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Two-dimensional (2D) materials are playing more and more important roles in both basic sciences and industrial
applications. For 2D materials, strain could tune the properties and enlarge applications. Since the growth of 2D
materials on substrates is often accompanied by strain, the interaction between 2D materials and substrates is
worthy of careful attention. Here we demonstrate the fabrication of strained monolayer silver arsenide (AgAs) on
Ag(111) by molecular beam epitaxy, which shows one-dimensional stripe structures arising from uniaxial strain.
The atomic geometric structure and electronic band structure are investigated by low energy electron diffraction,
scanning tunneling microscopy, x-ray photoelectron spectroscopy, angle-resolved photoemission spectroscopy and
first-principle calculations. Monolayer AgAs synthesized on Ag(111) provides a platform to study the physical
properties of strained 2D materials.

PACS: 81.15.−z, 81.05.Zx, 82.20.Wt DOI: 10.1088/0256-307X/37/6/068103

The first two-dimensional (2D) material, graphene,
previously predicted to be unstable,[1] has been pre-
pared by mechanical exfoliation of graphite.[2,3] Af-
ter that, 2D materials attract tremendous attention,
and develop rapidly, forming several species: graphene
family, 2D chalcogenides, 2D oxides and so on.[4−6]

Two-dimensional materials can be fabricated by sev-
eral methods, for instance, mechanical exfoliation,
surface growth,[7] solution-phase growth, and vapor
growth.[8,9] Lots of discoveries of intriguing physi-
cal properties of 2D materials have been made in
optics,[10] mechanics,[11] thermology,[12] topology,[13]
magnetics[14,15] and electronics.[16] Diverse proper-
ties further lead to enormous applications.[17−22] For
example, solution-processed MoS2 films with excel-
lent mobilities and on/off ratios have been used in
transistors.[23]

For 2D materials, strain could be of vital impor-
tance and modulate the physical properties dramati-
cally. For instance, strain induced topological phase
transition has been observed on ultrathin Bi(111) films
grown on Bi2Te3(111) substrates.[24] Strain is often
introduced due to the interaction between 2D materi-
als and substrates, accompanied by the occurrence of
moiré patterns.[25−27] Recently, honeycomb monolayer

CuSe with one-dimensional (1D) moiré pattern has
been fabricated, which exhibits the Dirac nodal line
fermion, protected by mirror reflection symmetry.[28]
Motivated by these investigations, we aim at con-
structing a new strained 2D material on a substrate.

Here we report the epitaxy synthesis of mono-
layer strained silver arsenide (AgAs) on Ag(111) sur-
face. Combined with low energy electron diffraction
(LEED), scanning tunneling microscopy (STM), x-
ray photoelectron spectroscopy (XPS), angle-resolved
photoemission spectroscopy (ARPES) and first prin-
ciples calculations, we reveal the atomic structure
and band structure of monolayer silver arsenide on
Ag(111) surface. Interestingly, the strain in one direc-
tion is larger than that in the other two, which makes
1D stripes appear in the monolayer AgAs.

The sample was prepared by a commercial
ultrahigh-vacuum (UHV) molecular beam epitaxy
combined system with a base pressure of about 1 ×
10−9 mbar. Ag(111) single crystal was sputtered
by Ar+ ions and annealed for several cycles to at-
tain an atomic clean surface. The quality of sur-
face was checked by STM and LEED. Pure arsenic
atoms were evaporated on the heated Ag(111) sub-
strate (200 ∘C) in UHV, then the sample was annealed
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at about 200 ∘C for 1 hour, and finally slowly cooled
down. The as-grown sample was characterized by
STM and LEED. Ex-situ XPS and ARPES measure-
ments are performed by transferring the samples by
a UHV transfer suit without breaking the vacuum.
STM and ARPES experiments were carried out un-
der 10 K, while XPS and LEED were performed at
room temperature. ARPES experiments used HeII
(ℎ𝜈 = 40.6 eV) resonance lines and a VG SCIENTA
R4000 analyzer with angular and energy resolution
0.2∘ and 30meV, respectively. XPS measurements
were performed at Beijing Synchrotron Radiation Fa-
cility, with energy resolution better than 100 meV.

Quantum mechanical calculations based on den-
sity functional theory (DFT) were performed using
the projector augmented wave (PAW) method with
the local density approximation (LDA) functional,[29]
as implemented in the Vienna Ab initio Simulation
Package (VASP) code.[30,31] The spin–orbit coupling
(SOC) effect is considered. The wavefunctions are
expanded in plane wave basis with a kinetic energy
cutoff of 400 eV. A slab model consisting of the mono-
layer AgAs and three Ag layers is used to simulate the
strained monolayer AgAs on Ag(111) surface (Fig. 3).
The size of the supercell is 4.90 Å×36.80Å. The vac-
uum layer is ∼ 20Å. The AgAs monolayer and top
layer of Ag atoms are fully relaxed until the residual
forces on each atom are smaller than 0.05 eV/Å, while
the Ag atoms in the two bottom layers are fixed. The
𝑘-point sampling is 39× 1× 1. A slab model consist-
ing of 1× 1 monolayer AgAs on

√
3×

√
3 ten-layered

Ag(111) is used to investigate the electronic properties
of AgAs monolayer on the silver substrate in Fig. 4.
The size of the unit cell is 4.90Å× 4.90 Å. All AgAs
atoms and Ag atoms in the top two layers are fully re-
laxed until the residual forces on each atom are smaller
than 0.01 eV/Å. The 𝑘-point sampling is 39× 39× 1.
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Fig. 1. The fabrication and XPS characterization of
monolayer AgAs on the Ag(111) substrate. (a) Schematic
of the molecular-beam-epitaxy growth process of AgAs.
(b) XPS measurement from the core level of Ag features
two peaks at 368.26 eV (Ag 3𝑑5/2) and 374.28 eV (Ag
3𝑑3/2). (c) XPS core-level spectra of As. Two prominent
peaks are located at 40.58 eV (As 3𝑑5/2) and 41.27 eV (As
3𝑑3/2).

The growth schematic of the monolayer silver ar-
senide is shown in Fig. 1(a). Arsenic atoms are evap-

orated onto the elevated Ag(111) substrate, then the
sample is annealed at 200 ∘C. After growth of the sam-
ple, high-resolution XPS measurement is performed.
Figures 1(b) and 1(c) show the XPS spectra from the
core level of the Ag 3𝑑 and As 3𝑑, respectively. In
Fig. 1(b), there are two significant peaks at 368.26 eV
and 374.28 eV, which could be assigned to Ag 3𝑑5/2
and 3𝑑3/2, respectively. The positions of the two peaks
agree well with elemental silver,[32] which is attributed
to the fact that the quantity of elemental silver in the
substrate is much greater than that in the silver ar-
senide monolayer. In contrast to Ag, the signal of As
is not influenced by the substrate. In Fig. 1(c), the
XPS spectra can be divided into two peaks locating
at binding energy of 40.58 eV and 41.27 eV, which is
the signal of As 3𝑑5/2 and 3𝑑3/2. According to the
previous study,[33] the position of elemental As 3𝑑5/2
is 41.62 eV. The XPS results reveal that the As atoms
are bonded with Ag atoms.
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Fig. 2. LEED pattern and large-scale STM image of
monolayer AgAs grown on the Ag(111) substrate. (a)
LEED pattern of the Ag(111) substrate without arsenic.
(b) LEED pattern of monolayer AgAs on Ag(111). Yel-
low, red, and blue arrows point out diffractive patterns of
the Ag(111) substrate, monolayer AgAs, and moiré pat-
tern, respectively. The inset shows the magnified image of
the dotted rectangle. (c) Large-scale STM image of AgAs
(𝐼 = 0.05nA, 𝑉 = −1V). (d) Height profile along the
black line in panel (c).

The structure of the AgAs monolayer is charac-
terized by LEED at room temperature. Figure 2(a)
shows a clear LEED pattern of the Ag(111) substrate
before the deposition of arsenic, indicating that the
surface is clean and ordered. After the deposition of
arsenic and post-annealing, the new spots (marked by
the red arrows) originating from AgAs monolayer ap-
pear at the positions of (

√
3×

√
3)𝑅30∘ with respect to

Ag(111) spots, as shown in Fig. 2(b). These newly ap-
peared spots are not single-dots, but composed of sev-
eral little dots as shown in the inset of Fig. 2(b), which
implies that monolayer AgAs has several series of lat-
tices with similar but different lattice constants. It is
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possible that anisotropically stressed lattices could re-
sult in these kinds of LEED patterns. The diffractive
dots (indicated by the blue arrows) surrounding the
Ag(111) patterns are most likely to originate from the
moiré patterns, which is the result of the lattice mis-
match of the substrate and the silver arsenide. Figure
2(c) is a typical large-scale STM image of the AgAs
monolayer grown on Ag(111). The surface is uniform
and there are no significant features except steps. As
shown in Fig. 2(d), two kinds of steps are observed and
the step heights are 2.0 Å nm and 0.3Å. Here 2.0 Å is
the vertical distance from AgAs on the lower step to
Ag(111), while 0.3 Å is the height of AgAs relative to
lateral Ag(111). As a result, the real height of AgAs is
2.6 Å relative to upper Ag(111), confirming the mono-
layer structure of the as-grown AgAs sample.
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Fig. 3. Close-up STM images and atomic model of AgAs
on Ag(111). (a) STM image presents a step edge and
1D stripes with different orientations (𝐼 = 0.05nA, 𝑉 =
−1V). (b) Atomic-resolved STM image. Here 𝑎, 𝑏 and 𝑐
represent the three directions (𝐼 = 5 nA, 𝑉 = −10mV).
(c) Top and side views of the optimized atomic structure
model, showing a slightly distorted honeycomb structure.
Yellow balls and blue balls denote As and Ag atoms, re-
spectively. White, light blue and purple balls denote the
Ag atoms of the Ag(111) substrate. (d) The optimized
atomic structure model of AgAs on Ag(111) will repro-
duce the 1D stripes.

Figure 3(a) presents a zoom-in STM image of an-
other sample with larger coverage, in which 1D stripes
clearly appear. The stripes have three equivalent di-
rections with angle of 120∘ between two directions,
resulting in the hexagonal moiré patterns in Fig. 2(b).
The atomic-resolved STM image (Fig. 3(b)) clearly
shows the atomic structure of the AgAs. In addition,
the lattice constant along the direction of the stripe
(red line, 4.89±0.2Å) is slightly larger than that along
the other two directions (two black lines, 4.70± 0.2Å
and 4.68±0.2Å). Besides the 1D stripes, another fea-
ture presented in the STM image is the defect-like
structures (indicated by the black circle in Fig. 3(b)).
Because of the limited resolution of the STM instru-

ment, we cannot give an exact model of the defect-
like structure, but it may be related to atoms miss-
ing for releasing the strain.[34] Based on the STM and
LEED results, combined with DFT calculations, we
propose an atomic model of the AgAs layer as shown
in Fig. 3(c). The model starts with a honeycomb struc-
ture with arsenic atoms and silver atoms alternately
arranged, giving a structure close to (

√
3 ×

√
3)𝑅30∘

superstructure with respect to Ag(111) surface, which
is in agreement with the LEED results. Because of
the lattice mismatch between calculated freestanding
AgAs monolayer and the substrate, the DFT opti-
mized AgAs/Ag(111) model reveals the existence of
uniaxial tension in AgAs monolayer on the Ag sub-
strate. AgAs lattice is extended in one direction (di-
rection 𝑎 in Fig. 2(b)) to perfectly match the Ag sub-
strate but not in other directions, which results in
a one-dimensional moiré pattern, i.e., the 1D stripe
in STM images. From the side view in Fig. 3(c), the
height of AgAs relative to Ag(111) is similar to that
of step height of Ag(111). However, in the STM im-
age of Fig. 2(c), the apparent height of AgAs is slightly
higher than the step height of Ag(111) in Fig. 2(d), due
to strong couplings with electronic states of the sample
in the STM imaging process. As shown in Fig. 3(d),
the optimized structure model of AgAs on Ag(111)
surface mimics the 1D stripe perfectly, in good agree-
ment with the STM image (Fig. 2(b)). It should be
mentioned that silver atoms are difficult to resolve in
STM images,[35] due to their smaller density of state
relative to arsenic atoms, and the bright little dots
in the atomic-resolved STM image are from arsenic
atoms. In short, we demonstrate that we have grown
strained monolayer silver arsenide on Ag(111).

(a) (b) (c)
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Fig. 4. Electronic band structure of AgAs monolayer. (a)
ARPES intensity plots along 𝐾–𝛤–𝑀 direction, includ-
ing the bands of AgAs monolayer and the bands of the
Ag(111) substrate. (b) ARPES measurements overlaid by
calculation results with a small shift. Calculation results
reproduce most bands, in agreement with the experimen-
tal data. (c) Calculated band structure of monolayer AgAs
on Ag(111) including the SOC effect.

In order to investigate the electronic band struc-
ture of strained silver arsenide, ARPES measurements
are carried out. Figure 4(a) shows the ARPES band
dispersion along 𝐾–𝛤–𝑀 direction of Brillouin zone
of AgAs. Near the Fermi level, there are two hole-
like bands. The electronic density of state at −1.5 eV
arises from the silver substrate. DFT calculations
with spin-orbit coupling (SOC) are carried out to
obtain the band structures of monolayer AgAs on
Ag(111), which are shown in Fig. 4(c). Calculated
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results reproduce the hole-like bands, except those
bands located at 0.2 eV. We think that the interaction
between the silver arsenide and the silver substrate is
strong and the Fermi level of the silver arsenide may
be lifted by electron doping from the Ag substrate. In
Fig. 4(b), we adjusted the Fermi surface of the calcu-
lated band structure to fit experiments and overlaid it
on the ARPES intensity plot. The calculated results
reproduce most of the bands detected by ARPES.

In summary, we have successfully fabricated
strained monolayer AgAs on Ag(111) by molecular
beam epitaxy. Combination results of STM, LEED,
XPS and DFT calculations confirm the formation of
(
√
3 ×

√
3)𝑅30∘ superstructure of AgAs on Ag(111)

surface. In addition, STM images and DFT calcula-
tions demonstrate the strain-induced 1D stripes orig-
inate from interaction of monolayer AgAs and the Ag
substrate. ARPES and band calculation reveal the
doped AgAs energy bands influenced by the Ag sub-
strate. This work not only develops the method to
synthesize a new 2D material, monolayer AgAs, but
also offers a platform to investigate strain and inter-
action between 2D materials and substrates.

A portion of the research was performed in the
CAS Key Laboratory of Vacuum Physics.
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