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The modelization of silicene on Ag(111) is generally based on the assumption of a complete
immiscibility between silicon and silver. However, there are recent reports that growth occurs inside
the first layer of the Ag(111) terraces rather than on top of them. Here, we report on a combined density
functional theory and scanning tunneling microscopy study unveiling the basic exchange mechanism
between Si and the topmost layer Ag atoms and modeling the nucleation process. Our findings demonstrate
that a strong Si-Ag interaction must be considered to properly describe the Si=Agð111Þ interface.
DOI: 10.1103/PhysRevLett.115.026102 PACS numbers: 68.35.-p, 31.15.A-, 31.15.E-, 68.37.Ef

Silicene has been reported to be a novel silicon allotrope
analog of graphene, theoretically predicted to be stable in the
form of a freestanding two-dimensional layer with a buckled
honeycomb structure [1–3]. Lately, based on the assumption
that silicon and silver are immiscible at typical deposition
temperatures, as suggested by the bulk binary Si-Ag alloy
phase diagram [4], silicene synthesis has been reported to
occur on Ag(111) [5,6], forming several different reconstruc-
tions [7–9]. The main point supporting silicene existencewas
the presence of linear electronic band dispersion in the
vicinity of the Fermi level, attributed to Dirac cones. This
point was recently questioned by several theoretical [10–14]
and experimental [15–17] papers. Even the assumption of the
Si-Ag immiscibility was very recently argued against by
recent experimental studies on the Si=Agð110Þ [18,19] and
the Si=Agð111Þ [20,21] interfaces. Indeed, in both cases Si
atoms were observed to strongly interact with the Ag
substrate, expelling Ag atoms and inducing reconstructions
[18] or faceting [19], or growing reconstructed islands inside
the first layer rather than on top of the substrate [20,21].
Surprisingly, silicon reactivity at the silver surface has never
been considered in the theoretical calculations so far: all the
studies reported in the literature are based on the initial
assumption that the first silicon layer grows with a honey-
combstructure on top of unreconstructedAg(110) orAg(111)
substrates, with no other hypotheses being considered at all.
In this Letter we report on a combined theoretical and

experimental study providing clear indications that
Ag(111) is far from being an inert substrate for silicon.
Indeed, in order to investigate the reactivity of evaporated
atoms one has to take into account the energy released by the
atom as adsorption takes place [22–24]. This excess energy
can be dissipated by the system via two main different
channels: through the phonon bath of the substrate or by
inducing adatommobility and/or reactivity at the surface [25].
By combining density functional theory (DFT) calculations
and scanning tunneling microscopy (STM) measurements,
we disclose the basicmechanism of silicon reactivity with the

silver substrate. We demonstrate that a single silicon atom
deposited on the Ag(111) surface does not merely adsorb on
the surface but it may actually penetrate the first layer of the
silver terrace, expelling a silver atom. The embeddedSi atoms
are confined in the first Ag(111) layer and act as seeds for the
growth of the recessed reconstructed areas. The evidence
reported in this Letter poses strong arguments against
Ag(111) being an inert substrate for silicene growth and
suggests that surface reactivity must be considered to under-
stand and model the Si=Agð111Þ system.
We started modeling the Si=Agð111Þ interface by con-

sidering a single silicon atom interacting with a Ag(111)
terrace. The two most stable adsorption sites for Si are the
hcp (T4) and fcc (H3) hollow sites, as reported in Figs. 1(a)
and 1(b), respectively. The resulting calculated Si adsorp-
tion energy value was ESi

ads ≃ 3.6 eV for both sites, with a
higher relative stability of 66 meV for the H3 site. Upon Si
adsorption, the released energy ESi

ads can be dissipated by
the system through different competing parallel processes:
(i) it can be dispersed in the phonon bath of the silver bulk,
(ii) it can promote the diffusion of the Si adatom on the
Ag(111) surface, or (iii) it can be used by the Si atom to
react with Ag atoms localized in the adsorption area. These
different channels can be populated at different extents at
the same time, the above processes having the same time
scale [25]. A discussion of point (i) is beyond the aim of the
present work, since a sophisticated dynamics multilevel
methodology, such as the recent quantum mechanics on
metals (QM=Me) approach [25], should be applied. We
have thus focused our attention on points (ii) and (iii) by
computing the energetics and by constructing reactive
minimum energy paths (MEPs) of the more probable
events. The results are reported in Fig. 1 and in Table I.
In the Supplemental Material we provide details on the
computational and experimental methods [26] and anima-
tions of the calculated structural changes occurring in the
processes described below [30].
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As a first step, we calculated the energetics of the diffusion
process of a Si adatommoving from a T4 to aH3 adsorption
site. The relative MEP connecting the two sites, reported in
Fig. 1(d), is characterized by energy barriers of 0.058 and
0.124 eV for the forward and backward diffusion processes,
respectively (see Table I). Since such energy barriers are
much lower than ESi

ads, Si adatom diffusion is expected to be
easily attained, even considering that a significant amount of
energy may be also dissipated via thermalization with the
phonon bath of bulk silver.
We then considered the possibility that the excess energy

ESi
ads may also be dissipated in reactive processes such as the

penetration of the adsorbed Si atom into the Ag(111) surface.
We studied the energetics of the Si penetration starting from
the H3 site, given the higher stability with respect to the T4
site [Fig. 1(b)]. Given the higher stability of Si adsorbed at
H3 sites, we studied the energetics of Si penetration starting
from the model in Fig. 1(b). The relative MEP, reported in
Fig. 1(e), shows a first energybarrier of 0.617 eV followedby
an energy minimum at ðzSi − zAgÞ≃ 2.2 Å, i.e., with the Si
atom sitting≃2.2 Åbelow the exchangedAg atom, showing
an energy decrease of 0.445 eV. Indeed, the relative structure,
reported in Fig. 1(c), shows that silicon has penetrated the
Ag(111) substrate, substituting for a Ag atom of the topmost
layer. It is worth noting that the energy barrier of such an
exchange process is far too high for a thermalized adatom to
react: the exchange process occurs only thanks to the excess
energy ESi

ads released by the adsorption process. A further
penetration of the Si atom below the first Ag(111) layer is
hindered by a much higher energy barrier of 2.567 eV,
resulting in a less stable structure with an energy increase
ΔE ¼ 0.611 eV, see Table I. Both the high energy barrier
and the endothermic process make Si penetration below the
first Ag(111) layer highly unlikely. On the other hand, the

release of the embedded Si is also unfavored since the energy
barrier for the reverse embedding reaction, Figs. 1(c) to 1(b),
is sensibly high (see Table I) and the process would be
endothermic as well. Once the Si atom has reached its
embedded final state, the residual excess energy may in turn
induce the diffusion of the expelledAg atom. For this reason,
starting from the structure in Fig. 1(c), we performed DFT
calculations for computing the MEP of the Ag adatom
separation process from the embedded Si atom. In the
Supplemental Material we report the MEP [26] and the
relative structure evolution animation [30], revealing that
the process energetics consents the Ag adatom release from
the embedded Si even at RT. A further system relaxation
after removal of the adsorbed Ag adatom results in the stable
structure reported in Fig. 2(h), in which the Si atom
substitutes for a Ag atom of the topmost Ag(111) layer.
The above reported theoretical prediction about the

Si-Ag exchange process has been experimentally verified
by performing STM measurements at 80 K on very low
coverage Si=Agð111Þ samples obtained evaporating ≃1%
of the Si amount required to achieve full coverage at RT.
Figures 2(a) and 2(b) report empty state (ES) and filled state

FIG. 1 (color online). Upper panels: relaxed structures of a Si adatom adsorbed at the (a) T4 or (b) H3 site. (c) Final relaxed structure
of a Si atom substituting a 1st layer Ag atom. Lower panel: MEPs of the (T4-H3) Si diffusion process (d) and of the Si penetration
process (e). See the Supplemental Material for details about the adopted reaction coordinates [26].

TABLE I. Forward energy barrier (~Ea), reverse energy barrier
(E⃖a), and energy difference ΔE of the processes described in
Figs. 1 and 3.

Process ~Ea E⃖a ΔE (eV)

T4-H3 Si diffusion [Fig. 1(d)] 0.058 0.124 −0.066
Si penetration, 1st layer [Fig. 1(e)] 0.617 1.062 −0.445
Si penetration, 2nd layer [Fig. 1(e)] 2.567 1.956 þ0.611
T4-H3 Si diffusion [Fig. 3(e)] 0.134 0.403 −0.269
Si penetration, 1st layer [Fig. 3(f)] 0.228 0.417 −0.189
T4-H3 Ag diffusion [Fig. 3(g)] 0.399 0.060 þ0.339
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(FS) images, respectively, showing the presence of several
single defects as well as grouped defects. It is interesting to
note that grouped defects made up of 2–5 atoms were never
observed. The large majority of the single defects appear
as dark (bright) round features in the ES (FS) images. In
Figs. 2(c) and 2(d) we report ES and FS high resolution STM
images of an 8 × 8 nm2 area with two point defects, con-
firming the opposite appearance of such a kind of defect. By
drastically reducing the gap voltage and increasing the
tunneling current wewere able to obtain an atomic resolution
STM image of the very same 8 × 8 nm2 area. This image,
reported in Fig. 2(e), clearly shows that both defects are
substitutional defects for Ag(111) terrace atoms, in full
agreement with the calculated structure in Fig. 2(h).
Furthermore, in Figs. 2(f) and 2(g) we report the simulated
STM images of the structure in Fig. 2(h) at sample bias
voltages þ2 V (ES) and −2 V (FS), respectively. The good
agreement between the experimental and simulated STM
images confirms the hypothesis of the embedding process
of the evaporated Si atoms substituting for Ag atoms at the
Ag(111) first layer.
After considering the embedding process of a single Si

atom, we extended our study, showing how additional Si
atoms may be incorporated in the first Ag(111) layer to

form clusters of embedded atoms. Assuming that the
embedded Si atoms may act as seeds for the growth of
the engraved islands, we considered the possibility that a
thermalized Si adatom diffusing on the Ag(111) surface
may exchange its position with a Ag atom in the proximity
of an embedded Si atom [31]. The whole process, involving
three consecutive steps, is illustrated in Fig. 3 and the
relative structure evolution animations are reported in
Supplemental Material [30]. Figure 3(e) shows the MEP
of the diffusion process of the Si adatom approaching a H3
site near an embedded Si atom. The initial and final states
are reported in Figs. 3(a) and 3(b), respectively. The MEP
shows that this process is energetically favored, with a
considerable total energy reduction ΔE ¼ −0.269 eV, see
Table I. When the Si adatom reaches a H3 site adjacent to
an embedded Si, Fig. 3(b), the most probable reactive
process involves three atoms: the penetrating Si adatom
pushes laterally the embedded Si atom, which, in turn,
expels from the first layer a neighbor Ag atom.
Interestingly, the MEP of this process, reported in
Fig. 3(f), shows that the exchange energy barrier is reduced
from 0.617 eV for the first embedding process to 0.228 eV
for the second one (see Table I). In addition, the exchange
process is demonstrated to be exothermic (ΔE ¼
−0.189 eV). The last reaction step is the distancing process
of the expelled Ag atom, jumping from a H3 site adjacent
to the embedded Si dimer to a T4 site of the Ag(111)
surface, Figs. 3(c) and 3(d).
It must be noted that the Si adatom approach process in

Fig. 3(e) is the bottleneck of the overall reaction, since its
transition state is higher in energy than the following two.
Since the energy barrier of the first MEP is of the same order
of magnitude as the Si adatom diffusion energy barrier, the
whole process is accessible even to Si adatoms thermalized
at RT. Furthermore, considering the whole process from
Figs. 3(a) to 3(d), a total energy difference of −0.119 eV is
attained, indicating the higher stability of the final state.
As already noted above, STM measurements did not

show the presence of such dimers, see Fig. 2(a). This
evidence suggests that once an embedded dimer is formed,
it will act as a seed for the rapid exchange reaction of the Si
adatoms diffusing on the surface, resulting in the formation
of progressively larger embedded structures. Eventually, all
the impinging Si atoms will be embedded in the Ag(111)
substrate, either directly upon adsorption or after diffusion
and exchange at embedded clusters, giving rise to the
reported formation of recessed islands and novel Ag(111)
terraces [20,21].
The growth of islands embedded in the first substrate

layer in etheroepitaxial systems has already been reported
in the literature. In particular, this phenomenon was
observed in binary systems showing very poor bulk
miscibility, such as Au-Ni [32,33], Sb-Ag [34], Fe-Cu
[35], Fe-Au [36], and Co-Cu [37] systems. In particular, the
submonolayer deposition of Fe on Cu(100) shows results
that are strikingly similar to the ones here reported for

FIG. 2 (color online). Constant current STM images of an 1%
full coverage Si=Agð111Þ sample grown at RT. (a) ES and (b) FS
50 × 50 nm2 STM images (VS ¼ �2 V, IT ¼ 2 nA, T ¼ 80 K).
(c) ES and (d) FS 8 × 8 nm2 STM images (VS ¼ �2 V,
IT ¼ 10 nA, T ¼ 80 K). (e) High resolution STM image
(VS ¼ þ3 mV, IT ¼ 25 nA, T ¼ 80 K) of the same area as
(c) and (d). The green lines highlight the position of the two
defects. Lower panels: simulated STM images at VS ¼ þ2 V
(f) and at VS ¼ −2 V (g) of the relaxed geometry of the
embedded Si atom after removal of the exchanged Ag atom (h).
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Si=Agð111Þ: both systems show bulk immiscibility,
recessed island growth, and formation of novel substrate
terraces resulting from the exchange mechanism between
evaporant and substrate atoms. Fe inclusions in the first
Cu(100) layer were reported to form through a single-atom
nucleation process followed by growth induced by the
progressive inclusion of Fe adatoms at the embedded nuclei
[38]. In particular, it was demonstrated that the energy
barrier for the exchange process of adatoms with the
substrate atoms is strongly reduced as the size of the
embedded clusters increases [39].
In the present study, we showed that both the total

energies and the energy barrier decrease in passing from the
embedding of the first Si to the embedding of the second Si
(see Table I), making the exchange process possible even
for thermalized adatoms. Consequently, in close analogy to
Fe=Cuð100Þ [38,39], the energy of a system composed of
one Si adatom plus an island of n Si embedded atoms is
expected to be higher than the energy of a system
composed of one Ag adatom and an island of nþ 1 Si
embedded atoms (i.e., of the same system after Si-Ag
exchange). Moreover, the probability that a wandering Si
adatom will reach an embedded island increases with the
island size and the energy barrier for the exchange process
is expected to decrease as n increases, as in Fe=Cuð100Þ
[38,39]. Hence, the Si-Ag exchange reaction occurs more
rapidly as the size of the islands increases, causing the
further embedding of the residual Si adatoms. As a result,
the whole process gives rise to the reported formation of
recessed islands and of novel Ag(111) terraces.
In summary, in this Letter we provide a description of the

nucleation process at the Si=Agð111Þ interface. By com-
bining DFT and STM studies we demonstrate that, exploit-
ing the excess energy released upon the adsorption process,

the impinging Si atoms can penetrate the first silver layer
and exchange position with Ag atoms. In the light of our
study, the recently reported experimental observations of
the Si=Agð111Þ growth process now find a natural inter-
pretation: the embedded Si atoms are confined in the first
Ag(111) layer where they act as seeds for the growth of
recessed islands. Our results demonstrate that surface
reactivity cannot be neglected when describing the
Si=Agð111Þ interface formation.
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