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Mechanical and electronic properties of pristine
and Ni-doped Si, Ge, and Sh sheets

Aaditya Manjanath,®® Vijay Kumar®® and Abhishek K. Singh*®

Silicene, a graphene analogue of silicon, has been generating immense interest due to its potential for
applications in miniaturized devices. Unlike planar graphene, silicene prefers a buckled structure. Here
we explore the possibility of stabilizing the planar form of silicene by Ni doping using first principles density
functional theory based calculations. It is found that planar as well as buckled structure is stable for Ni-doped
silicene, but the buckled sheet has slightly lower total energy. The planar silicene sheet has unstable phonon
modes. A comparative study of the mechanical properties reveals that the in-plane stiffness of both the
pristine and the doped planar silicene is higher compared to that of the buckled silicene. This suggests
that planar silicene is mechanically more robust. Electronic structure calculations of the planar and buckled
Ni-doped silicene show that the energy bands at the Dirac point transform from linear behavior to parabolic
dispersion. Furthermore, we extend our study to Ge and Sn sheets that are also stable and the trends of
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Graphene has attracted great attention and has created much
excitement about the possible technological applications due
to its unusual electronic properties arising from the sp> hybri-
dized planar structure." However, a direct industrial applica-
tion of graphene in devices is yet to be achieved, because it
would require development of a different infrastructure than
currently available. On the other hand silicon based nanostruc-
tures are very desirable for miniature devices as one can take
advantage of the existing facilities of widely used silicon
electronic devices. Recently, a graphene analogue, named silicene,
has been synthesized on ZrB,(0001) thin films> and the Ag(110)
substrate.>* Its band structure shows linear dispersion near the
K-point (a property that made graphene so attractive), but it
prefers a buckled honeycomb structure.>” Further, similar to
silicene, pristine Ge sheets have been shown to also favor a
buckled configuration.>”

Nanostructures of pristine silicon and other group IV elements
such as Ge and Sn do not have the versatility of structures in low
dimensions as those of carbon such as the formation of fullerenes
and nanotubes. However, by doping transition metal (TM) atoms,
one can form a family of highly symmetric structures of silicon
such as metal-encapsulated fullerenes and other polyhedral forms
as well as nanotubes. Extensive theoretical and experimental
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comparable mechanical stability of the planar and buckled phases remain the same.

studies®™* have shown stabilization of highly symmetric endo-
hedral structures TM@X,,, where X = Si, Ge, Sn, and Pb. The TM
atom gets encapsulated inside a cage whose size in general
depends on the metal atom as well as X atoms and may be in
between 20 > n > 8." Furthermore, some clusters display very
large HOMO-LUMO gaps®'®'*'* and magnetic moments,""**
suggesting their possible applications in the field of optoelectro-
nics and spintronics. In recent years stable metal-encapsulated
magic clusters of the form X;,M (where M = Ni, Pd or Pt)'®'” have
been successfully produced in large quantity.

In 2002, even before the advent of graphene in laboratory,
Singh et al. showed that the 0-dimensional Be-encapsulated
clusters could be assembled to form 1-dimensional nano-
tubes'®'® in which metal atoms stabilize silicon in sp> bonding
configuration. Further, it was shown that hexagonal Si nano-
tubes could be stabilized using 3d transition metals (TM).>°
These nanotubes have a stacking of hexagonal rings with the
metal atoms sandwiched between the hexagons. The distance
between the metal atom and the center of the hexagon changes
with the type of the metal atoms. In the case of Ni, this distance
goes to zero, and it lies at the center of the hexagonal rings.
It is therefore interesting to explore if such hexagonal rings
with Ni at the center can be attached sideways to form a planar
2D-sheet. Note that nickel silicide is an important material for
silicon devices. Here, using first principles density functional
calculations, we show that a planar as well as a buckled sheet of
Si can be stabilized by Ni doping. The planar sheets, however,
have unstable phonon modes, but they exhibit better in-plane
stiffness compared with the buckled sheets. The electronic
structure calculations show that the linear dispersion of the
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bands at the Dirac point transforms to parabolic type upon
doping with Ni. The doped sheets have improved metallicity
(finite density of states at the Fermi level) compared with the
pristine sheets. Similar to the case of Si, Ge nanotubes have also
been stabilized using TM atoms.>"** Besides stabilizing them,
the TM atoms make the Ge nanotubes semiconducting.>***
Motivated by this work, we extend our study to Ge and Sn sheets
as well. Our results show that Ni-doped Ge sheets show unstable
modes for both the buckled as well as planar cases, whereas, Sn
follows the same trend as silicene. Further, we have studied the
effect of dopants such as Fe and Co on the properties of silicene
and compared them with those of Ni.

The electronic structure calculations have been performed
using first-principles density functional theory (DFT).>® Projector
augmented wave (PAW)*®*” pseudopotentials were used to
represent the electron-ion interactions. The exchange and
correlation part of the total energy is approximated by the
generalized gradient approximation (GGA) using Perdew-
Burke-Ernzerhof type of functional®® as implemented in
Vienna Ab initio Simulation Package (VASP).”>*° A primitive
cell configuration of two atoms was used for all the sheets, with
a vacuum of 15 A along the z-axis (Fig. 1) to avoid spurious
interactions between the periodic images. Calculations with a
larger supercell yielded the same results. For integrations over
the Brillouin zone, a dense Monkhorst-Pack k-point mesh?®' of
15 x 15 x 1 was used. Structural relaxation was performed
using the conjugate-gradient method until the absolute value of the
Hellman-Feynman forces were converged to within 0.005 eV A~
Spin-polarized calculations were performed for Ni-doped sheets.
Phonon dispersions were obtained by using density functional
perturbation theory (DFPT).>* An energy cutoff of 600 eV and a
convergence criterion of 1 x 10~° eV were used to obtain high
quality forces.

The structural parameters of the optimized planar as well as
buckled sheets of both Ni-doped and pristine Si, Ge, and Sn are
given in Table 1. The lattice parameter (@) and buckling height
(0) of pristine Si and Ge sheets are in good agreement with the

L
-
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Fig. 1 (a) and (b) are the top views of optimized structures of pristine and
Ni-doped silicene. (c) and (d) are the corresponding side views of planar
and buckled sheets. Orange and blue color balls represent Ni and Si,
respectively. The geometries of Ge and Sn sheets are similar.
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Table 1 Optimized structural parameters of pristine and Ni-doped

2D-sheets of Si, Ge, and Sn. The energies and lengths are given in eV
and A, respectively

Planar Buckled

System a  IV-IV bond length a  IV-IV bond length ¢ AE

Si 3.9 2.25 3.9 2.29 0.43 0.03
Ge 4.1 2.39 4.1 2.48 0.67 0.05
Sn 4.8 2.77 4.8 2.88 0.80 0.28
Si@Ni 4.0 2.31 4.0 2.51 0.99 0.45
Ge@Ni 4.4 2.54 4.2 2.74 1.28 0.78
Sn@Ni 4.9 2.83 4.7 3.07 1.43 0.89

earlier reported results.>®>* In the case of pristine planar and
buckled sheets, the bond length increases from Si to Sn due to
the increase in the atomic radius. However, the increase in the
bond length in the doped buckled sheets is much higher. The
buckling height, defined as the deviation of the group-IV atoms
from the plane, also increases from Si to Sn. This trend is in
line with the behavior in bulk where the buckling heights
observed for Si, Ge and Sn are 1.36 A, 1.41 A, and 2.06 A,
respectively. This is due to the increase in the bond length from
Si to Sn. The buckling in the case of bulk structures is more
than in sheets suggesting that the type of hybridization in
sheets is not exactly sp* but of the type sp>-sp>. The buckling
is more prominent in the case of the doped sheets. This
indicates that upon Ni doping, Si prefers a configuration which
is more towards the sp® hybridization. This tendency leads to
less overlap among the p, orbitals of group-IV atoms, which
causes higher buckling. A similar trend is also observed for the
equilibrium lattice parameters from Si to Sn, for both the
pristine and the doped planar and buckled sheets. The buckled
sheets have lower energy than the planar sheets and are there-
fore energetically more stable. The difference between the total
energies of the planar and the buckled sheets AE increases
from Si to Sn. There is a substantial increase in the value of AE
in the case of the doped sheets. Furthermore, like Ni doped Si
nanotubes, the magnetic moments are completely quenched*’
in all the sheets.

Further, we studied the mechanical stability of the sheets
from the point of view of their applications. This is characterized
by the in-plane stiffness C which is a measure of the strength
of the sheets. We computed C by applying a homogeneous
strain ¢ on the sheets and it is given by:

_ a— dy

P 1
~ )
where a is the lattice constant with strain and a, the equilibrium
lattice constant (no strain).

The energy E of a sheet around the equilibrium is given by
the following Taylor series expansion upto 2nd order:

OE 1 0*E 5
E=F)+ Za_uf’“ + ;5—8%8@”1”{} + O(Lt ) (2)

o

where, u, is the displacement of atoms along the ath direction
and E, is the equilibrium energy. When written in terms of the
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Fig. 2 The in-plane stiffness of planar and buckled pristine and Ni-doped
sheets. The figure in the inset shows the parabola fit to the energy vs. strain
plot for Ni-doped planar silicene case, to obtain the in-plane stiffness
value. Similar are the plots for the other cases.

applied strain, the second derivative term of this equation gives
us the value of C,** i.e.:

1 O°E
T G

where A, is the equilibrium area of the sheet. The total energy is
calculated as a function of the strain. The data points are fitted
to an equation of a parabola of the form** (inset of Fig. 2)

1~ .
E= ECez, where C is the fitting parameter and the in-plane

C
stiffness C is given by: C = e Fig. 2 shows a plot of in-plane
0

stiffness of each sheet. For both the pristine and the doped
cases, planar sheets have considerably higher C values than the
buckled sheets because the sp® hybridized bonding in the
planar sheets is stronger compared to sp’-sp® hybridized
bonding of the buckled sheets. This makes planar sheets
mechanically stronger. Ni-doped sheets have larger C values
than the pristine sheets indicating that doping these sheets
with Ni reinforces their strength. Table 1 shows that AE values
are very high for the doped sheets than the pristine sheets. This
indicates that Ni stabilizes both planar as well as buckled
sheets. However, unlike AE, C decreases from Si to Sn. This is
due to the increasing tendency of metallic bonding in going
from Si to Sn. This is also evident from the increase in the bond
length from Si to Sn (Table 1).

Although, Ni-doped planar and buckled sheets are metastable,
it is necessary to find any instabilities in the structures. The
phonon dispersions of all the sheets have been calculated and
have been shown for Si in Fig. 3. Similar to the pristine sheets®’
(Fig. 3(a)), planar doped sheets show strong instabilities as one
of the acoustic modes exhibits negative frequencies (Fig. 3(c)).
However, doped buckled sheets do not show these unstable
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Fig. 3 Phonon dispersions of (a) planar and (b) buckled pristine silicene. (c) and
(d) show the same for planar and buckled Ni-doped silicene, respectively.

modes, except for Ge. For the doped sheets, the buckling leads
to hardening of the acoustic modes significantly as shown
in Fig. 3(d).

Next, we study the effect of Ni doping on the electronic
structures of these sheets. Fig. 4 shows the band structure and
density of states (DOS) of planar and buckled pristine sheets.
As it has been reported previously,® planar as well as buckled
pristine Si sheets display semimetallic characteristics, because
the © and n* bands cross at the K point at the Fermi level Eg.°
This is also evident from the DOS as there is a contribution of
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Fig. 4 Band structure and DOS of pristine sheets of (a) planar and (b)
buckled Si, (c) planar and (d) buckled Ge, and (e) planar and (f) buckled Sn.
The Fermi level, Ef is set at O eV.
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the p orbitals (orange color) near the Eg for both planar and the
buckled cases (Fig. 4(a) and (b)). In addition, the energy bands
exhibit linear dispersion at the K point® similar to the case of
graphene. Therefore, buckling does not influence linearity of
the bands. However, in planar sheets of Ge and Sn, one of the
conduction bands (at I' point) falls below and gets occupied
causing the shift in the Fermi level, which goes below the Dirac
point. On the other hand, in the case of Ge and Sn buckled
sheets, the conduction band becomes empty again and hence,
the Dirac point occurs nearly at the Fermi level. Interestingly, when
doped with Ni, the linear dispersion at the K point transforms to a
quadratic one, as shown in Fig. 5(a). In the vicinity of the K point,
the CBM falls below the VBM without any overlap. However, as we
go from Si to Sn, these two bands come closer and eventually
overlap. Furthermore, localized d orbitals of Ni form narrow bands
near the Eg. The width of the Ni d bands decreases and the bands
shift upwards from Si to Sn. This can also be observed from the
DOS which shows that Ni d orbitals hybridize strongly with the
p orbitals of the group-IV elements. The number of states
significantly increases in the doped sheets, which will positively
affect the conductivity of the sheets.

The localized narrow d bands of Ni suggest that correlations
may play a significant role. It is known, that the position of Ni
d-orbitals is inaccurately represented through PBE-GGA. Hence,
additionally, we performed the electronic structure calculations
of Ni-doped sheets using the LDA + U approach. However, there
is no single value for the Coulombic repulsion parameter (U) in
the literature. We found a range of U values starting from 4 eV to

b)

?; Total DOS

; — 5-PDOS
pEDOS
— Nid-PDOS)

r MK

I DOS/atom T MK I DOS/atom

Fig. 5 Band structure and DOS of Ni-doped sheets of (a) planar and
(b) buckled Si, (c) planar and (d) buckled Ge, (e) planar and (f) buckled Sn.
The Fermi level E is set at 0 eV.
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Fig. 6 Band structure and DOS of Ni-doped planar silicene calculated
using (a) PBE-GGA and (b) LDA + U methods. Isosurfaces of charge
accumulation (yellow) and depletion (green) are shown for Ni-doped
planar (c) and (d) and buckled silicene (e) and (f), respectively.

all the way upto 8 eV*>*® depending upon the screening in the
system. Therefore, we performed our calculations for both of
these extreme values of U and found that the Ni d-orbitals get
localized and shifted down depending upon the U value (Fig. 6).
These shifts are minimal due to the metallic nature of the
system. Therefore, overall, the band structure remains similar
to the PBE-GGA results near the Fermi level.

Further studies have been done to assess the effect of
different TM-atoms on the overall properties of these sheets. We
investigated doping of these sheets with Fe and Co atoms which
have nearly the same size as that of Ni atoms. Once again, the
buckled structures are preferred over the planar ones. The phonon
dispersions also show a qualitatively similar behavior as for the Ni
case. The electronic properties do not change much as well. The Fe
and Co doped sheets are also metallic, as shown in Fig. 7. Like Ni,
the Fe and Co d-states lie deeper and therefore do not alter the
electronic properties near the Fermi level. The magnetic moment in
Fe and Co-doped sheets are quenched similar to the Ni-doped case.

In order to study the charge transfer, the charge accumulation
and depletion (Fig. 6(c)-(f)) were calculated. There is a depletion of
charge around the Si atoms and an accumulation of charge at Ni
atoms implying charge transfer from Si to Ni. Bader charge®”"*®
calculated to obtain a quantitative measure of the charge transfer.

was

Energy (eV)
: o Q.

tn

| | Fe d-PDOS | | Co d-PDOS,
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Fig. 7 Band structure and DOS of (a) Fe-doped and (b) Co-doped
buckled silicene.
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Consistent with the above analysis, a small amount of charge
gets transferred from the Si sheet to the Ni atoms. An amount
of 0.36 e and 0.38 e charge was found to be transferred from Si
to Ni in the case of planar and buckled structures, respectively.

In summary, DFT based studies were performed on pristine and
doped, planar and buckled Si, Ge, and Sn sheets. The energy
differences, bond lengths, and buckling heights follow a systematic
trend from Si to Sn. The increase in the energy differences for the
doped sheets were larger, suggesting that the buckled sheets were
further stabilized by Ni doping. Mechanical stability studies were
also performed and a decreasing trend for the in-plane stiffness
from Si to Sn has been obtained. The energy difference and the
mechanical stability trends indicate that Ni stabilizes the sheets,
with buckled sheets being more stable than the planar ones. Phonon
dispersions show that the planar sheets are metastable and prefer
transforming to stable buckled phases. Electronic band structure
calculations showed that the doped sheets were more metallic than
the pristine sheets. From the Bader charge analysis, the nature of
bonding between Ni and the group IV elements is found to be
metallic-covalent with charge transfer from group IV elements to Ni.
Doping of these sheets with other TM atoms such as Fe and Co
shows similar behavior as obtained for the Ni doped case.
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