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Structure determination of multilayer silicene grown on Ag(111) films by electron diffraction:
Evidence for Ag segregation at the surface
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The structure of multilayer silicene formed on Ag(111) films was studied by low-energy electron diffraction.
It turned out that the experimental data cannot be explained by proposed models that only consider buckling of
silicon atoms. We have rather found that multilayer silicene on Ag(111) is actually a thin film of bulklike silicon
terminated with the Si(111)

√
3 × √

3-Ag surface. The results are compared to previous works and clearly show
the importance to properly understand the structure of the system when discussing its electronic properties.
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Silicene is a monolayer sheet of silicon and believed to
host Dirac electrons similar to graphene [1,2]. Experimental
studies have been extensively performed recently to reveal the
presence of the Dirac-cone-type bands and associated intrigu-
ing properties [3–19]. For example, it was shown that silicene
can be formed when making ZrB2 on Si(111). Unfortunately,
the electronic properties of the system were different from
the freestanding silicene and no clear evidence of Dirac-cone
features was found [3,4]. This was explained as due to the
strong interaction with the substrate. The most frequently
used substrate is Ag(111), and angle-resolved photoemission
spectroscopy (ARPES) measurements showed the presence
of linearly dispersing states near EF for monolayer silicene
[3 × 3 superstructure with respect to the Si(111) lattice] [7].
However, it was shown that this state also consists of Ag
orbitals [20,21], thus implying that the Dirac-cone character
is lost due to the interaction of Si with Ag. This was also
confirmed with structure analysis [16,17], and also pointed
out for Si nanoribbons on Ag(110) [22].

One idea to get around this problem of the substrate-silicene
interaction is to deposit Si further and make multilayer silicene;
the second-layer silicene would weakly interact with the first-
layer silicene. The

√
3 × √

3 structure on Ag(111) was verified
as multilayer silicene [10,18], although some claimed it was
still a single layer [12]. Several structure models have been pro-
posed [12,23,24]. There is also a debate about the presence or
absence of Dirac fermions in this system. Chen et al. reported
from scanning tunneling microscopy (STM) and scanning
tunneling spectroscopy (STS) measurements that the carriers
in this system had a linear dispersion [12,24,25], while Arafune
et al. claimed that the dispersion was parabolic using the same
method [18]. ARPES measurements also showed the existence
of metallic carriers and assigned it as a Dirac fermion [10,11].
However, the Fermi velocities of the two measurements were
not consistent with each other (1.2 × 106 m/s for STM/STS
[12], 3.5 × 105 m/s for ARPES [10]). Furthermore, it was also
reported that this system can show superconductivity [26] or
some spontaneous symmetry breaking [24]. As such, there are
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still many things that need to be clarified to fully understand
the intriguing properties of multilayer silicene.

Therefore in the present study, we have performed structural
analysis on this multilayer silicene formed on Ag(111) with
low-energy electron diffraction (LEED). We found that the
proposed models for multilayer silicene cannot explain the
experimental data. Instead, it was well analyzed by assuming
a thin film of diamondlike silicon with the Si(111)

√
3 ×√

3-Ag structure at the surface. Moreover, our results can
explain the parabolic and linear band dispersions reported
in Refs. [12,19,24,25] and the phase transition to a lower
symmetric structure (Ref. [24]). However, it is still not
possible to understand all the previous experimental works
and probably calls for a precise fine tuning of the silicene
growth condition.

All the sample fabrication was done in situ under reflection
high-energy electron diffraction (RHEED) observations. First,
a clean Si(111)-7 × 7 surface was prepared on an n-type
substrate (P-doped, 1–10 � cm at room temperature) by a
cycle of resistive heat treatments. Then Ag was deposited
at room temperature to grow the Ag(111) film. The film
thickness was 20 MLAg (1 MLAg = 1.39 × 1015 atoms/cm2,
2.36 Å thick). Then Si was deposited on the Ag film at
500 K to produce silicene [7]. We deposited ∼4 MLSi of Si
(1 MLSi = 7.84 × 1014 atoms/cm2, 3.13 Å thick) which was
approximately calibrated by the formation of the single-layer
3 × 3 phase.

The surface structure analysis was performed with the
LEED intensity vs voltage (IV ) analysis. IV curves were
obtained at 100 K. The LEED patterns with incident energy
from 80 to 300 eV were recorded in steps of 1 eV by a digital
CCD camera. In order to determine the atomic structure, we
calculated the IV curves in the tensor LEED to fit the exper-
imental IV curves using the SATLEED package of Barbieri
et al. [27]. The in-plane lattice constant was determined from
positions of the LEED spots. Angular momentum up to 14
(lmax = 14) was taken into account. In search of the optimal
structure that had the minimum Pendry’s R factor (Rp), the
Debye temperature of each atom was changed in steps of 10 K.

Figures 1(a) and 1(b) show the RHEED (a) and LEED (b)
patterns of the 20 MLAg Ag(111) film, respectively, showing
the 1 × 1 periodicity in terms of the Ag lattice constant. The
RHEED patterns were taken with an incident energy of 15 keV
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FIG. 1. (Color online) RHEED and LEED patterns for Ag(111)-
1 × 1 [(a) and (b)], single-layer silicene (3 × 3) [(c) and (d)], and
multilayer (∼4 MLSi) silicene (

√
3 × √

3) [(e) and (f)], respectively.
The RHEED (LEED) patterns were taken at room temperature
(100 K). The incident electron energy is 15 keV, and 82 eV,
respectively.

throughout this Rapid Communication. The LEED patterns
shown in Fig. 1 were taken at 82 eV. After Si deposition at
500 K, additional spots appear, as shown in Figs. 1(c) and
1(d). Red arrows or circles correspond to spots for the Si
1 × 1 periodicity. The yellow circles in the LEED pattern of
Fig. 1(d) correspond to the 3 × 3 (or 4 × 4 in terms of the Ag
lattice) spots that have been identified as the signature of the
completion of the first Si layer on Ag(111) [7,18]. However
in the RHEED pattern of Fig. 1(c), there is no clear 3 × 3
periodicity, and only some additional spots at the zeroth Laue
zone (yellow arrows) appear. This may be due to the fact
that the sample was cooled down in the LEED measurements
to 100 K, while the RHEED observation was done at room
temperature (Debye-Waller effect). Since the yellow arrow
spots were observed every time the silicene sample was
fabricated, we regard this as the signature of the completion of
the single-layer silicene on Ag(111). After further deposition
of Si, namely, about twice the amount of deposition time
as that shown in Figs. 1(c) and 1(d), clear

√
3 × √

3 spots

appear as can be seen in Figs. 1(e) and 1(f) (green arrows and
circles). Even the first Laue zone of the Si(111) periodicity
can be observed in Fig. 1(e) (short green arrows), and the
1 × 1 spots of the Ag(111) lattice become weak (orange
arrows and circles). This is consistent with previous reports
and can be regarded as the formation of multilayer silicene
[10,18]. We have also found that the

√
3 × √

3 is preserved
even when Si is further deposited and the Si thickness for the
sample shown in Figs. 1(e) and 1(f) is 4 MLSi. We will call it
“M-silicene” hereafter.

The red curves in Figs. 2(a) and 2(b) show the experimen-
tally determined LEED IV curves for the M-silicene sample
shown in Figs. 1(e) and 1(f). Eight different spots in the LEED
pattern have been plotted. Despite the threefold symmetry of
the

√
3 × √

3 structure, the symmetrically inequivalent spots,
such as (1 0) and (0 1) spots, exhibited almost the same
IV curves. This is because there are twin domains on the
surface, which are mirror reflected to each other, and thus their
superposition leads to the apparent twofold symmetry. Taking
this double-domain surface into account, we took the average
of the IV curves both in the calculation and in the experimental
data such that {hk} is the average of the two double-domain
symmetric points (hk) and (kh). Note that some spots such as
(2/3 2/3) do not need averaging. The details concerning the
symmetry will be discussed further later in Fig. 3.

Now let us move on to the analysis of the experimental
data. As a starting point for the analysis, we have adopted
structure models that have been proposed in the literature
[12,23,24]. They are basically multilayer buckled silicene
structures stacked in different sequences [12]. The substrate Ag
atoms are considered in some models [23,24]. We have
varied the amount of buckling (0.05–0.8 Å) and the interlayer
distances between the layers (1.0–3.0 Å) considering the
height difference reported in STM studies [9,15]. Four topmost
buckled Si layers were allowed to relax. However, we were not
able to reproduce the experimental data for any of the proposed
models (Rp was 0.6–0.8).

Therefore, we reached the conclusion that it is likely that the
M-silicene we experimentally fabricated is not only composed
of Si. In fact, we realized that the experimental curves of
Figs. 2(a) and 2(b) are similar to those of the Si(111)

√
3 × √

3-
Ag surface reported in Refs. [28] and [29]. Hence we have
adopted the honeycomb-chain triangle (HCT) [Fig. 2(c)] [30]
and inequivalent triangle (IET) models [Fig. 2(d)] [31] as
the initial structure and performed the LEED IV analysis
[32]. The topmost Ag layer as well as the four Si bilayers
below were allowed to relax and below it, the parameters
for the diamondlike Si(111) bilayers (buckling = 0.78 Å
and interlayer distance = 2.35 Å) were used [Fig. 2(e)]
[33]. The comparison between experiment and calculation is
shown in Figs. 2(a) and 2(b), which show nice agreement
[Rp = 0.22 ± 0.03 in (a) and Rp = 0.19 ± 0.03 in (b)]. The
optimized structure is shown in Fig. 2(e), and we can say that
the structure is close to a diamondlike silicon terminated with√

3 × √
3-Ag structure at the surface. The Debye temperature

and other parameters are also shown in Fig. 2(e), and they are
close to those reported in Refs. [28–30].

Our analysis above suggests that M-silicene is basically
a diamond-lattice silicon film with Si(111)

√
3 × √

3-Ag at
the surface. However one needs to be careful before reaching

241403-2



RAPID COMMUNICATIONS

STRUCTURE DETERMINATION OF MULTILAYER . . . PHYSICAL REVIEW B 89, 241403(R) (2014)

Ag Si(1st layer) Si(2nd layer) Si(lower layers)

φ= 6°TEI )d(TCH )c(

[112] [112]

d1

d2

d3
d4

d5

d6
d7

d8

d9

bulk Si(111)

bilayer

HCT or 

IET

(e)

relaxed Si

layers

2.35Å

(1/3 1/3)

{1 0}

(2/3 2/3)

{-1/3 5/3}

50 100 150 200 250 300

(4/3 4/3)

{2 0}

{-1/3 8/3}

{7/3 -2/3}

50 100 150 200 250 300

(4/3 4/3)

{2 0}

{-1/3 8/3}

{7/3 -2/3}

50 100 150 200 250 300

(1/3 1/3)

{1 0}

(2/3 2/3)

{-1/3 5/3}

50 100 150 200 250 300

(a) M-Silicene, from HCT: Rp = 0.22±0.04

(b) M-Silicene, from IET: Rp = 0.19±0.03

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)
In

te
ns

ity
 (

ar
b.

 u
ni

ts
)

Incident Energy (eV)

Incident Energy (eV)

cal.

exp.

cal.

exp.

0.73±0.05Å 0.74±0.05Å

IET HCT

2.30±0.04Å 2.31±0.04Å

0.69±0.06Å 0.72±0.06Å
0.32±0.12Å 0.32±0.15Å

1.99±0.12Å 2.03±0.15Å

0.16±0.07Å 0.20±0.06Å
0.67±0.06Å 0.64±0.06Å

2.36±0.06Å 2.35±0.06Å

0.79±0.05Å 0.81±0.09Å

80K

250K

300K or

350K

650K

650K

θ D

φ= 3.1±4.1°

0.78Å

FIG. 2. (Color online) (a), (b) Experimentally measured and calculated LEED IV curves for the multilayer silicene
√

3 × √
3 structure

at 100 K for various spots. The HCT model (c) is the starting structure for the analysis in (a), and the IET model (d) for the analysis in (b).
(e) The side view of the optimized structure with various parameters.

a final conclusion; since we made silicene on the Ag(111)
film on the Si(111) substrate, it may just be that we have
annealed the Ag(111) film at too high temperature during
Si deposition and it broke the Ag(111) film to form the
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FIG. 3. (Color online) (a) Comparison of the experimental LEED
IV curves for the Si(111)

√
3 × √

3-Ag surface and multilayer
silicene. (b), (c) LEED patterns taken at 79 eV for Si(111)

√
3 × √

3-
Ag (b) and multilayer silicene (c), respectively. A threefold symmetry
can be observed in (b) while a sixfold symmetry can be seen in (c)
due to the twin domains. (d), (e) RHEED patterns of pristine Si(111)√

3 × √
3-Ag (d) and 4 MLSi Si deposited on Si(111)

√
3 × √

3-Ag
(e), respectively.

Si(111)
√

3 × √
3-Ag structure. To examine this possibility,

we deposited 1 MLSi of Ag on the Si(111)-7 × 7 substrate
at 650 K to form the Si(111)

√
3 × √

3-Ag surface, and
measured its LEED IV curve. It is shown in Fig. 3(a) together
with that of M-silicene [34]. The actual LEED pattern at
79 eV is shown in Fig. 3(c). Compared to that of M-silicene
[Fig. 3(b)], the spots for

√
3 × √

3-Ag are much sharper with
high signal-to-noise ratio. Furthermore, there is a difference
in symmetry; the

√
3 × √

3-Ag has threefold symmetry as
indicated by the boxes and circles, while M-silicene is sixfold
symmetric. This can actually be seen in the IV curves of
Fig. 3(a). While the basic shapes are similar between the
two structures, the IV curves for the

√
3 × √

3-Ag surface
show a clear difference among the two inequivalent spots,
e.g., (5/3 −1/3) and (−1/3 5/3). This symmetry difference
originates from the presence of a mirror-reflected domain. For
the Si(111)

√
3 × √

3-Ag surface, the threefold symmetry is
due to the threefold symmetry of bulk silicon. On the other
hand, since M-silicene is epitaxially grown on Ag(111) film
which also shows a sixfold symmetry [Fig. 1(b)], there is a
freedom to form a twin domain structure. Thus we conclude
that the sample for which we measured the LEED IV curve of
Fig. 2 is not the Si(111)

√
3 × √

3-Ag surface that was formed
directly on the Si(111) substrate by breaking the Ag(111) film.
This is also supported by photoemission measurements where
they found that the Ag(111) film does not break until annealing
up to 600 K [35].
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(a) Si(111)√3×√3-Ag S1 band (b) Parabola fit (c) Linear fit
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FIG. 4. (Color online) (a) Schematic drawing of the dispersion of
the S1 band of the Si(111)

√
3 × √

3-Ag surface taken from Ref. [31].
It can be fitted with a parabola at the bottom as shown in (b), and with
a line away from the bottom as shown in (c).

Finally, we have performed an additional RHEED ob-
servation to see the stability of the

√
3 × √

3-Ag surface
termination. As mentioned in the introduction, the

√
3 × √

3
pattern is maintained after 2 MLSi of Si deposition on the
Ag(111) surface. Our analysis showed that this is actually
close to the diamond Si structure with Si(111)

√
3 × √

3-Ag
at the topmost layers. Therefore it indicates that the deposited
Si atoms are incorporated into the underlying layers to form
the diamond structure and the surface made of Ag and Si
is preserved. Figure 3(d) shows the RHEED pattern of the
pristine Si(111)

√
3 × √

3-Ag surface and Fig. 3(e) shows
the RHEED pattern after deposition of ∼4 MLSi of Si on
top of it at 500 K. This condition is the same as when
M-silicene is formed on the Ag(111) film. It can be clearly
seen that the

√
3 × √

3 periodicity is maintained during and
after deposition. This indicates that the Si(111)

√
3 × √

3-Ag
surface is energetically more favorable than forming other
structures, and is consistent with the fact the multilayer silicene
always shows the

√
3 × √

3 surface periodicity. It means that
Ag acts as a surfactant in the Si growth process. Similar
surfactant behavior has been found for the Ag growth on
Bi/Ag(111) [36] or Ge growth on Bi/Si(111) surfaces [37].

Now let us discuss the present findings in comparison with
the results shown in previous studies. First, we discuss the
phase transition for M-silicene. As mentioned, it has been
reported that M-silicene undergoes a spontaneous symmetry
breaking by forming twin domains of a p3 symmetry structure
below 40 K [19,24]. It is well known that the Si(111)

√
3 × √

3-
Ag surface also shows this kind of transition. Namely, the
IET structures (p3 symmetry) which are characterized by
±6◦ rotation of the Ag triangles with respect to the HCT
structure (p31m), fluctuate above Tc =120 K and show the
honeycomb structure in the STM images. Below Tc, the
fluctuation stops and the STM image becomes a hexagonal
lattice [38]. Although the transition temperature is different,
the STM images for M-silicene and Si(111)

√
3 × √

3-Ag
are similar to each other and we suspect that this is basically the
freeze of the fluctuation between the two IET structures. The
decrease of Tc for M-silicene may be related to the presence
of twin domains, or a finite size effect [39] due to the smaller

domain size of the
√

3 × √
3 structure which can be seen from

the broader LEED spots [Figs. 3(b) and 3(c)].
The debate of the presence or absence of the Dirac cone can

be partially explained as follows. For the Si(111)
√

3 × √
3-Ag

surface, it is well known that a metallic surface state exists,
the so-called S1 state. Its dispersion is shown schematically
in Fig. 4(a), adapted from the first-principles calculation of
Ref. [31]. Near the bottom of the band, it is free-electron-like
[Fig. 4 (b)] and the effective mass of the parabola has been
determined with ARPES and STM and STS measurements
to be (0.13 ± 0.03)me (me is the mass of free electrons)
[40]. Reference [19] reported that the band dispersion of the
carriers in M-silicene is parabolic with an effective mass of
0.14me from the quasiparticle interference patterns of STM
and STS measurements. Moreover, Chen et al. have shown
that the dispersion is linear when the energy increases with a
Fermi velocity of 1.2 × 106 m/s. This is close to the linear
slope of the S1 state obtained in Ref. [31] [1.0 × 106 m/s,
Fig. 4(c)]. Therefore, it is likely that the samples they fabricated
were similar to ours and the Si(111)

√
3 × √

3-Ag surface was
formed on the topmost layers.

However, we still cannot explain the band dispersion data
obtained by ARPES [10,11]. Even if the metallic band in
the ARPES image of Ref. [10] was fitted with a parabola,
the effective mass would be larger than 0.13 (∼0.59) and
cannot be the S1 band of the Si(111)

√
3 × √

3-Ag surface.
Thus it may be possible that there is a narrow window
in which one can fabricate M-silicene without Ag surface
segregation. If the temperature is not at this optimum condition,
the Si(111)

√
3 × √

3-Ag structure is formed at the surface
and the intriguing intrinsic properties of silicene may be
hindered. Considering the complex phase diagram of the
silicene fabrication condition on Ag(111) [18], a fine tuning
of the substrate temperature during Si deposition (and also the
deposition rate) should be necessary to fabricate silicene.

In conclusion, we have performed LEED IV measurments
and determined the atomic structure for multilayer silicene
on Ag(111). It turned out that M-silicene is a thin film of
diamond silicon and terminated with the Si(111)

√
3 × √

3-Ag
surface. The present result is partially consistent with previous
experimental works, but not with others. Our results strongly
recall the importance to understand the atomic structure prop-
erly in discussing the electronic property of low-dimensional
systems. Further experimental work is needed to explore the
ideal conditions in which to fabricate silicene and explore its
predicted intriguing properties.
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