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Antimonene is a promising two-dimensional material predicted to host intriguing properties. Recent works
have claimed the successful preparation of β-antimonene on noble metal surfaces, including Ag(111) and
Cu(111). However, as scanning tunneling microscopy gives only the topographic information, the possibility of
surface alloying for the claimed β-antimonene remains elusive. In this work, by scanning tunneling spectroscopy
and in situ Raman spectroscopy measurements, we provide compelling evidence that the “β-antimonenes” on
Ag(111) and Cu(111) reported in previous studies are both surface alloys, namely, Ag2Sb and Cu2Sb. Thus,
β-antimonene does not exist on these substrates. Instead, we find that α-antimonene can be grown on both
alloy surfaces, with different substrate-induced strain modulation effects. Our work not only clarifies the growth
dynamics of Sb on Ag(111) and Cu(111) but also provides two model systems to realize α-antimonene with
tunable strains.
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I. INTRODUCTION

Antimonene is the two-dimensional (2D) polymorph of
group V element antimony. As an emerging 2D material, it is
predicted to host interesting properties such as ferroelectricity
[1], thermoelectricity [2,3], high carrier mobility [2,4], and
high optical refractive index in the ultraviolet region [5]. To
date, two stable phases, α and β [6], have been synthesized
[7]. The α-antimonene, which has a puckered honeycomb
structure, is expected to host intriguing electronic and op-
toelectronic properties because of its similarity with black
phosphorus (BP). Because of the lack of bulk counterparts,
α-antimonene can only be synthesized by epitaxial growth.
To date, α-antimonene has been successfully synthesized on
several substrates such as SnSe, WTe2, MoTe2, and Bi2Se3

[8–11].
On the other hand, β-antimonene is the monolayer of bulk

antimony and can be directly isolated by mechanical exfo-
liation. In addition, β-antimonene has also been predicted
and claimed to be synthesized by molecular beam epitaxy
(MBE) on Ag(111) and Cu(111) [12–17]. Different structure
models have been proposed, including β-antimonene on un-
reconstructed or alloyed surfaces. Since both β-antimonene
and Ag2Sb/Cu2Sb alloys exhibit similar sixfold symmetric
structures, it is difficult to distinguish them only by STM mea-
surements. As a powerful technique to study the vibrational
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properties of materials, Raman spectroscopy can provide fin-
gerprint features for 2D materials. However, conventional
ambient Raman spectroscopy is not applicable because of
the easy degradation of antimonene in air [18]. Therefore, to
clarify the exact structure and composition of these surface
structures, combined STM and in situ Raman spectroscopy
measurements are highly desirable.

In this paper, we clarify the growth dynamics of Sb on
Ag(111) and Cu(111) substrates by a combined scanning
tunneling microscopy/spectroscopy (STM/STS) and in situ
Raman spectroscopy study. Even at room temperature (RT),
Sb will seriously alloy with Ag and Cu, forming Cu2Sb and
Ag2Sb alloy islands. Notably, large-area and atomically flat
Cu2Sb and Ag2Sb alloy can form on the surfaces after an-
nealing at appropriate temperatures, which were assigned as
“β-antimonene” in previous studies [12–15]. On the other
hand, further deposition of Sb atoms on alloy surfaces can
result in the formation of α-antimonene, as evidenced by its
STM topography and Raman fingerprint. The as-prepared α-
antimonene exhibits significant strain on the two substrates,
up to 5.9% (expansion) and –2.7% (compression), respec-
tively. Our study clarifies the growth dynamics of Sb on noble
metal Cu and Ag surfaces and provides an effective method
to manipulate the properties of α-antimonene by substrate-
induced strain effects.

II. METHODS

The experiments were performed in an ultrahigh vac-
uum (UHV) system consisting of a preparation chamber
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FIG. 1. (a) STM image (−0.5 V, −100 pA) of a typical alloy island after less than 1 ML of Sb was deposited on Ag(111) at RT.
(b) High-resolution STM image (−0.5 V, −100 pA) of an alloy island. (c) STM image (−0.5 V, −100 pA) of the 1 ML sample after annealing
at 360 K for 1 h. (d) High-resolution STM image (−1 V, −50 pA) of (c). (e) Structure model of Ag2Sb surface alloy. (f) STS spectra taken on
alloy islands (–1.5 V, –100 pA), alloy film (–1.5 V, –100 pA), and pristine Ag(111) (–1.5 V, –40 pA), respectively. (g) In situ Raman spectra
(532 nm, 10 mW, each spectrum at 10 min) of the Sb/Ag(111) obtained at RT and HT, respectively.

and an STM chamber. The base pressure of the system
is greater than 1 × 10–10 Torr. Single-crystal Ag(111) and
Cu(111) surfaces were cleaned by standard Ar+ ion sput-
tering and annealing cycles. High-purity Sb was evaporated
from a Knudsen cell. The minimum and maximum tem-
peratures to prepare α-antimonene on Ag2Sb (Cu2Sb) are
340 K (300 K) and 370 K (330 K), respectively. STM
and STS measurements were performed at 5 K with a
chemically etched W tip. For STS measurements, a lock-in
amplifier was used with a sinusoidal voltage modulation (20
mV, 659 Hz). Monolayer Ag2Sb (Cu2Sb) refers to an Sb
concentration of 4.6 × 1014(5.9 × 1014) atoms/cm2, which
corresponds to one-third of the surface atomic density of
the Ag(111) [Cu(111)] surface. Monolayer α-antimonene on
Ag2Sb (Cu2Sb) refers to an Sb concentration of 1.84 ×
1015(1.92 × 1015) atoms/cm2.

The Raman spectra were measured in the STM chamber,
with a side illumination and backscattering collection config-
uration. A 532 nm/632.8 nm laser was induced through the
UHV window and focused on the sample surface using an ad-
justable aspheric lens inside the UHV chamber. The scattered
far-field Raman signal was collected outside the window and
analyzed by an imaging spectrograph (Princeton Instruments)
with a liquid-nitrogen-cooled charge coupled device (CCD).
We confirmed that all the samples remained unchanged after
laser illumination by STM topography taken after Raman
measurements. To exclude the influence of substrates, we
detected their Raman signal at first and could not observe any
characteristic peak, as shown in Fig. S1 in the Supplemental
Material [19]. All the structure models were plotted by VESTA

[20].

III. RESULTS AND DISCUSSIONS

A. Sb on Ag(111)

We first investigate the growth of Sb on Ag(111). When
less than one monolayer (ML) Sb was deposited on Ag(111)
substrate at RT, we observed the formation of monolayer (ML)
islands with smooth surfaces but irregular shapes, as shown
in Fig. 1(a). A high-resolution STM image on the surface of
these islands [Fig. 1(b)] revealed a hexagonal structure. The
lattice constant is approximately 0.502 nm, which matches
�3 times that of Ag (111). The close-packing direction of the
lattice, as marked by the blue line, is along the [112̄] direction
of the Ag substrate, indicating a �3×�3R30 ° superstructure.
With increasing Sb coverage, the total area of these islands
increases. Note that the second-layer islands will start to grow
before the completion of the first layer (see Fig. S2 in the
Supplemental Material [19]).

When the sample with Sb coverage of about 1 ML was
annealed at 370 K for 1 h, a highly ordered and atomically
smooth surface formed, as shown in Fig. 1(c). The high-
resolution STM image in Fig. 1(d) shows a well-ordered
�3×�3R30 ° structure. It should be noted that both the
RT and high-temperature (HT) superstructures have been re-
ported in previous studies. However, either the RT and HT
superstructures were previously assigned to be β-antimonene
[14,15]. It was argued that β-antimonene can form as Sb-Ag
alloying was suppressed by either low-temperature annealing
or preformed Ag-Sb alloy surfaces. In our case, it is obvious
that the initial islands contain Ag-Sb alloy, as the islands and
the substrate surface exhibit an identical �3×�3R30 ° struc-
ture. In addition, one can see single dark sites and protrusions
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FIG. 2. (a) STM image (−0.5 V, −100 pA) of 0.8 ML α-antimonene grown on Ag2Sb/Ag(111). (b) High-resolution STM image
(−0.35 V, −150 pA) of α-antimonene. (c) Structure model of α-antimonene on Ag2Sb. (d) In situ Raman spectrum (532 nm, 10 mW, 2
min) of α-antimonene. (e) In situ Raman spectra (532 nm, 10 mW) of 0.8 ML α-antimonene and the Ag2Sb substrate, respectively.

on the substrate surface, indicating that the substrate Ag atoms
were replaced by Sb atoms, as shown in Fig. S3 [19]. The
most likely structure model of the �3×�3R30 ° surface is
monolayer Ag2Sb on Ag(111) according to previous studies
[21,22,30], as illustrated in Fig. 1(e).

The STS spectra shown in Fig. 1(f) indicate that the
�3 × �3 R30 ° structures formed at RT and HT exhibit
similar features. We observed a characteristic peak at 0.95 and
0.72 eV for RT and HT structures, respectively. The similar
STS features indicate that they are the same structure. The
slight shift of the characteristic peak can be accounted for
by the better order of the surface in the latter case or the
quantum confinement by the periphery of the islands in the
former case. Moreover, in situ Raman measurements further
support our conclusion. As shown in Fig. 1(g), the Raman
signals of the RT and HT samples exhibit a similar peak near
132 cm−1, which is quite different from the Raman spectrum
of β-antimonene in previous reports [23–25] either for bulk or
monolayers, which exhibit two apparent peaks near 120 and
150 cm–1. Thus, we conclude that the �3×�3R30 ° structures
formed at RT and HT are both Ag2Sb alloys.

The formation of Ag2Sb surface alloy is not surprising,
according to the binary alloy phase diagram between Ag and
Sb. Similar surface alloys have been reported in many binary
metal systems [26,27]. However, when more Sb atoms were
deposited on the Ag2Sb surface, the increased chemical po-
tential of Sb and limited diffusion length of Sb into the bulk
Ag may result in the growth of pure Sb layers, namely, an-
timonene. We have investigated this possibility by depositing
Sb on the HT Ag2Sb alloy surface at RT. The as-grown surface
is flat but slightly disordered. After annealing at 360 K, a
well-ordered phase is formed. This phase is characterized by
long-range parallel stripes with a distance of ∼0.862 nm, as

shown in the STM image [Fig. 2(a)]. The “stripes” are along
the close-packed direction of the Ag2Sb substrate, as indi-
cated by the blue line. A zoomed-in STM image is displayed
in Fig. 2(b), which shows a rectangular lattice with lattice
constants of 0.502 and 0.431 nm. We note that this phase
is quite similar to freestanding α-antimonene (a = 0.474 nm,
b = 0.436 nm) [6], but has a 5.9% lattice expansion in the
armchair direction and 1.1% compression in the zigzag di-
rection. In addition, we observed a 1 × 2 superstructure, as
indicated by the red rectangle in Fig. 2(b). The structure model
of the α-antimonene on Ag2Sb is shown in Fig. 2(c). As the
Ag and Sb atoms have different interactions with antimonene,
the Sb atom in antimonene directly above an Sb atom looks
brighter in STM images, resulting in the 1 × 2 moiré pattern.

Next, we performed in situ Raman measurements to con-
firm the structure of this phase, as shown in Figs. 2(d) and
2(e). The Raman spectrum shows three characteristic peaks
at 128, 152, and 273 cm−1, respectively. The first two peaks
accord well with the A2

1 and A3
1 modes of α-antimonene [6,8],

and the third peak can be associated with the second-order
Raman scattering [28]. Notably, the relative Raman intensity
of α-antimonene is much stronger than that of the Ag2Sb al-
loy, as shown in Fig. 2(e). With the same Raman measurement
configuration, the Raman intensity of α-antimonene collected
in 2 min is 14 times higher than that of the Ag2Sb alloy
collected in 10 min. The weak Raman intensity of the Ag2Sb
alloy might originate from the screen of the incident light by
the Ag(111) substrate; the screening effect becomes less pro-
nounced for antimonene on Ag2Sb. The apparent difference
between 2D materials and surface alloy has also been reported
in germanene and Ge-Au alloy [29]. Therefore, our combined
STM and Raman measurements unambiguously pin down this
structure as α-antimonene.
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FIG. 3. (a) STM image (−0.1 V, −100 pA) of 1.3 ML α-antimonene grown on Ag2Sb/Ag(111). (b) High-resolution STM image
(−0.95 V, −100 pA) of bilayer α-antimonene. (c) Structure model of bilayer α-antimonene on Ag2Sb. (d) STS spectra (–3 V, –100 pA)
of monolayer and bilayer α-antimonene. (e) In situ Raman spectra (532 nm, 10 mW) of α-antimonene with different coverage.

After the entire surface is covered by monolayer α-
antimonene, further increasing the Sb coverage will result
in the growth of bilayer (BL) α-antimonene [Fig. 3(a)]. As
the high-resolution STM image [Fig. 3(b)] shows, the bilayer
α-antimonene looks identical to the 1 ML α-antimonene.
The most likely model of bilayer α-antimonene is shown in
Fig. 3(c).

We then performed STS and in situ Raman measurements
on α-antimonene with different thicknesses. As shown in
Fig. 3(d), the STS spectra of both monolayer and bilayer α-
antimonene show a metallic feature, similar to that of Ag2Sb.
However, the characteristic peak of Ag2Sb at 0.72 eV is ab-
sent on antimonene. Notably, monolayer α-antimonene has
increasing density of states above 1.5 eV while bilayer α-
antimonene has an obvious peak at 1.41 eV. The thickness
dependence of the electronic states of α-antimonene is consis-
tent with previous predictions and experimental results [6,9].
The Raman spectra of monolayer and bilayer α-antimonene
are shown in Fig. 3(e). Compared with monolayer samples,
the two characteristic Raman peaks of bilayer samples exhibit
a slight blueshift (2 and 3 cm−1), which can be explained by
the strain relaxation in thicker films.

When the α-antimonene sample was annealed at a rela-
tively high temperature (∼400 K) for 1 h, the whole surface
will recover to the Ag2Sb alloy surface (Fig. S4(a) [19]).
Meanwhile, the Raman signal also recovered to that of the
Ag2Sb alloy (Fig. S4(b) [19]). This phenomenon clarifies that
previously claimed “β-antimonene” on Ag-Sb alloy obtained
at high coverage and substrate temperature [15] is also Ag2Sb
alloy. Notably, Sun et al. reported that a distorted antimonene
can form on Ag2Sb with fine tuning of the growth parameters
[16], but such structure was not observed in our systematic
experiments.

B. Sb on Cu(111)

The growth of Sb on Cu(111) has been reported in several
works [7,30–32], where β-antimonene has also been claimed
to form [12,13]. Here, we grew Sb on Cu(111) following the
same procedure as we did on Ag(111). When less than 1 ML
of Sb atoms were deposited on Cu(111) at RT, small islands
with irregular shapes are observed, as shown in Fig. 4(a). As
shown in the high-resolution STM image in Fig. 4(b), the
surface of these islands has a close-packed structure with a
lattice constant of 0.447 nm, matching to �3 times that of the
Cu(111) substrate. In addition, the lattice has a 30 ° rotation
with respect to the [11̄0] direction of Cu(111), which indicates
the formation of �3×�3R30 ° superstructure.

Similar to Ag2Sb/Ag(111), these islands can be interpreted
as a Cu2Sb surface alloy on Cu(111) [30–32], a stable alloy in
the phase diagram of Sb and Cu [Fig. 4(e)]. Besides the alloy
islands, the substrate surfaces are also partially converted to an
identical �3×�3R30 ° superstructure, as shown in Fig. 4(b).
Moreover, one can see single dark sites and protrusions on
the substrate surface, indicating the presence of interchanged
individual Cu and Sb atoms. Therefore, we conclude that a
Cu2Sb surface alloy is formed.

Annealing the sample with Sb coverage of more than 1
ML at 550 K can result in the formation of a highly ordered
and atomically smooth surface [Fig. 4(c)]. This surface has
a similar �3×�3R30 ° superstructure as the Cu2Sb alloy
islands obtained at RT, as shown in the high-resolution STM
image in Fig. 4(d). Previously, this highly ordered structure
was assigned to β-antimonene [13]. However, our STS and
in situ Raman measurements proved that this phase is also
a Cu2Sb alloy. As Fig. 4(f) shows, the STS spectrum taken
on HT samples is similar to that taken on RT samples. We
observed a peak at ∼1.66 eV, similar to the case of Ag2Sb.
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FIG. 4. (a) STM image (−0.5 V, −100 pA) of a typical alloy island after less than 1 ML of Sb was deposited on Cu(111) at RT.
(b) High-resolution STM image (−0.5 V, −100 pA) of an alloy island in (a). (c) STM image (−1.5 V, −100 pA) of the 1 ML sample
after annealing at 550 K. (d) High-resolution STM image (−0.4 V, −100 pA) of (c). (e) Structure model of Cu2Sb surface alloy. (f) STS
spectra taken on alloy island (–2.5 V, –200 pA), alloy film (–2.5 V, –250 pA), and pristine Cu(111) (–1 V, –100 pA), respectively. (g) In situ
Raman spectrum (632.8 nm, 16 mW, 8 h) of (c).

More importantly, the Raman spectrum of the HT sample
shows only a weak Raman peak at 189 cm−1 [Fig. 4(g)],
which is different from the expected Raman character of β-
antimonene [23–25]. Therefore, we can conclude that both
phases are Cu2Sb alloys rather than β-antimonene, similar to
the case of Ag2Sb/Ag(111).

Similarly, large-area flat islands formed when Sb atoms
were deposited on Cu2Sb at RT with subsequent annealing
at 320 K, as shown in Fig. 5(a). We examined whether similar
behavior occurs in the case of Sb/Cu(111). Similarly, large-
area flat islands formed when Sb atoms were deposited on
Cu2Sb at RT with subsequent annealing at 320 K, as shown in
Fig. 5(a). A high-resolution STM image [Fig. 5(b)] indicates
that these islands have a rectangular structure with lattice
constants of 0.461 and 0.449 nm. This structure corresponds
to α-antimonene with 2.7% compression strain in the arm-
chair direction and 3.0% tensile strain in the zigzag direction
[Fig. 5(c)].

To further confirm our assignment of the rectangular
structure to α-antimonene, we performed in situ Raman
measurements. As shown in Fig. 5(d), we observed three
prominent peaks, similar to the case of α-antimonene on
Ag2Sb. The two peaks at 142 and 159 cm−1 are associ-
ated with the A2

1 and A3
1 modes of α-antimonene but have

a slight blueshift compared with α-antimonene on Ag2Sb.
Meanwhile, the second-order Raman scattering peak is shifted
from 273 to 284 cm−1. The blueshift of the Raman peaks can
be explained by the different strain effects induced by the two
substrates. In addition, as Fig. 5(e) shows, the relative Raman
intensity of α-antimonene on Cu2Sb collected in 30 min is
about 7 times stronger than that of the substrate collected in

2 h, which is again similar to the case of α-antimonene on
Ag2Sb. Thus, our Raman measurements not only revealed the
intrinsic difference between antimonene and Cu2Sb alloy but
also clarified the strain effects on the vibrational modes of
α-antimonene.

Finally, when the sample was annealed at 550 K for
1 h, α-antimonene completely disappeared, accompanied by
a surface recovery to Cu2Sb alloy, as evidenced by STM and
Raman measurements (Figs. S5(a) and S5(b) [19]). Therefore,
the previously claimed “β-antimonene” formed on Cu2Sb al-
loy [12] is also Cu2Sb alloy.

IV. CONCLUSION

In summary, we performed combined STM/STS and in
situ Raman measurements to investigate the growth dynamics
of Sb on Ag(111) and Cu(111). Our results unambiguously
proved that the previously reported “β-antimonene” on these
substrates is antimonial alloy. In addition, we realized α-
antimonene on both surfaces. The as-prepared α-antimonene
has a strong lattice strain induced by the substrates, which
results in a dramatic change in the electronic and vibrational
properties. Our work not only clarified the growth behavior Sb
on Ag(111) and Cu(111) but also established in situ STM and
Raman spectroscopy as a powerful tool to study the growth
dynamics of 2D materials.
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