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Strong enhancement of spin—orbit splitting
induced by 6—m coupling in Pb-decorated silicene
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Electronic properties and spin—orbit (SO) splitting of silicene adsorbed with Cu, Ag, Au and Pb atoms at
different coverages are investigated by means of first-principles calculations. All four kinds of adatoms

we studied tend to adsorb at hollow sites. The adsorption of Pb atoms enhances the hybridization of o

electrons and m electrons around the Fermi level in silicene, resulting in considerable SO splitting

(~100 meV). Only a small degree of SO splitting is achieved in NM—silicene (NM stands for noble metal

atoms, i.e. Cu, Ag, and Au) systems. Our results suggest that the o—m coupling is a very important factor
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for the enhancement of SO coupling in silicene. The concentration and the intrinsic SO coupling of

adatoms will also affect SO splitting in these systems. All structures we studied are stable at room
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1. Introduction

The central theme of spintronics is about the spin interaction
and the active manipulation of spin in solid state systems. Due
to the possible applications in the electronic industry, spin-
tronics has become an active research field. In current spin-
tronics, the investigation of spin-orbit (SO) interaction has
attracted great attention. The SO coupling connected the
momentum of an electron with its spin, so that one can possibly
use the external electronic field to manipulate the spin of the
electron.' Moreover, many interesting phenomena are closely
related to SO interaction, including the anomalous quantum
Hall effect and spin quantum Hall effect,* which have been
predicted in graphene, a single layer of carbon atoms in
a honeycomb lattice.® However, the SO interaction in pristine
graphene was found to be very weak, not sufficient for practical
applications.*” Thus, it is very meaningful and important to
study how to enhance the SO coupling and yield large SO
strength in graphene. In fact, various methods have been con-
ducted to enhance the SO coupling in graphene, such as by
adsorbing impurity atoms on graphene, growing graphene on
different kinds of substrates, applying an external electric field
or exerting strains.®™*

For the physicist, the important things are not only to
enhance SO coupling but also to explore its physical mecha-
nism. Castro Neto and Guinea suggested that the sp® hybrid-
ization induced by an impurity atom could lead to a large
increase of SO interaction in graphene.'” The same mechanism
also was proposed by Huertas-Hernando et al. They found the
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temperature. Our work provides an imperative understanding of the physical mechanism of enhancing
SO coupling in two dimensional materials.

lattice deformation could enhance the hybridization of ¢ elec-
trons and 7 electrons in graphene, leading to the increase of SO
interaction.”*** The influence of the metal substrate on SO
splitting in graphene was also investigated. Using angle-resolved
photoelectron spectroscopy, Dedkov et al. observed a large
Rashba splitting in an epitaxial graphene layer on top of a Ni(111)
substrate. This Rashba effect was attributed to the combination
of two effects: spin-polarization of the = band and the effective
potential gradient appearing at the graphene/Ni interface.
Regrettably, the remarkable Rashba splitting was not observed in
the latter similar investigations."” In addition, another mecha-
nism about SO interaction was also raised. Marchenko et al. re-
ported that Au intercalation at the graphene-Ni interface could
create a remarkable SO splitting.”® They thought that the
hybridization between C 7 states and Au d states was the source
of the SO splitting in graphene.

To obtain a deeper insight into the physical mechanism on
enhancement of the SO coupling, the further investigation is
very necessary. In fact, silicene is a better material for the
investigation of this mechanism. Silicene is the silicon coun-
terpart of graphene. Those exotic features belonging to gra-
phene such as linear energy dispersion and massless Dirac
fermions are still kept in silicene,"*® attracting significant
interest.** It is well known that the two sublattices are
coplanar in graphene, whereas silicene has a buckled sheet with
the two sublattices not in the same plane.** In graphene, o
orbitals and 7 orbitals are coupled only through the intrinsic SO
coupling. Thus, the effective SO coupling is a second-order
process in graphene, resulting in a rather tiny SO splitting at
the Dirac point. However, due to low-buckled structure of sili-
cene, o orbitals and 7 orbitals in silicene can directly hybridize.
The intrinsic effective SO coupling in silicene is a first-order
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process, resulting in an arrestive SO splitting at the Dirac
point.>>** A direct band gap of 1.55 meV has been found at the
Dirac point of pristine silicene by Yao group, and the gap would
increase to 2.9 meV under certain pressure strain.”® These
investigations suggested that silicene could provide very
different structural and electronic circumstances from gra-
phene. It is very interesting to investigate the SO interaction in
silicene.

The sp*-sp® mixing hybridization in silicene causes its high
surface reactivity. Lin et al. found adatoms could be much more
strongly bound to silicene than to graphene.”” In the present
paper, we systematically study the electronic properties and SO
coupling in silicene with adatoms Cu, Ag, Au and Pb within the
framework of density functional theory. We know that Cu, Ag,
and Au are termed as noble metal (NM) atoms, belonging to the
same group. It is well known that the atomic intrinsic SO
coupling is closely related to atomic number. These three kinds
of adatoms we select are conducive to understand the influence
of the intrinsic SO coupling on SO splitting of NM-silicene
systems. In ref. 9, Ma et al. suggested the SO splitting of graphene
can significantly be enhanced by Pb doping. In the past some
years, Pb/Si systems has also been extensively studied, especially
on Si(111) surface.?®?* Thus, it is very meaningful to investigate
the influence of Pb adsorption on electronic structures and SO
splitting of silicene. Our study suggests the interaction between
Pb and silicene is stronger than that between NM and silicene.
Considerable spin-orbit splitting (~100 meV) is achieved in Pb-
silicene system, which can be ascribed to the enhanced o-m
coupling in silicene induced by Pb adsorption. This order of
magnitude of SO splitting is sufficient for the practical applica-
tions, thus Pb decorated silicene is very promising in the
spintronics.

2. Computational methods and
models

The total energy and electronic structure calculations are per-
formed with projector augmented wave formalism based on
density functional theory (DFT), as implemented in the Vienna
ab initio simulation program (VASP).>*** The generalized gradient
approximation (GGA) method with Perdew-Burke-Ernzerhof
(PBE) for the exchange and correlation functional is used.* Plane
waves with energy cut-off of 400 meV are used for the expansion
of Kohn-Sham orbitals. The SO coupling can be included by
solving the generalized Kohn-Sham equations in the relativistic
DFT.***¢ The van der Waals (vdW) interaction is considered in
our calculations based on Grimme's DFT-D2 method.*” Due to
the hexagonal symmetry of the silicene layer, four possible
adsorption positions are considered, i.e., hollow site (above the
center of hexagonal), top site (on top of the upper silicon atoms),
valley site (on top of the lower silicon atoms), bridge site (on top
of the Si-Si bond),*® for which the abbreviations ‘H’, ‘T’, ‘V’ and
‘B’ are used, as illustrated in Fig. 1. Through comparing their
binding energy Ey, the relative stabilities of these sites can be
measured. The binding energy is defined as E, = Eaq + Es; — Eotal
where E,q, Es;, and E, represent the total energies of a single
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Fig.1 The top view (a) and side view (b) of considered adsorption sites
on silicene. The symbols T, V', 'H’, and 'B" express top, valley, hollow,
and bridge sites, respectively. The solid black, dashed red, and dotted
green lines in (a) denote the (5 x 5), (4 x 4), and (3 x 3) supercells,
respectively.

free adatom, the clean silicene, and the M-silicene system,
respectively. With this definition, a positive binding energy
indicates the exothermic process. To simulate the different
adsorption coverage, the supercell models are used, which
consists of an (n x n, n = 3, 4, 5) primitive silicene cell and an
adatom, as shown in Fig. 1a. The vacuum thickness along the z
axis is no less than 15 A, large enough to avoid the interactions
between the two adjacent silicene sheets. All models are con-
structed based on the calculated lattice constant for (1 x 1)
unitcell of 3.82 A and the buckling distance 0.44 A, which are in
good agreement with previous theoretical values.** For geometry
optimization, the internal coordinates are allowed to relax with
the fixed lattice constants until the Hellmann-Feynman forces
are less than 0.01 eV A~! without SO coupling. The convergence
threshold for energy is 107° eV. Both band structures with and
without the SO coupling are calculated based on these optimized
structures. The Brillouin zone integrations are performed by
using Monkhorst-Pack grids®* of 13 x 13 X 1,9 x 9 x 1,7 X 7 X
1 for (3 x 3)-(5 x 5) cells, respectively. Molecular dynamics (MD)
simulations were performed to assess the stability of configura-
tions at different temperatures.

3. Results and discussion

The calculated results of silicene with Cu, Ag, Au and Pb ada-
toms are summarized in Table 1. For all M-silicene (M = Cu, Ag,
Au, Pb) systems, the H site is found to be the most stable
configuration. Obviously, the binding energy is nearly inde-
pendent of the adsorption coverage and increases in the order
of Ag < Au < Pb < Cu. For NM atoms adsorption, this order is in
good agreement with recently reported studies.* The binding
energies for all M-silicene systems vary from the smallest value
of 1.842 eV (Ag) to the largest one of 3.048 eV (Cu). Compared to
the graphene, the adatoms could be much more strongly bound
to silicene due to its high surface reactivity.”” The obtained

This journal is © The Royal Society of Chemistry 2017
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Table 1 Calculated parameters for Cu, Ag, Au, and Pb adsorbed sili-
cene: the most stable site, binding energy E,, the distances between
the adatom and its nearest (next-nearest) Si atom d1 (d2), band gap at
the Dirac point without (with) SO coupling E4; (Egp)

Site  Ep(eV) d1(A) d2(A) Egy(eV) Eg (eV)
Cu 3x3 H 2.878  2.40 2.66 0.180 0.178
4% 4 2,972 2.41 2.64 0.047 0.046
5% 5 3.048 241 2.64 0.032 0.030
Ag 3x3 H 1.842  2.55 2.78 0.175 0.168
4 x4 1.898  2.55 2.76 0.040 0.039
5% 5 1.920  2.56 2.75 0.026 0.026
Au 3x3 H 2354 2.50 2.75 0.200 0.170
4 x4 2351 2.50 2.73 0.044 0.033
5% 5 2353 2.50 2.70 0.037 0.031
Pb 3x3 H 2420 291 3.43 0.365 0.308
4 x4 2.528  2.96 3.23 0.269 0.236
5% 5 2.567  2.95 3.23 0.224 0.204

binding energies for Cu-graphene, Ag-graphene, and Au-gra-
phene systems by Ding et al. are only 0.25, 0.03, and 0.16 eV,
respectively.** Interestingly, the binding energy of Ag is still the
smallest, and that of Cu is still the largest even if they are
adsorbed on graphene. However, the binding energies of M-
silicene (M = Cu, Ag, Au, and Pb) systems are much less than
those of TM-silicene.*®*> For example, the binding energies of
Ti, Fe, Co, Ni on silicene (4 x 4) supercells vary from the
smallest value of 3.516 eV (Fe) to the largest one of 4.776 eV

(3) Cu-Silicene

(b) Ag-Silicene
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(Ni).>” If silicene (6 x 6) supercells are adopted, the larger
binding energies can be obtained. The binding energy can even
reach 7.05 eV for W-silicene (6 x 6) system.*® Obviously, the
closed d shells of Cu, Ag and Au atoms result in a relative weak
interaction between them and silicene, lowering the binding
energies of these systems. Conversely, the open d shells of those
transition metal atoms strengthen the interaction between
them and silicene, resulting in the larger binding energies. For
Pb-silicene systems, the relative small binding energies can be
ascribed to the large Pb-Si bond lengths.

The band structures of systems without the consideration of
SO coupling are shown in Fig. 2. For brevity without sacrificing
generality, the only (4 x 4) supercell is selected as a represen-
tative example. The energy band of pristine silicene (4 x 4)
supercell is also illustrated in Fig. 2e for comparative purpose.
We first focus on the influence of NM atoms on the electronic
properties of silicene. The comparison of band structures
between pristine silicene (Fig. 2e) and NM-silicene systems
(Fig. 2a-c) suggests that the Dirac cones are not destroyed
completely by the adsorption of NM atoms, but the sites of Dirac
cones shift from Fermi level (Eg) to about —0.4 eV, which is
almost independent of the concentration of adatoms. That is to
say, the Er will lift when NM atoms are adsorbed on silicene,
which means the direction of charge transfer is from NM atoms
to silicene, leading to n-type doping.?”** The scenario is similar
for the adsorption of other metal atoms, such as Li atom, on
silicene.” On the contrary, the adsorption of non-metal atoms,

Fig. 2 The band structures of (a) Cu-silicene, (b) Ag—silicene, (c) Au-silicene, (d) Pb-silicene, and (e) pristine silicene systems without the
consideration of SO coupling. Only (4 x 4) supercells are selected as representative examples.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Partial densities of states of (a) Au—silicene (4 x 4) and (b) Pb—
silicene (4 x 4) systems.

such as F atom, will lower the Er.** Although the shapes of Dirac
cones in NM-silicene systems are almost kept, the adsorptions
of NM atoms lead to the emergence of band gaps at the Dirac
points, i.e., the gaps between A band and B band in Fig. 2a-d.
The values of these band gaps without the consideration of SO
coupling are given as ‘E,,’ in Table 1. For each NM-silicene, it
can be seen that the band gaps of NM-silicene (3 x 3) systems
are significantly larger than those of (4 x 4) and (5 x 5) systems.
And the band gaps of (4 x 4) systems are only slightly larger
than those of (5 x 5) systems. That is to say, the band gaps at the
Dirac points will reduce gradually with the decrease of the
concentration of adatoms. The evolution of band structures of
Pb-silicene is shown in Fig. 2d. Obviously, the influence of Pb
on the properties of silicene is much stronger than that of NM
atoms. In Pb-silicene (4 x 4) system, the Dirac cone has been
distorted, and a band gap of 0.269 eV is opened. With the
decrease of the concentration of Pb atoms, the band gaps
around the Dirac points also reduce gradually. This is similar to
the case of NM adsorption.

To understand how the adatoms affect the electronic prop-
erties of silicene, the partial density of states (PDOS) are plotted

(a)

(3x3)
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in Fig. 3. For the adsorption of NM atoms, the characteristic of
PDOS for Cu-silicene and Ag-silicene systems is similar to that
for Au-silicene, thus we only select Au-silicene as a representa-
tive system and show its PDOS in Fig. 3a. Due to the closed
d shell of Au atom, the Au 5d states are located in the deep
energy range of —4 eV to —7 eV. However, the Si 3p states are
near the Ep, resulting in the relative weak interaction between
Au atom and silicene. The scenario is different for the adsorp-
tion of Pb atoms. It can be seen from Fig. 3b that there is one
perfect peak superposition between Pb 6s and Si 3s orbitals. In
addition, both Pb 6p and Si 3p states are around the Ex. These
features suggest the strong hybridization and interaction
appear between Pb adatoms and silicene, leading to the obvious
change of electronic structure in silicene.

The influence of SO coupling on the band structures of M-
silicene systems is further explored. First we focus on the pris-
tine silicene. A band gap of 1.51 meV at the Dirac point is ob-
tained in pristine silicene after the SO coupling is considered,
which is in good agreement with previous result.>® This gap can
be regarded as an SO splitting, which is caused by lifting the
degeneracy of the valence band and conduction band at K point.
Moreover, the spin degeneracy of energy bands can also be lif-
ted when the SO coupling is taken into account. In the
following, we will mainly focus on this kind of SO splitting
induced by lifting the spin degeneracy of bands. There are many
factors that influence the SO splitting in M-silicene systems,
including the concentration of adatoms, the intrinsic SO
coupling, and the orbital hybridization, etc. To exclude the
influence of the intrinsic SO coupling of adatoms, only the
energy band structures of Au-silicene systems with SO coupling
are shown in the upper three panels of Fig. 4. Here, it is worth
noting that the Dirac cone (K) of silicene is folded to the I'" point
due to the Brillouin zone folding of the (3 x 3) silicene super-
cell. However, the SO splitting can not be distinguished easily
from these band structures. By analyzing the energy of each
band, the absolute values of the SO splitting can be extracted. In
the lower three panels of Fig. 4, we give the SO splitting of three
bands around the Eg, denoted as A, B, and C in band structures.
We found that the SO splitting of A bands are obviously smaller
than that of B and C bands except those high symmetrical
points. One can see from Fig. 3a that the A band is chiefly

(4x4)

O
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Fig.4 The band structures of Au-silicene systems with the consideration of SO coupling (the upper three panels) and SO splitting of A, Band C
bands (the lower three panels). (a) Au-silicene (3 x 3), (b) Au-silicene (4 x 4), and (c) Au-silicene (5 x 5).
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composed of Si p, () states, while the B and C bands include
not only Si p, () states but also Si s, p, and p, (o) states. Due to
the hybridization, Au 6s states also have small contribution to
the B and C bands. The strong interaction between o states and
T states occurs in B and C bands, leading to the large SO
splitting. On the other hand, Fig. 4 shows the largest values of
SO splitting for each band in Au-silicene (3 x 3) system is
slightly larger than those in (4 x 4) and (5 x 5) systems, sug-
gesting the concentration of adatoms also affects the SO
splitting.

The SO splitting of A, B and C bands around the Er (see
Fig. 2a-d) for all M-silicene (4 x 4) (M = Cu, Ag, Au, and Pb)
systems are given in Fig. 5. Obviously, the values of SO splitting
increase according to the order of Cu < Ag < Au < Pb, suggesting
the intrinsic SO coupling of adatoms is an obvious factor that
affects SO splitting. However, it is worth noting that the SO
splitting of Pb-silicene system (~100 meV) is much larger than
that of Au-silicene system (~20 meV) although the atomic
number of Pb atom is only slightly larger than that of Au atom.
The reason can be analyzed based on the hybridization of c-m
orbitals. As mentioned above, the strong interaction appears
between Pb and silicene, and the electronic states around the Ey
in silicene produce remarkable change. It can be seen from
Fig. 3b that all Si s, p./py, and p, orbitals participate in
hybridization around the Eg, forming quasi-sp® hybridization,
enhancing SO splitting in Pb-silicene system. Furthermore, the
hybridization between Si frontier orbitals and Pb 6p orbital is
also an important source of the SO splitting. Conversely, the
small SO splitting in Au-silicene systems can be ascribed to the
relative weak interaction between Au and silicene as well as the
small changes of electronic structures in silicene. Based on the
above analysis, we can draw a conclusion that the hybridization
of o-m orbitals is a very important factor for the enhancement
of SO splitting in silicene, and the intrinsic SO coupling of
adatoms as well as the concentration of adatoms can also affect
the SO splitting. After the SO coupling effect is considered, the
Dirac cones in NM-silicene systems move toward Er and locate

7 Cu-Silicene
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Fig.5 The SO splitting of A, B and C bands in Cu-silicene (4 x 4), Ag—
silicene (4 x 4), Au-silicene (4 x 4), and Pb—silicene (4 x 4) systems. A,
B and C bands are marked in Fig. 2.
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at around —0.3 eV. The band gaps at the Dirac points decrease
due to the SO splittings of A and B bands, especially for Pb-
silicene systems (see ‘Ey,’ in Table 1). Obviously, these results
suggest the SO coupling will exert an important effect on the
electronic structures of silicene with heavy metal atoms.

Only when these systems are stable at room temperature,
they are useful in spintronics device. To study the thermal
stabilities of these systems at different temperatures, we carry
out the molecular dynamics (MD) simulations on M-silicene (4
x 4) systems. The oscillations of M-Si bond lengths with the
MD steps below 1000 K are shown in Fig. 6a. During the entire
MD simulation process of 2 ps with the time step of 1 fs, no bond
breaking is observed below 1000 K. On the whole, the oscillating
period of M-Si bond lengths gradually increase with the rise of
temperature. Once the temperature exceeds 1000 K, the adatoms
will disaffiliate from silicene one after another. In Fig. 6b, we give
the critical temperature of M-Si bond breaking, which is 1000 K,
1200 K, and 1200 K for Cu-silicene, Ag-silicene, and Pb-silicene,
respectively. However, no bond breaking is observed in Au-silicene
system even if the temperature is up to 1400 K. Surprisedly, the
Si-Si bonds begin to break when the temperature is up to 1500 K,
meaning the disintegration of silicene at this temperature.”
Therefore it is meaningless to conduct MD simulations above
1500 K. Of course, the above MD simulations are not enough to

PN,
] APy NN Cu 1000 K Bapibes
2 6] ,! TN e Agn00K| 7
= P N [oeneeee Au1400K| .7/
i A 4 \ j=-="Pb 200K
. w
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Fig. 6 The changes of M-Si bond lengths in M—silicene (4 x 4)
systems with the MD steps (1 fs per step). (a) Below 1000 K, (b) above
1000 K.
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find the exact critical temperature of disintegration, and they only
stand for a temperature range. However, based on these results, we
can confirm these M-silicene systems are stable at least at room
temperature, thus they can be well applied in spintronics.

4. Conclusions

The spin-orbit coupling effect and electronic properties in sil-
icene with adsorbed Cu, Ag, Au, and Pb atoms are explored
based on first-principles method. For the adsorption of NM
atoms on silicene, the shapes of Dirac cones in NM-silicene
systems are almost kept except for the emergence of band gaps
at the Dirac points. Only small spin-orbit splitting is achieved
in NM-silicene systems. Different from the NM adsorption, the
strong interaction between Pb and silicene can enhance the
hybridization of ¢ electrons and 7 electrons around Fermi level,
resulting in the remarkable change of electronic structures in
silicene. Considerable spin-orbit splitting (~100 meV) can be
achieved in Pb-silicene systems due to the enhanced o-w
coupling. Based on our results, a significative conclusion can be
drawn that the hybridization of o—m orbitals is a very important
factor for the enhancement of SO splitting in silicene. The
concentration and the intrinsic SO coupling of adatoms can
also affect the SO splitting.
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