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Abstract
Two dimensional (2D) √3× √3 R30◦-As, has been discovered on Ag(111)1× 1 surface, by
depositing 1 monolayer of As, keeping the silver substrate at a temperature of∼450 ◦C, while a 2D
5× 5 reconstruction, attributed to arsenene, appeared at a lower temperature of∼350 ◦C. The two
√3× √3 R30◦-As and 5× 5-arsenene surface reconstructions were experimentally investigated by
means of low electron energy diffraction, and Auger electron spectroscopy, while the
first-principles calculations, by using density functional theory, confirmed their atomic
configurations, surface stability, and the prediction that the √3× √3 R30◦-As reconstruction, can
be considered as a new allotropic form of arsenene, exhibiting electronic structure with metallic
character. A reversible structural phase transition, from the 2D √3× √3 R30◦-arsenene to the
5× 5-arsenene surface reconstruction, induced by electron-beam irradiation, and recovered to the
√3× √3 R30◦-As, by annealing, was observed, opening a new path to study reversible phase
transitions in elemental epitaxial 2D materials.

1. Introduction

Arsenic (As), along with phosphorus (P) antimony
(Sb), and bismuth (Bi), belongs to the nitrogen (N)
group, the fifteenth group of the periodic table, whose
elements are called, more specifically, pnictogens,
referring to the suffocating properties ofN, that is, the
opposite of the action of oxygen.

Another peculiar property of pnictogen atoms is
that they act as surfactants, given their ability to float
on top of surfaces, in epitaxial growths, in particular
those containing Ge and Si. Thus, As, Sb, and Bi have
long been successfully used, in the past, for example
as an intercalating layer for strained epitaxial growths
of germanium on the Si(001) surface [1].

Right, moving one column to the left of the peri-
odic table, we fall back to the fourteenth column,
encountering the element carbon (C), entered into
the limelight, with the discovery of graphene [2],
single C atom thick in a honeycomb lattice, like its

natural allotropic form, the graphite, in the two-
dimensional (2D) arrangement.

Subsequently, the new synthetic allotropic form
of silicon (Si) was discovered [3], opening the way to
synthesize and study the elemental 2D materials with
the suffix -ene, which, under given specific synthesis
conditions, can take on a honeycomb-type lattice. For
silicon a buckled [3], and a flat [4] honeycomb lattice
were found.

Right now, regarding the issue of elemental 2D
materials, numerous systems have been discovered
to exhibit an honeycomb-like atomic arrangement,
such as, for example, for group-IVA, germanene sup-
ported, up to now, on several substrates, such as
Ag(111) [5], Cu(111) [6], MoS2 [7], Al(111) [8],
Ge2Pt [9], Au(111) [10], and Pt(111) [11]; stanene
on Bi2Te3(111) [12], and Cu(111) [13], as well
as Plumbene on Pd(111) [14], and Ir(111) [15];
for group VA, blue phosphorene on Au(111) [16],
arsenene on Ag(111) [17], ultrathin film of Sb(111)
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(antimonene) was performed on Bi2Te3 and Sb2Te3
substrates [18] by molecular beam epitaxy, and later
on PdTe2 [19], bismuthene on SiC substrate obtained
by epitaxial growth [20]; for group IVB, hafnene [21];
for group IIIA, borophene [22–24], gallenene [25];
for group VIA, selenene [26], and tellurene [27]. In
addition, it should be noted that, recently, more and
more new 2D material systems, such as transition
metal halide ZrX2 (X=Cl, Br, I)/Zr2Cl2 van derWaals
heterojunctions, and 2D half-semiconducting mater-
ial Mn(BiTeS)2, with very intriguing physical proper-
ties, have been proposed [28, 29].

Several authors have theoretically predicted [30–
34] that elemental As, Sb and Bi, the heavy pnic-
togens, could exhibit stable single-layered materi-
als derived from bulk gray arsenic, gray antimony,
and bismuth and then called arsenene (h-As), anti-
monene (h-Sb) [30–32, 35] and bismuthene (h-Bi)
[34]. They crystallize in the rhombohedral layered
structure (space groupR-3m), namedβ-phase, which
is their most stable allotrope, although natural bulk
As and Sb have other allotropic structures, even if
considered metastable [36, 37].

Ab initio DFT calculations of thin film layered
gray As showed the equilibrium geometry with elec-
tronic properties, exhibiting large band gap, at vari-
ance of a semi-metallic behavior, of bulk gray As
[30, 38]. The electronic properties can be affected
by several factors, for instance, the number of layers,
comprising interlayer distance and/or the compress-
ive/tensile strains [30], where strainmainly was found
to induce metal-semiconductor transition, in mono-
layers (MLs) and bilayers of gray arsenic [30]. These
results were confirmed by [31], where, again, first-
principles DFT calculations, reported that arsenene
could arrange two stable types of honeycomb struc-
tures, the buckled- and the puckered-type, with both
arsenene structures keeping indirect gaps, also mod-
ified by strain. Recently, interesting enough, a new
first-principles DFT calculations have been used to
investigate the arsenene electronic structures and
topological phase transition under tensile and com-
pressive strains [39].

Again, atomically thin arsenene and antimonene
were identified as two novel wideband gap semi-
conductors, with very stable honeycomb struc-
ture, from bulk to ML transition, followed by
semimetal–semiconductor with large indirect band-
gap transitions [40].

Nevertheless, more recently, 2D group-VA semi-
conductors, both from theory and experiment have
been revisited [35], expanding, with success, the
family of the so-called Dirac materials. In mean-
while, nanosheets and nanodots of 2D arsenene were
achieved by the ultrasonication of grey arsenic in such
proper solvents [41], as well as the growth of this
β-phase arsenic bulk crystals, i.e. the rhombohed-
ral layered structure (space group R-3 m), were also

obtained, via chemical vapor transport method, from
which their large-scale nanoflakes were employed, for
the first time, to achieve an interesting near-infrared
pulsed laser for nonlinear photonic applications [42].

The experimental evidence, of one ML of
arsenene, synthesized on the Ag(111)1 × 1 single
crystal, kept in the temperature range between 250
and 350 ◦C, was achieved, adopting the honeycomb
5 × 5 reconstruction [17]. It is worth mention-
ing another system, involving As/Ag(111), which
consists of a one-dimensional structure formed by
Ag2As surface alloy [43]. The experimental condi-
tions for achieving this surface alloy were just to
anneal Ag(111)5 × 5-As at a temperature of ∼400 ◦

C in front of the low electron energy diffraction
(LEED) optics until diffraction spots appeared [43].
A fairly complicated LEED pattern was found for this
As/Ag(111) striped phase: the Ag(111)1 × 1 spots
are surrounded by six satellite spots; surrounding the
√3× √3 classical positions, there were six spots form-
ing triangles. Between the triangles there were seven
diffraction spots. Note that there were no diffrac-
tion spots at the √3 × √3 positions, which makes the
reconstruction recognized as formed by an approx-
imate 14√3 (√3× 14) periodicity [43].

The present work specifically focusses on the
formation and investigation of the electronic and
structural properties of the 2D antimonene phase on
Ag(111)1 × 1, exhibiting the 5 × 5 surface recon-
struction, and the Ag(111)√3 × √3 R30◦-As inter-
face. This last phase undergoes the transition to the
previous reconstruction (2D arsenene 5 × 5), when
applying an e- irradiation on the surface. Reversibly,
the Ag(111)√3 × √3 R30◦-As reconstruction can
be regained by annealing the 2D arsenene/Ag inter-
face, again. Density functional theory (DFT) con-
firms these results, providing interesting electronic
features, through band dispersion calculations.

2. Experimental

The experiments were performed at the CNR-ISM
laboratories of Tor Vergata, Rome (Italy), and the
theoretical part was computed at the Institute of
Physics, Maria Curie-Sklodowska University, Lublin
(Poland). LEED patterns were acquired at primary
energy (Ep) ranging from∼39 eV up to 135 eV, while
the AES spectra, in first derivative mode, were recor-
ded at a primary electron beam of (EP = 3.0 KeV)
from the coaxial e-gun in the PHI 255 G double-
pass cylindrical mirror analyzer, CMA, exhibiting at
least 0.5 eV of resolution. The Ag(111) single crys-
tal was cleaned, in the UHV chamber (base pressure:
2.0 · 10−10 mbar), by repeated cycles of sputtering and
annealing up to 450 ◦C, in order to achieve a clear
ordered LEED pattern from the Ag(111)1 × 1 unre-
constructed surface.
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As was evaporated on Ag(111)1 × 1 kept in the
range of Tsub = (250–350) ◦C, and at Tsub = 480 ◦C,
adopting a rate of∼0.08 ML min−1 from an As solid
source up to ∼1 ML. The Ag(111)5 × 5 -As recon-
struction, here called arsenene, was obtained in the
first case, and the Ag(111)√3× √3-As reconstruction,
in the second. The surface irradiation by AES e–beam
of As/Ag(111) interface, was performed by applying a
current of∼0.2 mA for several hours.

The DFT calculations were performed using
the Perdew–Burke–Ernzerhof (PBE) [44] implement-
ation of the generalized gradient approximation
(GGA), as implemented in Vienna ab initio simula-
tion package (VASP) [45, 46]. The electron-ion inter-
action was described with the projector-augmented
wave method [47]. The plane wave energy cut-
off for all calculations was set at 340 eV, and the
Brillouin zones associated with the Ag(111)5 × 5-
As and Ag(111)√3 × √3-As unit cells were sampled
by 3 × 3 × 1 and 9 × 9 × 1 Monkhorst–Pack k-
points grids, respectively [48]. The Ag(111)−As sys-
tem has beenmodeled by five Ag layers and the recon-
struction Sb layer. A vacuum region of 17 Å has
been added to avoid the interaction between sur-
faces of the slab. All atomic positions were relaxed,
except the bottom layer, until the largest force in
any direction was below 0.01 eV Å−1. The Ag atoms
in the bottom layer were fixed at their ideal bulk
positions.

3. Results and discussion

Figure 1 describes the growth behavior of the
Ag(111)5× 5-As system. For this reason it is imperat-
ive to identify the coverage of 1MLof As, which forms
the arsenene layer, keeping the substrate temperature
at 250 ◦C [17].

Therefore, the figure 1 reports the growth beha-
vior of Ag(111)5 × 5-As obtained from the LMM
As, andMNNAg peak-to-peak AES intensities, keep-
ing the substrate temperature at Tsub = 250 ◦C.
The blue and red open circles are from the LMM
As, and MNN Ag peak-to-peak AES intensities, at
the left and right vertical axes, respectively, whereas
the straight lines, joining the circles of the curves,
are a guide for eyes. The vertical black line, repres-
ents a way to determine the achievement of 1 ML
of As on the Ag(111)1 × 1 surface, obtained after
12.5 min of deposition. It is worth noting that the
AES Ag MNN and As LMM lineshapes for all As
growth (up to about 4.4 MLs) were similar, (spec-
tra not shown) and that after the adsorption of
1 ML of As, no further atom uptake was found, as
attested by the constant As and Ag peak-to-peak AES
intensities, after the appearance of the elbow of the
curve.

Let us show now in figure 2(a) the typical LEED
pattern of the single crystal Ag(111)1 × 1 unrecon-
structed surface, while the patterns after the depos-
ition of 1 ML of As, keeping the substrate at tem-
perature of Tsub = 250 ◦C, are shown in figures 2(b)
and (c), collected at primary electron beam ener-
gies, EP, of 55.5 eV; 39.0 eV; and 43.3 eV respect-
ively. The Ag(111)5 × 5-As surface reconstruction,
formed by one layer of arsenene, is clearly visible in
figures 2(b) and (c), in nice agreement with [17]. The
red, and pink open circles in figures 2(b) and (c) rep-
resent the (0, 1), and (0, 4/5) spots of Ag(111)1 × 1
and Ag(111)5 × 5-As. The 4 × 4 reconstruction of
arsenene with respect to its own 1 × 1, is marked, in
figure 2(b), by black, and orange rhombus, respect-
ively, while the red rhombus characterizes the 1 × 1
unit cell of the unreconstructed Ag(111), figure 2(c).
The smaller units cell, i.e. the pink rhombus in
figure 2(c), is that of the Ag(111)5× 5-As reconstruc-
tions, with respect to the Ag(111)1× 1.

Taking advantage of the fact that the
Ag(111)5 × 5-As was found in the range of
Tsub = (250–350) ◦C [17], the temperature stabil-
ity of 1 ML of arsenene on Ag(111) was probed by
increasing the temperature up to 320 ◦C, in front of
LEED system, as shown in figure 3. LEED patterns
were collected at several EP energies, figures 3(a)–(d),
from lowest, such as 36.5 eV to highest, 117.1 eV,
obtained maintaining the 5× 5/4× 4 reconstruction
of arsenene.

Continuing to raise the temperature, around
Tsub = 350 ◦C the Ag(111)5 × 5-As reconstruction
begins to become confused, giving way to another
surface order, identified as Ag(111)√3×√3-As, which
at Tsub = 480 ◦C, clearly manifests itself. Figure 4
reports the LEED patterns, obtained from 1ML of As
deposited on the Ag(111) surface, keeping the sub-
strate directly at Tsub = 480 ◦C. In order to well
recognize the Ag(111)√3 × √3-As, LEED patterns at
different Ep = 48.5 eV (a), Ep = 59.4 eV (b), and
Ep = 135.4 eV (c) are shown in figures 4(a)–(c). The
red rhombus in (a) indicates the unit cell of the unre-
constructed Ag(111); the (0, 1) vertex is marked in
(b), while the yellow one represents the unit cell of the
√3× √ 3-As surface reconstruction, rotated 30◦ with
respect to that of the unreconstructed silver. One of
the (1/3,1/3) spot of the Ag(111)√3 × √ 3-As is evid-
enced by the yellow circle in (b).

It is extremely important to note that this is
the first time that a 2D layer of As on Ag(111)
surface, having a √3 × √ 3 reconstruction, con-
sidered here as pure √3 × √3, has been identified,
to be distinguished from the more complicated one
found, recently, in [43], after the annealing of the
Ag(111)5× 5-arsenene at temperature of∼400 ◦Cup
to some diffraction spots √3 × √3-like appeared on
the LEED pattern, and attributed to a peculiar As/Ag
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Figure 1. Growth behavior of Ag(111)5× 5-As from AES at Tsub = 250 ◦C; blue and red open circles are AES intensities from the
LMM As, and MNN Ag peak-to-peak. Both blue and red straight lines, joining the circles of the curves, are a guide for eyes, while
the black intercept lines, overlapped on the LMM As curve, represent a way to determine the achievement of 1 ML of As on the
Ag(111)1× 1 surface.

Figure 2. LEED Pattern from: Ag(111)1× 1 (a); collected at different primary energies: Ep = 39.9 eV (b), Ep 44.3 eV (c) in 1 ML
of As deposited in Ag(111) kept at Tsub = 250 ◦C, forming the Ag(111)5× 5-As interface. The orange and black rhombuses in
(b) are the 1× 1 of arsenene, and its 4× 4 reconstruction. The red rhombus in (c) indicates the unit cell of the unreconstructed
Ag(111). The (0, 1) vertex is marked in (a)–(c); the pink unit cell, instead, represents the unit cell of the 5× 5-As surface
reconstruction, with respect to the one 1× 1 of silver, whose (0, 4/5) spot is evidenced by the pink circle in (b) and (c).

surface alloy. In addition, various diffraction spots
were there observed, such as six satellites spots, form-
ing an hexagon around each 1 × 1 spots of Ag(111);
surrounding each ideal √3 × √3 position, a group of
six spots, creating triangles, plus some extra spots just
next to the triangles, were probed, and, furthermore,
rows of seven closely spaced diffraction spots between
the triangles were located, with three different orient-
ations, indicating that three reconstruction domains
were present on the surface. Exactly at the √3 × √3
positions, no diffraction spots were found, showing
a substantial deviation from that simple periodicity
[43], found, instead, interestingly, in our work.

This points out to the first time that the
Ag(111)√3× √3 R30◦-As interface was observed.

Under the e- irradiation emitted by the elec-
tron gun of the AES electron energy analyzer (PHI
255 G, double-pass CMA), with a primary energy of

EP = 2.5 keV, at ∼0.2 mA, and for a time of several
hours, the Ag(111)√3 × √ 3 R30◦-As interface trans-
forms back into the Ag(111)5× 5-As reconstruction.
The LEED pattern attesting this phase transition, is
shown in figure 5, where the As-(4 × 4)/(5 × 5) (the
4× 4 being considered with respect to the 1× 1 unit
cell of arsenene) is collected at two primary energies
of 48.3 eV and 31 eV. The arrows indicate the×4, and
×5, reconstructions.

Sometimes, the using of electron beams to ana-
lyze the chemical and stoichiometry composition
of solids could modify, and/or damage the samples
under investigation. Much more clearly, biological
and organic materials, but also metallic, ionic, and
inorganic materials can suffer from electron beam
damaging [49]. In the case of electron microana-
lysis/microscopy and transmission electron micro-
scopy, where both high energy electron beam and
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Figure 3. LEED pattern from 1 ML of As deposited on Ag(111) kept at Tsub = 320 ◦C, forming the Ag(111)5× 5-As interface:
Ag(111)1× 1 (a) collected at different primary energy Ep = 36.5 eV (a), Ep = 41.7 eV(b), Ep = 56 eV (c), and Ep = 117.1 eV (d).

Figure 4. LEED patterns collected at different primary energy (a) (Ep = 48.5 eV), (b) (Ep = 59.4 eV), (c) (Ep = 135.4 eV) on

1 ML of As deposited on Ag(111) kept at Tsub = 480 ◦C, forming the Ag(111)√3× √ 3R30◦-As interface. The red rhombus in (a)
indicates the unit cell of the unreconstructed Ag(111), the (0, 1) vertex is marked (b); while the yellow one represents the unit cell
of the √3× √3-As surface reconstruction; one of the (1/3,1/3) spot is evidenced by the yellow circle (b).

high current density are applied, not only the surface,
but more properly the bulk of samples can be affected
by the electron beam damage [49].

AES is a surface-sensitive technique. An electron
beam damage, which can affect the samples sur-
face in several ways, can influence the AES spectra,
often, presenting the effects all together. Changes in
chemical composition and/or stoichiometry, lattice
or other structural modification/distortion, produc-
tion or elimination of defects, and/or electrical char-
ging were reported [49].

Two main processes, called electronic stimulated
desorption (ESD), and electronic stimulated adsorp-
tion (ESA), can occur during an AES measurement,
and/or electron gun irradiation.

ESD can be considered as a composite process,
involving the electronic excitation of chemical spe-
cies at the surface, producing the escape of the excited
fragments, or their de-excitation and recapturing
upon the surface [49].

The ESA process can be due to electronic excit-
ation or a molecule dissociation of a gas phase at the
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Figure 5. LEED patterns of arsenene on Ag(111) at 48.3 eV (a) collected after e- irradiation for several hours of the
As/Ag(111)√3× √ 3. The red arrow Indicates one of the integer Ag(1× 1) spots, while an arsenene spot of the 5× 5
reconstruction with respect to the Ag(111)1× 1 is indicated by the green arrow. In (b) the LEED pattern at 31 eV shows the
arsenene 4× 4 (blue arrows) with respect to the arsenene 1× 1 (green arrow).

Figure 6. LEED patterns collected at different primary energies (a) (Ep = 48.8 eV), (b) (Ep 62 eV), (c) (Ep = 124.8 eV) on 1 ML

of As the Ag(111)√3× √3 R30◦-As interface, obtained by the transition of the Ag(111)5× 5-As interface of figure 5 upon
annealing at T = (460÷ 480)◦C for t = 30 min.

surface, or of amolecule weakly bonded to the surface
[49].

Thus, the interaction between an electronically
excited atom, or molecule, and a surface, can induce
adsorption and reaction at the surface.

Unfortunately, in our particular case, we can-
not clearly distinguish between ESD and ESA, find-
ing ourselves faced with a structural phase transition
between arsenene-(5× 5), and As/Ag(111))√3× √ 3.

The Ag(111)5 × 5-arsenene layer, obtained after
AES electron gun irradiation, was then annealed
again at temperatures between (460 ÷ 480)◦C for
t = 30 min. It is interesting noting that the pre-
vious reconstruction, Ag(111)√3 × √3 R30◦-As, is
gained again, as demonstrated by the LEED patterns
of figure 6, at different primary energy: Ep = 48.8 eV
(a); Ep 62 eV (b), and Ep = 124.8 eV (c).

This important result is a clear demonstration of
the reversible structural phase transition that occurs
on the As/Ag(111) interface.

At this point it is worth showing that the intensity
of the AES signals, namely Ag MNN and As LMM

are similar both in intensity and shape, as it can
be immediately seen in figure 7, which shows the
comparison between the two Ag(111)5 × 5-As, and
Ag(111)√3 × √3 R30◦-As phases obtained, the first,
after the e-irradiation of the Ag(111)√3 × √3 R30◦-
As reconstruction, and, the second, after a surface re-
annealing at temperature Tsub = 480 ◦C.

This result is very important since it supports our
hypothesis of being able to pass from one phase to
another for the As/Ag(111) interface, both by chan-
ging the temperature of the substrate and by the sur-
face irradiation with the AES e-electron gun.

In order to summarize the experimental results
shown, figure 8 reports a graphical description of
the driving force, temperature and e-gun irradiation,
inducing the reversible phase transition between the
two 5 × 5 and √3 × √3R30◦ arsenene surface struc-
tures, in its reversible atomic-assembling process.
Three simple steps, clarify the mechanism: (1) in the
range of temperature between 250 ◦C and 320 ◦C the
5 × 5 arsenene reconstruction takes over, leaving the
place to the √3 × √3R30◦ arsenene reconstruction

6
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Figure 7. Comparison of Ag MNN and As LMM AES lineshapes from Ag(111)5× 5-As and Ag(111)√3× √3 R30◦-As: Ag MNN
(a), and As LMM (b).

Figure 8.Mechanism description of the reversible phase transition between the two 5× 5 and √3× √3R30◦ arsenene surface
structures, induced, first, by temperature, step 1; secondarily, get back to the starting 5× 5 arsenene, by e- gun irradiation, step 2;
and then returning to the √3× √3R30◦ reconstruction, by a new post-annealing, step 3.

at higher temperatures comprise into 350 ◦C and
480 ◦C, where the onset of As desorbing process
begins. In step 2, the Auger e-gun irradiation, pro-
motes the returning back to the original 5 × 5
arsenene reconstruction, which can be settle again to
√3× √3R30◦-As, in step 3, after applying a new post-
annealing, at temperature range of (460–480) ◦C.

To shed more light on our experimental findings,
we carried out first-principles DFT calculations of As
on Ag(111). In the case of As-(5× 5)/Ag(111) system,
the As layer acquires the characteristic form of a free-
standing arsenene. The obtained structural paramet-
ers, i.e. the lattice constant aAs = 3.64 Å and the buck-
ling d = 1.39 Å, agree well with their free-standing
values 3.55–3.61 Å and 1.35–1.45 Å, respectively [17].

This, together with large As-Ag(111) surface separ-
ation, which yields 3.34 Å, and low binding energy,
Eb = 380 meV per As atom, allows us to think of the
As-(5× 5) layer as (almost) freestanding arsenene, in
agreement with [17]. The structural model is shown
in figure 9. It corresponds to the As surface cover-
age ϑ = 1.28 ML, where 1 ML refers to the Ag(111)
plane.

The lowest energy structural model of the
Ag(111)√3 × √3 R30◦-As with approximately the
same As surface coverage (now ϑ = 1.33 ML), is
shown in figure 10. Atoms in this new single-layer epi-
taxial As structure occupy three different vertical pos-
itions, separated by 0.90 Å, and 0.85 Å, respectively.
Owing to the large distance to the surface, 3.17 Å,
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Figure 9. The structural model (top/left/side/3D view) of Ag(111)5× 5-arsenene. As (Ag) atoms are shown as blue (silver)
balls. The 1× 1-As and 5× 5-As are marked in red and in black, respectively.

and very low binding energy Eb = 170 meV, this As
layer can also be considered as weakly interactingwith
substrate.

The weakly-interacting character of the
√3 × √3R30◦-As layer is also reflected in electronic
structure. Figure 11(a) shows the calculated band
structure of the Ag(111)√3 × √3 R30◦-As projected
on As and Ag-top layers, respectively. Clearly, sys-
tem is metallic with a number of parabolic bands
centered at the Γ point. They are composed mainly
of the As 4pz orbitals, although the pxy character is
also visible for larger values of k, figure 11(b). There
are also two well resolved additional bands with very
strong As 4pz character: a hole-like band with its top
edge around E = − 0.5 eV, and the flat band loc-
ated around E = − 1.2 eV, named A’

1 and A’
2. They

resemble the A1 and A2 bands of the free-standing
arsenene [17]. The As-Ag hybridization is visible
mainly in the Γ-centered parabolic bands with their
bottoms at energies equal to−0.2 eV and−2.1 eV.

The √3 × √3 R30◦-As, being a single layer, can
be regarded as a new allotropic form of arsenene.
Unfortunately, this structure is unstable in the isol-
ated form, and may exists only when supported. In a
‘real-world’ this structure can be used, for instance,
embedded in a multilayer heterostructure, overcom-
ing and/or stabilizing its new As reconstruction. On
the other hand, As is not new in terms of metastabil-
ity, as can easily be commented in the case of other
allotropic forms of arsenic [36, 37]. Indeed, the yel-
low (non-metallic) forms of As (Sb) are metastable,
they are prepared by condensing the vapor at very

low temperature; arsenic also forms a polymorph iso-
structural with black phosphorus [50, 51], obtained
by simple heating amorphous As at 100 ◦C–175 ◦C,
in presence of mercury [37]. By heating and/or
exposing to light, the yellow form reverts to the
metallic form [37], showing, mainly, its metastable
behavior.

Thus, in principle, one can think of this new
structure as kind of epitaxial arsenene, the counter-
part of well-known β-arsenene, with metallic elec-
tronic properties [40]. Whether this structure can
also be stabilized by other substrates is unknown at
present.

According to the DFT calculations the
√3× √3R30◦-As shown in figure 10 is a potential can-
didate for the real atomic structure that we deal with
in our experiments. Energetically, it is not far from
the lowest energy Ag(111)5 × 5-arsenene structure,
thus possible to be realized in the nature. From the
experimental point of view, it is reasonable to assume
that √3× √3R30◦-As has the higher total energy than
the 5× 5-arsenene, and should be treated as a kind of
metastable structure. This would explain why some
extra energy (in the form of annealing) is required
to drive 5 × 5-arsenene to the √3 × √3 R30◦-As,
and only some external factor, that causes the sys-
tem to leave this local energy minimum and go back
to the original 5 × 5-arsenene phase. Unfortunately,
this driving force is unknown. We already discussed
that AES e-gun can trigger various surface processes,
and the interpretation of them can be extremely
complex and often ambiguous. Nevertheless, one
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Figure 10. The structural model (top/left/side/3D view) of Ag(111)√3× √3 R30◦-As, the unit cell with 4 As atoms is marked. As
(Ag) atoms are shown as blue (silver) balls.

Figure 11. Calculated band structure of the Ag(111)√3× √3 R30◦-As projected on As and Ag-top layer (a). Orbital character of
As bands (b).

possible scenario can be proposed. It concerns the
physics behind the Auger effect and charge doping.
This would be clear, if one recalls the final state of
an atom after Auger event, which is hole-doped. Thus
one should expect, that the√3×√3R30◦-As structure
might be hole-doped when AES e-gun is operating.
This would trigger the transition to the original 5× 5-
arsenene phase. If this is true, it should be reflected in
DFT calculations. Indeed, the DFT calculations show
that the most stable structure is the 5 × 5-arsenene,
while the √3 × √3 R30◦-As is the metastable phase.
What ismore important, the√3×√3R30◦-As ismore
likely realized at negative charge (electron) doping,
while the 5 × 5-arsenene—at positive (hole) doping,
as figure 12 reveals. That means that when electrons
are subtracted from the √3 × √3 R30◦-As, the sys-
tem should evolve to the 5× 5-arsenene, as observed

experimentally. Thus, the most likely driving force
for this phase transition is charge doping.

4. Conclusions

Two atomic structural phases have been discovered
for the growth of As/Ag(111) interface, as a function
of substrate temperature and Auger electron beam
irradiation: the Ag(111)5 × 5-arsenene, and the new
allotropic form of arsenene, the Ag(111)√3 × √3
R30◦-arsenene surface reconstructions, as demon-
strated by AES, LEED, and DFT calculations, elu-
cidating both atomic structures and their associ-
ated band dispersions (ARPES). They are revers-
ible, thanks to the easy malleability of As atoms,
being able to transition from one to the other,

9
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Figure 12. Relative total energy of the 5× 5-arsenene (blue) and √3× √3 R30◦-As (pink) as a function of charge doping. It is
defined as the total energy difference between the two systems per 1× 1 unit cell.

by applying either temperature or electronic irra-
diation, keeping the same number of atoms on
surface, as determined both experimentally and
theoretically.
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