer on the Ag(111)
substrate.

Note that the flat structure of the antimonene monolayer
discussed here is due to the alleviation of atomic buckling. This
can be clearly seen in that the Sb—Sb bond length (2.89 A) in
the antimonene is as large as that in the bulk form, and this
raises the question of whether the Sb—Sb chemical bond
remains in this flat configuration. To address this question and
further clarify the interaction among Sb atoms, we calculated
the electron localization function (ELF), which can be used to
evaluate the bonding properties directly from the value of
electron localization degree between individual atoms. The
value of ELF is in the range limit from 0 to 1, meaning that the
localization of electrons ranges from itinerant to localized form.
Figure 3d shows the top view of the calculated ELF pattern for
the hcp-hollow structure of FAM on Ag(111), demonstrating
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Figure 4. (a) XPS spectra of Ag 3d core level before (silver curve) and after (black curve) formation of the antimonene film. The peak positions and
shapes undergo almost no changes during formation of the FAM. (b) XPS spectra of Sb 4d core level; the two sharp peaks can be assigned to the Sb
in antimonene, which demonstrates the formation of the antimonene monolayer. (c, d) The Ag 3d and Sb 4d core level spectra obtained at room
temperature (green curve) and after annealing (orange curve) the sample, in which the positions and shapes of the peaks remain unchanged.

that the electrons of FAM are highly localized around the Sb
atoms and the region between adjacent Sb atoms.

To establish the connection between this bonding
configuration and its electronic properties, we calculated the
band structures of the free-standing FAM. The calculated band
structures (Figure S4) show that the FAM is a semi-metal,
which is quite different from the semiconducting nature of the
buckled antimonene monolayer. This difference signifies the
substantial effect of atomic buckling on the electronic structures
of elemental monolayers. Moreover, our calculations show that
the FAM is a topological semimetal having a topologically
nontrivial edge state (depicted by the red line in Figure S4i),
significantly different from the properties of the highly buckled
configuration (Figure S4c).”* Furthermore, the out-of-plane p,
orbital of the antimony atoms in the FAM is generally
disentangled from the in-plane sp” orbitals (Figure S1). The
preservation of the out-of-plane p, orbital forms a gapped Dirac
cone (with a gap of 47.7 meV) below the Fermi level (depicted
by the shaded circle in Figure S1j), which is similar to the #
bonding of graphene. Very recently, this kind of induced
topological property was revealed in a flat bismuthene
monolayer and shown to contribute to quantum spin Hall
effect.>® Thus, our work may provide an effective and promising
way to tune the topological properties of antimonene and
broaden related applications.

To further clarify the possible interaction between FAM
lattice and the Ag(111) substrate, a cross-sectional ELF pattern
perpendicular to the plane of the monolayer antimonene and
along the Sb—Sb bonding direction (depicted with the black
dashed line in Figure 3d) was calculated and is shown in Figure
3e. It is obvious that electrons are highly localized at the Sb—Sb
pair, analogous to carbon atoms in graphene. This provides
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direct evidence of a strong chemical interaction between each
Sb—Sb pair, responsible for the existence and stability of the
structure of antimonene. Moreover, the ELF value between the
neighboring Sb atom and the nearest substrate Ag atom is
much less than that of the Sb—Sb pair, indicating fairly weak
interaction between flat monolayer antimony and the substrate.

To further evaluate the interaction experimentally between
the monolayer antimonene and the substrate, X-ray photo-
electron spectroscopy (XPS) measurements were carried out to
monitor the chemical shift of Ag and Sb elements during the
fabrication process. Figure 4a shows the characteristic XPS
spectra from the core level of the Ag element before and after
the formation of antimonene films (illustrated by silver and
black curves, respectively). Before the antimony deposition, the
characteristic signals of Ag 3d;,, and 3d;/, appear at the binding
energies of 374.18 and 368.18 eV, respectively. After
antimonene growth, there is almost no change in the shape
and binding energies of these characteristic peaks besides an
energy shift of 0.13 eV. This tiny energy shift is probably due to
the measurement fluctuation considering the energy resolution
of our XPS measurements is about 0.3 eV. There would be an
obvious chemical shift in these characteristic peaks if its
chemical state of Ag element has changed. For example, silicene
grown on the Ag(111) surface caused a ~0.7 eV chemical shift
for Ag 3d electron because of the formation of Si—Ag bonds."
Moreover, the shape of the peaks remains the same and no
additional peaks appear. This verifies that no chemical shift
occurs in Ag atoms during the antimonene film growth. Figure
4b is the XPS core-level spectrum of Sb 4d from the
antimonene films. The two characteristic peaks are located at
33.04 and 31.79 eV, respectively, a small shift compared to the
peaks of buckled antimonene on PdTe, and Sb,Te;
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substrates,”>’ mostly owing to the change of the lattice

constant. No additional peaks appear, demonstrating the purity
and high quality of the as-grown monolayer antimonene. In
addition, our XPS measurements of the sample after oxygen
exposure showed that no energy shift of the Sb 4d characteristic
peaks, demonstrating the chemical stability of the as-grown
monolayer antimonene sample in oxygen atmosphere, a
promising property for practical application as reported
previously in buckling monolayer or few-layer antimony
films, 30323435

Additionally, depositing Sb atoms on a Ag(111) substrate at
room temperature (without the annealing process) can also
result in submonolayer antimony islands, a similar behavior
found by previous STM studies.””*” The islands present the
same structural configuration as the monolayer antimony. This
sample with an increasing amount of Sb atoms at room
temperature followed by an annealing process was measured
(Figure SS), which showed that the area of antimonene islands
can be increased by extending the deposition time of Sb atoms,
and a uniform and high-quality full-layer antimonene can be
achieved by a relatively low annealing temperature (353 K). We
also used XPS measurements to monitor the chemical shift of
Ag and Sb atoms during the annealing process, as illustrated in
Figure 4¢,d. The characteristic peaks for both Ag and Sb that
remain are the same before (green curves) and after (orange
curves) the annealing process, demonstrating the unchanged
chemical states for both Ag and Sb atoms. Combining the
calculations and experimental results above, we can verify the
formation of a monolayer antimonene on the Ag(lll)
substrate with no obvious chemical interfacial coupling between
the antimonene and the Ag(111). Exfoliation of these
antimonene films from the substrate is also of great importance
for its practical usage in the future. Considering the
configuration of FAM is sustained by the substrate, a proper
capping layer to the sample should be used for the preservation
of the flat structure of antimonene films. A following
ultrasonication of the sample would be a feasible method to
obtain antimonene flakes, which requires in-depth investigation.

In summary, we successfully fabricated high-quality flat
antimonene monolayer on a Ag(111) substrate. LEED and
STM measurements combined with first-principles calculations
confirm the formation of a uniform and single-crystalline
antimonene monolayer film with a flat honeycomb structure.
XPS measurements and ELF analysis reveal a weak interaction
between the antimonene film and the Ag(111) substrate. The
as-grown FAM film without atomic buckling is endowed with
nontrivial topological edge states. The experimental realization
of flat antimonene monolayer provides a good candidate for
future applications in spintronics and related nanodevices.

Methods. Sample Preparation and STM Experiments. The
flat antimonene monolayer was fabricated on a Ag(111)
substrate in an ultrahigh-vacuum (UHV) chamber, with a base
pressure of 2 X 107'° mbar, equipped with standard MBE
capabilities. The Ag(111) substrate was cleaned by several
cycles of sputtering and annealing until it yielded a distinct Ag-
(1 x 1) diffraction spot in a LEED pattern and clean surface
terraces in STM images. Antimony atoms (Sigma, 99.999%)
evaporated from a Knudsen cell were deposited onto the clean
Ag(111) substrate and kept at a related low temperature of 353
K to avoid the formation of a possible alloy phase of Sb and Ag.
After growth, the sample was transferred to a chamber with
LEED and STM equipment for measurements. All STM
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measurements were performed at room temperature with a
chemically etched W tip.

XPS Measurements. The in situ X-ray photoelectron
spectroscopy measurements were performed at the Beijing
Synchrotron Radiation Facility (BSRF). The samples were
stored in a UHV suitcase for transfer among different
experimental stations. The synchrotron radiation monochro-
mated light by 4 high-resolution gratings and controlled by a
hemispherical energy analyzer has a photon energy in the range
from 10 to 1100 eV in the energy resolution of 0.3 eV. The
photon energy of XPS experiments was 500 eV for Ag 3d and
180 eV for Sb 4d measurements, respectively.

Calculation Method. The first-principles calculations within
the framework of density functional theory were carried out
using the Vienna ab initio simulation package (VASP). The
projector augmented-wave method” and Perdew—Burke—
Ernzerhof exchange-correlation functional™ were used. A cutoff
energy of 400 eV for the plane-wave basis set and a
Monkhorst—Pack mesh*’ of 9 X 9 X 1 for the Brillouin zone
integration were employed for self-consistent calculations. The
interfacial interaction between FAM and Ag(111) substrate
were investigated by putting FAM on a 10-layer slab of
Ag(111)-(4/3 % \/ 3)R 30° surface in the registry. To eliminate
spurious interaction between two adjacent slabs, a vacuum layer
of thickness larger than 17 A is applied. The atomic structures
were fully relaxed until the force on each atom was less than
0.01 eV/A with the bottom four layers of silver atoms fixed.
The simulated STM images were obtained by calculating the
local density of states in the Tersoff—-Hamann approximation.
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