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From grazing incidence X-ray diffraction measurements and density functional theory calcula-

tions, we have precisely determined the atomic positions of the Si and Ag atoms forming the (4 x 4)

Si/Ag(111) silicene reconstruction. A remarkable agreement is found between the experimental

structure factors and the theoretical ones derived from the calculations. Our results confirm the

honeycomb structure previously proposed, with a buckling of Si atoms equal to 0.77 A. The Ag sub-

strate atoms are also relaxed, leading to a non-negligible elastic deformation energy of the substrate,

equal to 43 mJ/m?.

I. INTRODUCTION

The advent of graphene [1, 2] has triggered an in-
creasing interest in the research of two-dimensional (2D)
materials in the last decade. Silicene, the 2D allotrope
of silicon, has attracted much attention, since pioneer
density functional theory (DFT) studies [3, 4] have pre-
dicted metastable configurations for this material. In-
deed, in the so called free-standing silicene (F'SS), silicon
atoms arrange themselves in an hexagonal low-buckled

structure, in which the vertical distortion is related to
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a mixed sp?-sp> hybridization [5]. Concerning the elec-
tronic properties, FSS is expected to show ”Dirac cones”
at the K-K’ points of the Brillouin zone, i.e. linear elec-
tronic band dispersion, as in graphene. This feature
would make silicene very attractive for possible tech-
nological applications [6, 7], with the advantage of be-
ing compatible with the current silicon based micro-
electronics. Experimentally, 2D silicon structures have
been reported to grow onto different substrates, such as
ZrB2(0001) [8], Tr(111) [9], and MoSy [10]. Neverthe-

less, most of the studies have been performed on Ag(111)

and Ag(110) [5, 11-26]. Silver appears to be appropri-



ate for silicene growth since: (i) the Ag-Si phase diagram
shows non-miscibility of the solid phases, (ii) Ag and Si
lattice constants are in 3/4 ratio and (iii) their similar
electronegativity should result in a small charge transfer
between the Si layer and the substrate. However, joint
experimental studies and DFT calculations have revealed
a non-negligible interaction between Si and Ag [24, 27—
31] which results in the loss of the electronic properties
predicted for the FSS. Depending on both deposition
rate and temperature [15, 16, 19, 27], different ordered
superstructures form after one monolayer (ML) deposi-
tion on a Ag(111) substrate: (4 x 4) [5, 14-21, 23, 25],
(V13 x V/13) R13.9° [14, 15, 17, 19, 21, 23, 25, (2V/3 x
2v/3)R30°[12, 14, 16, 25], (3.5 x 3.5) R26° [19], and
(\/7 X \/7)R19.1° [14, 21]. Each of these structures has
been interpreted as a single silicon layer, arranged in an
honeycomb lattice, with distinct orientations. The re-
ported Si-Si distances are close to the one predicted for
FSS. Moreover, after evaporating more than 1 ML, it has
been noticed that the appearance of the second mono-
layer comes along with the observation of an additional
(4/v/3x4/+/3)R30° reconstruction [13, 19] which remains
visible also at higher coverages and for which a stability
of the film in air has been claimed [32]. Such thick Si films
were first addressed to as ”multi-layer silicene” ; however,
further studies revealed their diamond bulklike structure
and the surfactant behaviour of silver atoms [33-35]. The
determination of the atomic structure of the reconstruc-

tions is of profound interest, being closely related to the

electronic bands simulated by DFT calculation. Exploit-
ing combined scanning tunneling microscopy (STM) and
DFT calculations, two models have been proposed for the
(4 x 4) superstructure which grows on Ag(111). Indepen-
dently, Lin et al. [17] and Vogt et al. [18] came up with a
honeycomb structure whose unit cell comprises 18 atoms,
6 of which laying above the plane common to the other
12 atoms. This model has been found to be in agree-
ment also with atomic force microscopy (AFM) results
[20, 21]. On the other hand, Feng et al. [15] proposed a
unit cell with a much lower Si density, i.e. 12 Si atoms
per unit cell. Eventually, quantitative low-energy elec-
tron diffraction (LEED) [24] and reflection high-energy
positron diffraction (RHEPD) [22] confirmed the first
model and reported values for the deduced buckling, Si-Si
distances, bond angles and substrate relaxation. On the
contrary, a third model with one added Ag atom per unit
cell has been recently proposed on the basis of extended
X-ray adsorption fine structure (EXAFS) measurements
[36]. However, the interpretation of EXAFS is difficult
for the (4 x 4) superstructure due to the large number of
atoms in non-equivalent positions. Likewise, the quan-
titative interpretation of LEED and RHEPD measure-
ments is complicated because of multiple scattering ef-
fects. Moreover, these last techniques are mainly sensi-
tive to the very first atomic planes, which results in a low
precision on the substrate relaxations. On the contrary,
grazing incidence X-ray diffraction (GIXD) is well de-

scribed by the kinematic theory and is sensitive to both



the substrate relaxations and the atomic positions of the
overlayer. In this paper we present experimental GIXD
and theoretical DF'T results which lead to the precise de-
termination of the structure of the (4 x 4) silicene layer.
A remarkable agreement is found between the experimen-
tal structure factors and the theoretical ones derived from
the calculations in the framework of a honeycomb silicene
layer. Further DFT calculations show that the presence
of the silicene layer induces a significant strain on surface

Ag atoms that propagate into the substrate.

II. EXPERIMENTAL AND COMPUTATIONAL

DETAILS

GIXD experiments have been performed on the SIXS
beamline of SOLEIL synchrotron facility, by using
monochromatic X rays of 18.46 keV photon energy. The
incident beam has been kept at an angle of 0.145° in
order to reduce both the penetration depth of incoming
X-rays and the bulk diffuse scattering. The sample, a
Ag(111) single crystal, was prepared by a few cycles of
Ar*t sputtering (P = 7 x 1075 mbar, 700 eV) and an-
nealing (7' = 870 K), in an ultra-high vacuum (UHV)
chamber, with a base pressure around 10~'° mbar. Sili-
con deposition was performed keeping the Ag substrate
at either T' = 520 K or T' = 570 K. Si was evaporated with
an Omicron Nanotechnology e-beam evaporator; the de-
position rate was 1 ML/2700 s, as estimated by surface

differential reflectance spectroscopy measurements (see

supplemental material of reference [35]). In the present

case 1 ML corresponds to the completion of a (4 x 4)
silicene layer, referring to the model proposed by Vogt
et al. [18]: 18 Si atoms are placed onto a (4 x 4) sil-
ver cell, resulting in an atomic Si density of 1.56 x 10'°
atoms/cm?. The unit cell of the (4 x 4) reconstruction
is used as reference for GIXD results; the corresponding
vectors expressed in the hexagonal basis of the Ag(111)
surface are: a = (4daa,/v2,0,0), b = (0,4a4,4/v/2,0),
c = (0,0,v3a4,) with as, = 4.085 A.

The theoretical model proposed in the present work
was obtained by DFT simulations as implemented in
the QUANTUM ESPRESSO package [37]. Calculations
were performed within the framework of three differ-
ent approximations: local density approximation (LDA)
[38], generalized gradient approximation (GGA) [39],
and GGA including eventually phenomenological van der
Waals corrections (GGA+vdW) [40, 41]. The electron-
ion interaction is taken into account according to the pro-
jector augmented wave method [42]. The energy cut-off
for the plane waves and for the charge was set at 25
Ry and 200 Ry respectively. The smearing approach de-
scribed by Marzari and Vanderbilt [43] was used with
a broadening of 0.05 Ry. The system was simulated by
an input slab consisting of either six or four layers of a
(4 x 4) Ag(111) cell, with on top of it the silicene hon-
eycomb structure [18]. A volume of vacuum, with same
thickness as six Ag layers, capped the structure. Elec-
tronic k-point sampling was done with a 3x3x1 grid.

Atomic positions were relaxed until atomic forces were
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Figure 1. a) Schematics of the measurements performed at 520 K and 570 K. The indexing of the axis refers to the (4 x 4)
reconstruction. The yellow, pink and red parallelogram represent the (4 x 4), (1.338 x 1.338) R & 10.02° and Ag(111) unit
cells, respectively. Yellow disks indicate the position of in-plane rocking scans, whereas black circles indicate the position of the
analyzed rods. b) In-plane map (L=0.05) of the reciprocal space obtained by GIXD measurements at 570 K. ¢) Rocking scan
performed around (H, K, L) = (3,3,0.05) at 520 K (red line) and 570 K (blue line). The almost identical intensity at w = 0 is

fortuitous.

Figure 2. Top and lateral view of the (4 x 4) reconstruction on Ag(111), showing the corresponding unit-cell (black parallelo-
gram), the top-lying (T atoms, red) and bottom-lying (B atoms, orange) Si atoms, first and second layer Ag atoms (dark and

light grey dots) and the angles between the atoms of the superstructure (a and j).

less than 10~3 Ryd/Bohr by keeping fixed the bottom Ag and 2.935 A, in the LDA and GGA case, respectively;
layer (the in-plane lattice spacing was kept fixed at the experimentally the reference value is 2.899 A. Account-
corresponding theoretical bulk equilibrium value). The ing for vdW corrections does not change the value of

reference in-plane lattice spacing for bulk Ag is 2.837 A the equilibrium lattice constant. At the surface the re-



laxed structure does not present any relevant difference
by changing from four to six Ag layers: hereafter we will
refer to the simulation with six substrate layers, for which
the elastic deformation of the substrate should be better
described. The resulting surface structure does not sub-
stantially change by using 30/240 Ry cut-off, 0.025 Ry

smearing and a 6x6x1 k-point grid.

III. RESULTS

After evaporation of 1 ML of Si, various superstruc-
tures coexist on the Ag(111) substrate. The diffracted in-
tensity for in-plane conditions (L = 0.05) is shown in Fig.
1b for 1 ML Si evaporation at 570 K. At this temperature,
the most intense diffraction spots are associated with a
(1.338 x 1.338) R & 10.02° reconstruction, which corre-
sponds to a small distortion of the (2\/§ X 2\/3) R30°
superstructure usually observed at high temperature
[44, 45]. Spots of the (4 x 4) structure are also visi-
ble, with a lower intensity. On the contrary, for depo-
sition at 520 K, the most intense signal comes from the
(4 x 4) structure, whereas the (\/ﬁ X \/ﬁ) R13.9° re-
construction is also visible. In the following, we focus on
the diffracted intensity associated with the (4 x 4) super-
structure only.

For both temperatures, the intensity of the in-plane
(4 x 4) reflections has been acquired by performing 35
angular rocking scans, in the (H, K) positions shown in

Fig. la. In Fig. 1c it is shown the comparison between

the (3, 3, 0.05) spot relative to the (4 x 4) structure at

520 K and 570 K. At the lower temperature, the peak
is 2.5 times broader and its integral is 2.4 times higher:
the domains of the (4 x 4) are smaller, but cover a higher
percentage of the surface. Furthermore, we performed
rocking scans at consecutive values of L along several su-
perstructure rods; their corresponding (H, K) positions
are indicated as black circles in the schematics of Fig. 1a.
Note that, whereas the crystal truncation rods carry the
contributions of the various Si domains characterized by
different orientations, the analyzed superstructure rods
are exclusively associated to the (4 x 4) reconstruction.
This situation is ensured at 570 K by the distortion of the
(2\/§ X 2\/5) phase: the theoretical size and orientation
would cause some of its spots to superpose with those of
the (4 x 4) reconstruction, which is not the case for the
observed structure. At 520 K the two coexistent recon-
structions, i.e. (4 x 4) and (v/13 x v/13) R13.9°, have no
superposing spots, except of course at the nodes of the
Ag(111) surface lattice.

The details of the structure factor determination
from the raw measurements and the corrections ap-
plied [46] are given in the Supplemental Material
(http://link.aps.org/supplemental/) Within a scale fac-
tor, no remarkable difference has been observed between
the results obtained at 520 K and 570 K (see Fig. S1).

The results of DFT calculations of the (4 x 4) Si re-
construction on Ag(111), simulated as described in the
previous paragraph, give the theoretical atomic positions

for both the silicene structure and the Ag substrate. A
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Figure 3. Comparison between experimental, for T' = 520K, (black dots with error bars and black half-disks), GGA-simulated

(red continuous line and red half-disks) and LDA-simulated (green dotted line) structure factors, along several superstructure

rods and for in-plane diffraction conditions (L = 0.05).

schematic representation of the system is reported in Fig.
2. Similar results are obtained for the three approxima-
tions used (LDA, GGA, vdW). The buckling of the layer,
the range of Si bond lengths and the bond angles are re-
ported in Table I, together with previous experimental
and theoretical works. For clarity, all theoretical dis-
tances have been scaled to the experimental lattice con-

stant. Among the various values computed, the buckling

of the Si layer is the more sensitive to the choice of DF'T

approximation. Whereas a value of Ag; = 0.77 A is ob-
tained within the GGA, which is close to the buckling of a
bulk Si(111) biplane (0.78 A), a significantly higher value
of 0.90/0.91 A is obtained within the LDA. This can be
related to the different mismatch between Si and Ag bulk
lattice constant f=ag;/as, computed by the two meth-
ods. Whereas fg4=1.3171 is close to the experimental
value fo,=1.3295, f1, p4=1.3467 is larger. The associated

compressive stress induces thus a higher buckling of the



Si layer. In the GGA, the silicon bond lengths obtained
are in the 2.30 A-2.34 A range, which is in between the ex-
pected Si-Si length in free-standing silicene (2.25 A) and
the Si-Si nearest neighbor distance in bulk Si (2.35 A).
The whole set of bond lengths is shown in Fig. S2. The
bond angles carry information about the hybridization
state of the Si sheet: a = 108.6° is slightly smaller than
ideal value of 109.5° for a pure sp® hybridized system,
while 8 = 111.1° is somewhat bigger. Both angles are
far from 120°, suggesting that the hybridization should
be much closer to sps than to sps. Related to the higher
buckling of the Si layer, the o and S8 angles are found
even lower in the LDA. Concerning the substrate, the
silicene buckled structure induces a deformation of the
topmost Ag layers. Hereby, the silver atoms right below
the top-lying Si atoms (orange spots in Fig. 2) are pulled
off the plane about A 441, = 0.25 A and Aagry = 0.27 A,
for the left and right half of the (4 x 4) unit cell, respec-
tively, in GGA results. The deformation affects also the
second Ag layer (Aag2, = 0.05 A, A ggop = 0.24 A) and
becomes less and less important deeper beneath the sur-
face. As can be seen in Table 1, these results are not very
sensitive to the kind of approximation chosen. In-plane
relaxations of Ag atoms also occurs, but with an ampli-
tude smaller than for out-of-plane relaxations. They are
larger in the second Ag plane than in the first one. The
evolution with depth of the root mean square displace-
ments is shown in Fig. S2. They decay exponentially in

the bulk. The associated decay length are \/=3.58 A for

7

in-plane displacements and A, =3.07 A for out-of-plane
displacements. Such values are two times higher than the
value 1/k=1.59 A expected for isotropic crystals, where
k is the wave-vector associated with the reconstruction.
Such difference is due to the high crystalline anisotropy
of Ag [47]. These results and the comparison with pre-
vious experimental and theoretical works are reported in
Table I. The complete list of atomic coordinates is given
in the Supplemental Material.

From the atomic positions determined by DFT, we
have computed the structure factors for the experimental
conditions, in the kinematic theory. As free parameters,
we have used only a scale factor and in-plane and out-of-
plane Debye-Waller factors, for the Si atoms, the surface
Ag atoms and the other Ag atoms. The agreement be-
tween experimental (F,,) and simulated (Fy,) structure

factors is estimated by the value of:
N, ts

1 Zp Fin

X2 = <

— Foyp > ’ W
Npts — Npar Oexp
where Ny, is the number of experimental structure fac-
tors, and Npe,=7 is the number of free parameters. As
shown in Fig. 3, there is a remarkable agreement be-
tween experiment and theory. Although the theoretical
rods look quite similar, the agreement is better for sim-
ple GGA calculations (x%q4=5.3) than for GGA+vdW
(x2,w=T7.5) or LDA calculations (x%,,=9.9). Due to
the large number of Si and Ag atoms involved in the
structure of the diffracting unit cell, performing a fur-
ther fit of the data with all atomic positions free to move

is meaningless. We can thus consider GGA positions



d(A)  Asiap (D) Augrap (A) Augoass (A) @ B
Free standing silicene DFT-LDA [4] 2.25 0.44
DFT-GGA [48] 2.35 0.8 0.4
DFT-GGA [18] 2.32 0.75 110°  118°
LEED [24] 2.29-2.31  0.77/0.74 0.29/0.31 0.10/0.21
(4 x 4) Si/Ag(111) RHEPD [22] 0.83 112°  119°
DFT-GGA/GIXD  2.30-2.33 0.76 0.25/0.27 0.05/0.24  108.6° 111.1°
DFT-GGA+vdW  2.30-2.34  0.78/0.79 0.23/0.25 0.04/0.17  108.0° 110.5°
DFT-LDA 2.33-2.37  0.90/0.91 0.29/0.32 0.07/0.27  105.6° 109.3°

Table I. Comparison between the relevant structure parameters obtained in this work and those available in literature, from

DF'T calculations or experiments. The present DFT-GGA calculations can be considered as the best fit to GIXD measurements.

as our best fit to measurements. Notice that, besides
the x? analysis, a visual comparison of the theoretical
structure factors (Fig. 3, and Fig. S3) with measured
ones confirms the fact that simple GGA provides a bet-
ter structure than GGA+vdW (in spite of the fact that
vdW corrections are supposed to improve GGA). Notice,
also, that GGA and GGA+4vdW structures are very sim-
ilar (Table I) and that it would be hard to discriminate
between the two structures on the sole basis of available
LEED measurements.

Concluding, we clearly confirm that the (4 x 4) sil-

icene reconstruction corresponds to a buckled honeycomb

layer, as proposed by Vogt et al. [18]. GIXD not only
confirms the atomistic model of the (4 x 4) silicene struc-
ture, it also shows that the Ag substrate is strongly re-
laxed upon Si adsorption. Whereas the Si layer has an
almost perfect hexagonal symmetry, the superstructure
diffraction rods have clearly a trigonal symmetry. For
example, the (0 3 L) and (3 0 L) rods are markedly dif-
ferent. This is due to the different contributions from Ag
substrate atoms for which the symmetry is trigonal. As
already mentioned, the relaxations of surface Ag atoms
propagate elastically into the bulk with an exponential

decay. GIXD is sensitive to these elastic relaxation modes



that give specific contributions to the superstructure rods
[49]. They correspond for example to the peaks near L=1
on the (30 L) and (0 6 L) rods, to the peak near L=2 on
the (9 0 L) rod and to the dip at L=2 on the (0 3 L) rod.
The very good agreement between experiment and theory
allows us to estimate the elastic deformation energy of the
Ag substrate. For this purpose, we have computed within
DFT the energy of the Ag surface when it is stripped of
the Si atoms (without further relaxation). This energy
carries information on the silicene-induced deformation
of the Ag substrate and can be compared with the en-
ergy of a fully relaxed clean Ag surface. The difference
between the two energies represents the elastic energy of
the Ag substrate, induced by the silicene sheet. The value
per Ag atom is 43 mJ/m?, which is small if compared to
Ag surface energy 1.25 J/m? [50]. It is however much
higher, for example, than the elastic substrate deforma-
tion energy measured for oxygen adsorbed on Cu(110)
(1073 J/m?) which is responsible of the self-organization
of Cu-O stripes at the Cu crystal surface [51]. This indi-
cates that the silicene layer markedly interacts with the

Ag surface.

IV. CONCLUSIONS

In summary, we have precisely determined the struc-

ture of the (4 x 4) silicene layer grown on the Ag(111)

surface. An impressive agreement between GIXD mea-
surements and DFT simulations in the GGA is found.
Our comparison shows thus that GGA is more suited for
the Ag-Si system than LDA. We not only validate the
model of a buckled honeycomb structure previously pro-
posed, but we also precisely determine the atomic buck-
ling of the layer, equal to 0.76 A, the different Si bond
lengths and angles, and the atomic positions of the Ag
atoms near the surface. Indeed, Ag atoms, due to their
important relaxations, give a non-negligible contribution
to the diffracted intensity. We have computed the asso-
ciated elastic deformation energy which is found equal to

43 mJ/m?.
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