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Introduction
Since the first exfoliation of a single graphene layer from 
graphite in 2004 [1], mono-species two dimensional ma-
terials, generically termed Xenes [2] have attracted a tre-
mendous interest leading to the synthesis of silicene [3], 
germanene [4], stanene [5] and many others [2, 6]. In con-
trast to the flat sp2 nature of graphene, most Xenes exhibit 
an intrinsic buckling at the atomic scale due to their larger 
bond lengths which impede an efficient overlap, thus pro-
moting a mixture of sp2/sp3 bondings. Rather than a draw-
back, this lack of flatness is recognized as an opportunity 
to achieve exciting quantum phases, particularly the quan-
tum spin Hall (QSH) [7-9]. Indeed, the emergence of such 
topological properties in honeycomb Xene lattices depends 
on the strength of the spin-orbit coupling (SOC), which can 
be greatly enhanced using heavy elements in contrast to 
graphene. Atomic buckling thus becomes a pivotal param-
eter as it could significantly enhance the SOC by the corru-
gation [10]. To date, quantifying atomic buckling of X-ene 
lattice using diffraction techniques is severely restricted by 
their complex restructuring at surfaces or the presence of 
defects. On the other hand, height estimation using scan-
ning probe techniques such as scanning tunneling micros-
copy (STM) is often hampered by the convolution of topo-
graphic and electronic features.

In the present article, we demonstrate that low-temperature 
atomic force microscopy with CO-terminated tips assisted 
by density functional theory enable an in-depth structural 
analysis of the various silicene structures on Ag(111). Our 
work published in PNAS is the result of an intense collabo-
ration between the experimental group of Prof E. Meyer at 
the University of Basel and theoretical inputs from Dr. J. I. 
Cerda from the Instituto de Ciencia de Materiales de Madrid 
(ICMM). We believe that such investigation will help in fore-
seeing the precise structural characterization of analogous 
2D materials where atomic buckling defects could lead to 
novel exotic properties.

Low-temperature force spectroscopy
These past decades, many Swiss Institutions such as IBM 
Rüschlikon, University of Basel or EMPA Dübendorf have 
pushed atomic force microscopy (AFM) imaging technique 
operated at low temperature with functionalized CO tips to 
unprecedented lateral resolutions, opening new avenues 
into the real-space characterization at surfaces of aromat-
ic molecules [11-16] and 2D materials [17, 18]. Additional-
ly, force spectroscopy further enables one to measure tip 
– sample forces [14] allowing to assess the atomic height 
variations [19]. In this context, AFM imaging and force 
spectroscopy combined with numerical calculations offer 
new opportunities to disentangle structural and electronic 
properties at the atomic level, notably in epitaxial Xenes, 

specifically their intrinsic atomic buckling with sub-Ångstrom 
resolution.

Silicene: a paradigm of buckled Xenes
Since its first growth on Ag(111) by Vogt et al. in 2012 [3], 
the silicene properties have been widely examined using 
STM [3, 20-24] or angle-resolved photoemission spectros-
copy (ARPES) [3, 25-27] as well as by extensive density 
functional theory (DFT) calculations [3, 22, 28-30]. Sili-
cene adopts three atomically thin honeycomb structures on 
Ag(111) that corresponds to Si/Ag commensurate lattices: 
(4×4), (2√3×2√3)R30° and (√13×√13)R13.9°, denoted in the 
following 4×4, 2√3, and √13, respectively. The former is the 
most studied one and a general consensus now exists on its 
atomic and electronic structure [3].

To benchmark our experimental method, we first focused 
[31] on accurately characterizing the 4×4 phase. Figures 
2A and B show experimental STM and constant-height 
AFM images of the 4×4 phase acquired at 4,5 K. Both im-
ages show a hexagonal arrangement of triangular patterns 
(dashed lines), which sides are 3,75 ± 0,05 Å. The theoreti-
cally optimized structure is displayed in Figure 1C. The most 

Figure 1. Artistic view of the experimental method employed to es-
timate the atomic buckling with sub-Ångstrom precision in silicene 
lattices on Ag(111). An AFM tip terminated with a single carbon 
monoxide (CO) molecule probes the interaction forces between tip 
and sample. A dip in the force-retraction curve F(Z) (background 
curve) is the fingerprint of the relative height of the probed atom 
compared to the neighboring ones (blue halo versus red halo).
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protruding Si atoms colored in red atoms form the triangles 
observed in both STM/AFM images. Their side lengths are 
3,86 Å while the atomic buckling obtained by comparing the 
upmost (red) and downmost (pale blue) Si atoms is 0.84 Å. 
From the calculated lattice, we computed the associated 
STM/AFM images (Figures 1D and E) that both indicate a 
good agreement with their experimental counterparts. More 
importantly, it allows us to identify the triangular contrast in 
the AFM images caused by only three upmost Si atoms in 
one buckled hexagonal ring. Although the 4×4 silicene lattice 
is a closed-packed honeycomb structure (like graphene), its 
intrinsic atomic buckling prevents to resolve by STM/AFM all 
the Si atoms of the silicene hexagons (unlike carbon rings 
in graphene). Thus, each triangle in the following images is 
associated to a buckled Si hexagonal ring.

To experimentally quantify the atomic buckling, we then per-
formed force spectroscopic measurements above the 4×4 
silicene phase. Site-dependent frequency shift curves as 
a function of tip – sample separation ∆f(Z) were acquired 
above the upmost (red) and downmost (blue) Si atoms of 
the structure (Figure 2C and inset Figure 2F). At relative 
close tip – sample distances (below Z = 2,5 Å), each curve 
shows a “local minimum” followed by a “bump” arising from 
specific interactions between the front end oxygen atom of 
the CO-terminated tip apex and the probed Si atom of the 

silicene structure. The positions in Z of the dips in principle 
give a good estimate of the relative heights of the corre-
sponding atoms with respect to the tip – sample distance. 
We extracted the upmost atoms heights as the dip position 
in the red curve to be Z = 2,42±0,08 Å while the lower Si 
atoms (blue curve) is at Z = 1.67 ± 0,05 Å. The difference of 
relative height ∆Z is then 0,75 Å in excellent agreement with 
our DFT calculations (Figure 2C) and previous results [3, 
22, 32]. These observations are further confirmed by con-
stant-height AFM images (insets of Figure 2F).

Local symmetry due to atomic buckling
Using the same strategy, the atomic buckling of the 2√3 and 
√13 silicene structures were characterized combining force 
spectroscopy and DFT calculations. By fitting the force spec-
troscopic curves of different atoms with a Coulomb-Buck-
ingham potential [31], we precisely estimated the buckling 
magnitude in each silicene phase ranging from 0,75 ± 0,14 
Å for the 4×4, 0,97 ± 0,16 Å for the 2√3 and 0,98 ± 0,32 Å 
for the √13. We also found out that atoms of the 2√3 and 
√13 phases possess three and four buckling heights in their 
structures, respectively. More details of the spectroscopic 
analysis can be found in our work [31].

Not only the relative heights of the buckled atoms is impor-
tant (i.e. in the Z direction) but also their lateral positions 

Figure 2. The 4×4 silicene lattice on Ag(111). (A and B) Experi-
mental STM topography and constant-height AFM image acquired 
with CO-terminated tips at 4,5 K. (C) Representations of the 4×4 
silicene structure optimized by DFT. The red and blue atoms are 
upmost and downmost silicon atoms of the lattice, respectively. 
(D and E) Simulated STM topography and AFM images from the 
relaxed structure. (F) Experimental force spectroscopic measure-

ment, ∆f(Z), above the 4×4 upmost (red) and downmost (blue) at-
oms. The vertical dashed lines show the Z positions of upmost/
downmost Si atoms allowing an estimate of the buckling magnitude 
∆Z. Insets are constant-height AFM images acquired at Z = 0,6 Å 
and Z = 1,4 Å, respectively. Reproduced from Pawlak et al. PNAS, 
117, 228-237 (2020). © 2020 National Academy of Sciences.
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within the silicene lattice. Indeed, we observed that Si atoms 
of similar buckling heights are precisely ordered which can 
lead to complex silicene restructuring. This is particularly 
exemplified by the √13 silicene structure (Figures 3A and 
B) that systematically shows vortices formed by the conver-
gence of six defected lines (indicated by white dashed lines 
in Figure 3B). These boundaries separate adjacent domains 
of triangular features pointing in opposite directions (denot-
ed α− and β−√13 structures as calculated by DFT of Fig-
ure 3E). Each supercell is characterized by a triangle with 
edges 3,6 Å long (dark blue atoms), which corresponds to 
a buckled Si hexagonal ring. The brighter protrusion in the 
AFM image of Figures 3B and C corresponds to the most 
protruding atom (red atom) in Figure 3E, while the second 
less intense bump (only observed by AFM) coincides with 
intermediate buckling heights (orange in Figure 3E). De-
spite the complexity of the pattern, the √13 lattice displays 
a clear p3 symmetry with three possible rotation axes: in 
the triangle’s epicenter as well as in either of the 2 bumps. 
Following symmetry arguments, we concluded to the coex-
istence of only two inequivalent √13 domains (i.e. α− and 
β−√13) that are associated by an inversion of the silicene 
adlayer. Energetically, the stability of these two structures is 
within 10 meV.

Looking now at the line defects (Figure 3C), a typical square 
pattern containing four maxima linked by pairs along the 
transversal direction. The distance between the paired at-
oms is 3.8 Å, thus slightly longer than the triangle sides, 
while the pairs are separated by 4.0 Å. Figure 3E presents 
the DFT relaxed structure that matches the experimental 
AFM image, as shown by the corresponding simulated AFM 
image of Figure 3D. The line defects appears to induce a 
large restructuring at the boundaries between the two √13 
domains. However, the silicene film remains a continuous 
honeycomb layer without truncation and exhibits only small 
deformations due to a compressive strain. Note that these 
superstructures are stabilized on areas of several hundreds 
of nanometers.

Observing disordered silicene structures at domain 
boundaries
Interestingly, we also analyzed by AFM defected regions 
and boundaries between adjacent domains (Figure 4), that 
allow us to comment on long-standing debates of the si-
licene community. Indeed, previous works have reported 
the presence in STM images of dark regions surrounding 
the silicene domains which were attributed to Si-Ag alloys. 
Additionally, silicene domains always appear by STM top-
ographic images embedded into the surface. These works 
raised numerous questions suggesting the existence of a 
silicon alloy instead of a true silicene adlayer. Thank to our 
accurate structural analysis and looking at the excellent 
agreement between theory and experiments, we can firmly 
conclude that these phases only contains Si atoms lying at 

Figure 3. Local symmetry in silicene induced by variation of buck-
ling. (A and B) Experimental STM and AFM images of the √13 
moiré superstructure composed of line defects (white dashed 
lines) emerging from a vortex-like center. (C) Zoom-in AFM image 
of the line defect revealing square-like patterns and (E) Simulat-

ed AFM image obtained from the relaxed DFT structure shown in 
(E). According to the DFT structure, the line structure consists of a 
boundary between α−√13 and β−√13 chiral domains. Reproduced 
from Pawlak et al. PNAS, 117, 228-237 (2020). © 2020 National 
Academy of Sciences

Figure 4. Imaging defects in silicene. (A) Constant-height AFM im-
age of a grain boundary between a 4×4 and a 2√3 domain. The 
boundary region is delimited with white dashed lines. (B) Zoom-in 
AFM image of this region revealing buckled and highly distorted 
hexagonal, pentagonal, and heptagonal motifs (marked by white 
dashed lines in bottom image). Reproduced from Pawlak et al. 
PNAS, 117, 228-237 (2020). © 2020 National Academy of Scienc-
es.
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0.18 Å above the silver surface [31]. Furthermore, Figure 4A 
shows a constant-height AFM image of a such dark STM 
region (white dashed line in Figure 4B) between a 4×4 and 
a 2√3 silicene domains on Ag(111). It reveals the signature 
of multiple structural motifs indicating a “glassy-like” silicene 
region where buckled hexagons, pentagons, and heptagons 
appear interconnected, in line with other Si structures where 
non-hexagonal motifs have been predicted [37-39].

Electronic properties of silicene on Ag(111)
From the silicene structure determined with sub-Ångstrom 
precision, we computed their band structure including the 
silver substrate (Figure 5) [31] . In each map, the projections 
on the Si atoms (blue) and the first Ag layer (red) have been 
superimposed on top of those corresponding to the subsur-
face Ag layers (gray). Despite the profusion of bands across 
the Brillouin zones (BZs) due to backfolding and apart from 
a few faint resonances crossing EF, all phases show a clear 
gap in the π bands. No sign of any Dirac cones localized 
within the silicene sheet appears in any of the phases, since 
all surface bands in the -2 to +1eV region have a strong Si-
Ag1 hybridization with parabolic dispersions due to covalent 
bonding (in contrast with the linear metal bands). This ob-
servation is in line with previous experimental observations 
of silicene on Ag(111) [25, 26, 29, 30, 33-36]. We also em-
phasize that calculated band structures of the free-standing 
silicene structure phases (excluding the silver substrate) 
concluded the presence of Dirac cones in all the phases. 
Our results thus underlines, not only the pivotal role of atom-
ic buckling in the electronic properties of silicene, but also 
the importance of developing novel synthesis processes or 
exfoliation methods towards nonconductive substrates to 
preserve their electronic character.

Conclusion
Our AFM/DFT-based approach is self-contained to char-
acterize accurately the structure of silicene and other mo-
no-element Xenes at surfaces with high lateral resolution. 

Importantly, local atomic bucklings can be determined with 
sub-Ångstrom precision independent of their structural com-
plexity. We are thus convinced that such systematic inves-
tigation will help in foreseeing the precise structural charac-
terization of analogous 2D materials where atomic buckling 
defects could lead to novel exotic properties [2].
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