Structural, Electronic, Magnetic, and
Vibrational Properties of Graphene and Silicene:
A First-Principles Perspective

Thesis by
Thaneshwor P. Kaloni
Ph.D., Materials Science and Engineering

Submitted in Partial Fulfillment of the Requirements for the
degree of
Doctor of Philosophy

King Abdullah University of Science and Technology
Physical Science and Engineering
Materials Science and Engineering

Thuwal, Makkah Province, Kingdom of Saudi Arabia
November, 2013

2
The dissertation of Thaneshwor P. Kaloni is approved by the examination
committee.

Committee Chairperson: Udo Schwingenschlögl
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ABSTRACT
Structural, electronic, magnetic, and vibrational properties
of graphene and silicene: A first-principles perspective
Thaneshwor P. Kaloni
This thesis covers the structural, electronic, magnetic, and vibrational properties of graphene and silicene. In Chapter I, we will start with an introduction to
graphene and silicene. In Chapter II, we will briefly discuss about the methodology (i. e. density functional theory)In Chapter III, we will introduce band gap
opening in graphene either by introducing defects/doping or by creating superlattices with h-BN substrate. In Chapter IV, we will focus on the structural and
electronic properties of K and Ge-intercalated graphene on SiC(0001). In addition,
the enhancement of the superconducting transition temperature in Li-decorated
graphene supported by h-BN substrate will be discussed. In Chapter V, we will
discuss the vibrational properties of free-standing silicene. In addition, superlattices of silicene with h-BN as well as the phase transition in silicene by applying
an external electric field will be discussed. The electronic and magnetic properties
transition metal decorated silicene will be discussed, in particuler the realization of
the qunatum anomalous Hall effect will be addressed. Furthermore, the structural,
electronic, and magnetic properties of Mn decorated silicene supported by h-BN
substrate will be discussed. The conclusion is included in Chapters VI. Finally,
we will end with references and a list of publications for this thesis.
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of ±5 × 10−4 electrons/Å3 . The black, blue, and red spheres denote
Si, N, and B atoms, respectively. Red and blue isosurfac es refer to
positive and negative charge transfer. Note the significant charge
transfer of the Si closest to the BN. . . . . . . . . . . . . . . . . . . 100
5.13 The spin density map for silicene decorated by Mn at the (a) top
and (b) hollow site of the h-BN substrate. The hollow site is energetically favorable. . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

11
5.14 Total (left) and Mn partial (right) densities of states of silicene
decorated by Mn at the (a) top and (b) hollow site of the h-BN
substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

12

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS

7

LIST OF TABLES

12

I

16

Introduction
1.1

Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

II Method of Calculations
2.1

2.2

Overview on Density Functional Theory . . . . . . . . . . . . . . . 22
2.1.1

Formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.2

Hohenberg-Kohn Theorems . . . . . . . . . . . . . . . . . . 24

2.1.3

The Kohn-Sham Equations

2.1.4

Exchange-Correlation Functional . . . . . . . . . . . . . . . 26

. . . . . . . . . . . . . . . . . . 25

Technical aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

III Graphene
3.1

22

30

Structural, electronic, and magnetic properties of graphene . . . . . 30
3.1.1

Oxidation of monovacancies . . . . . . . . . . . . . . . . . . 30

3.1.2

Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1.3

Electronic structure . . . . . . . . . . . . . . . . . . . . . . . 34

3.1.4

Monovacancy with 2 O atoms . . . . . . . . . . . . . . . . . 35

3.1.5
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Chapter I
Introduction
Graphene is a monolayer of carbon atoms closely packed into a two-dimensional
honeycomb lattice (see Fig. 1.1) with intriguing properties, like high mobility
and high conductivity [1]. The unit contains two lattice sites, with a C−C bond
length of 1.42 Å and a lattice parameter of 2.46 Å. First-principles calculations and
tight-binding modeling [2] show that the valence and conduction bands intersect
in a single point at the Fermi level (EF ) (Dirac point), giving rise to a zero-gap
semiconducting nature. At the Dirac point the density of states (DOS) approaches
to zero and the linear dispersion relation results in zero effective mass. Electrons
in graphene thus behave as massless Dirac fermions. The material is expected to
be useful particularly for electronic device applications, transistors for example.
Experimentally graphene has been exfoliated from graphite in 2004 by Novoselov
and co-workers [3, 4]. For this discovery they were awarded the Nobel prize in
Physics in 2010. Earlier, Smalley and co-workers had discovered fullerenes [5]
and Iijima had discovered nanotubes [6], which in principles are graphene sheets
rolled up into cylinders and spheres. These days carbon-based nanostructures are
important for a wide range of electronic device applications [7].
In the periodic table carbon lies above the semiconducting elements silicon and
germanium. Graphite and diamond are well-known allotropes of carbon, graphite
being a metal [8] and diamond an insulator with a band gap of 5.5 eV [9], while
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graphene is zero-gap semiconductor with sp2 hybridization. Silicene is similar to
graphene but supports a mixture of sp2 and sp3 hybridizations. As a consequence,
silicene has a buckled structure, see Fig. 1.1. It is expected to have similar
electronic properties as graphene and, hence, could lead to similar applications.
The structural parameters for graphene and silicene are summarized in Table 1.1.

C

C

Graphene

Si

Si

Silicene

Figure 1.1: Top and side views of the crystal structures of graphene (left) and
silicene (right). Two two colors indicate the two sublattices. In graphene both
sublattices lie in the same plane, while in silicene they are shifted by a 0.46 Å
buckling.

Table 1.1: Lattice constant, bond length, and band gap for graphene and silicene.
System
Graphene
Silicene

Lattice constant (Å)
2.46
3.86

Bond length (Å)
1.42
2.24

Band gap (meV)
−−
2.00

In recent years graphene has been attracting the interest of physicists, materials scientists, and engineers [1, 10, 11, 12] as it has great potential. The carrier
concentration can be controlled by applying an external electric field and the
conductivity can be tuned as well [1]. However, to date the mass production of
graphene is discussed under debate. It does offer a wide range of benefits over silicon and other semiconductors [13], related to electrical conductivity, transparency,
thermal conductivity, carrier mobility, strength, and flexibility. These properties
are promising in advanced nanotechnology and nanodevices. It is reported that
the carrier mobility in graphene is 106 cm2 /Vs [14], 2-3 times higher than in typical semiconductors, allowing devices to operate with higher frequencies. While
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some devices can utilize a high conductance without a finite band gap, field effect
transistors (FETs) need an off state, requiring a band gap significantly greater
than the thermal excitation energy. As a result, pristine graphene cannot be used
in such devices.
The lack of a finite band gap is a major obstacle for the application of graphene.
Thus, huge efforts have been devoted to the opening of a tunable gap in graphene
systems. Various approaches have been proposed, for example the use of bilayer
graphene [15], nanowires [16], substrates [17, 18], twisted graphene [19], BN doped
graphene [20], and superlattices with hexagonal boron nitride (h-BN) [21, 22]. In
bilayer graphene, a band gap of around 250 meV is reported when the symmetry
between the two layers is broken, e.g., by applying a bias potential. In graphene
nanowires band gaps of 20 to 24 meV have been observed. For graphene attached
to various substrates band gaps of 26 to 52 meV have been reported. In twisted
graphene band gaps of 240 to 270 meV have been observed, depending on the
angle of rotation. Finally, interaction between h-BN and graphene opens a band
gap of 18 to 60 meV [23]. In all these cases the two C atoms in the unit cell
become inequivalent. This broken sublattice symmetry generates an intrinsic mass
of the quasi-particles and a band gap. Since the lattice parameters of h-BN and
graphene are close to each other [24], h-BN is a suitable choice for forming in
a superlattice structure with graphene [23]. For instance, the room temperature
I-V characteristics of graphene-based FETs can be improved and metal-oxidesemiconductor FETs can be constructed [25, 26].
The main difficulties preventing graphene from a wide integration into microchip technologies are i) the synthesis of wafer-scale samples and ii) the creation
of sizable band gap. On the other hand, transparent conducting films have been
made from graphene for displays, touch-screens, and solar cells [27]. Moreover,
the mechanical strength and flexibility are useful in electromechanical systems.
Optoelectronic and sensor applications benefit from the large and planar area of
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the single atomic sheet, taking advantage of chemical doping and functionalization with various species [28]. In addition, strain and defects are possible routes
to enhance the electronic properties of graphene nanoribbons [29].
Graphene is stable even at high temperatures of up to 1000◦ C without structural damage or distortion. Because of the two-dimensionality, a negative thermal
expansion coefficient has been observed [30]. Graphene exhibits an exceptionally
high in-plane thermal conductivity of 5×103 W/mK, which makes it attractive
for efficient heat dissipation and thermal interface composites for computer chips
[31, 32, 33]. In addition, a substantial Peltier cooling has been observed [34].
Graphene shows a record breaking strength of 42 N/m [35]. Moreover, the hexagonal structure benefits a relatively high elasticity with a Youngs modulus of 1
TPa [35] and a shear modulus of 280 GPa [36]. Whereas, graphite suffers from
the sharing because the C layers. Polymers, metals, oxides etc. combined with
graphene can enhance the thermal and electrical conductivity in addition to providing mechanical strength and flexibility [37, 38, 39, 40]. Growth of graphene
on a suitable substrate is required, but is very difficult to achieve. Many reports
are available on graphene synthesis, most based on mechanical exfoliation from
graphite, thermal graphitization of SiC [41, 42, 43], and by chemical vapor deposition [44]. Intercalation of different atoms in graphene on SiC(0001) cab be used to
achieve p/n dopeing or even superconducting [45, 46, 47, 48, 49, 50, 51, 52, 53, 54]
Recently, silicene has been considered to overcome the band gap issue of
graphene. Since the discovery of graphene there were strong efforts to search
theoretically and experimentally for similar two-dimensional materials composed
of group-IV elements, especially silicon. Silicene was first mentioned in a theoretical study by Takeda and Shiraishi [55] in 1994 and then reinvestigated by
Guzman-Verri and co-workers [56]. However, a solid phase of silicon analogous
to graphite does not exist in nature. As a consequence, silicene cannot be generated by exfoliation methods but more sophisticated methods have to be consid-
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ered. Experimentally, growth of silicene has been reported for metallic substrates
[57, 58, 59]. Since, from the electronic application point of view the growth of silicene on semiconducting substrates is desirable, first-principles calculations have
been performed for silicene on h-BN [60] and SiC(0001) [61].
Si nanoribbons were reported to have a linear electronic dispersion similar to
massless Dirac fermions, [62, 63]. Ag(111) surfaces might support the formation
of silicene [59]. Demonstration of the silicene requires the confirmation of the
structural and electronic aspects by combining complementary experimental and
theoretical methods. In particular, an electronic dispersion of relativistic Dirac
fermions at the K points of the Brillouin zone needs to be identified [64]. Based on
first-principles calculations the nearest-neighbor Si−Si distance for free-standing
silicene is 2.25 Å [64] to 2.26 Å [65]. These values are very close to the Si−Si
distance of 2.24 Å observed for Si nanoribbons [63] and 5% smaller than the
distance in bulk Si (2.35 Å). Silicene is expected to have nontrivial electronic
structure with a spin-orbit gap of 1.55 to 2 meV [66, 60, 67], much larger than
in graphene. In general, silicene can be easily integrated into current Si-based
electronics.
Overall, this thesis deals with the structural, electronic, magnetic, and vibrational properties of graphene and silicene to address the following issues:
I) Band gap engineering in graphene.
II) Controlling the p/n-doping graphene by the intercalation.
III) Phonon mediated superconductivity in graphene-based systems.
IV) Stability of silicene via phonon calculations.
V) Phase transition in silicene under an electric field.
VI) Quantum anomalous Hall effect in 3d transition metal decorated silicene.
VII) Interaction of silicene with h-BN.
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1.1

Thesis Outline

The aim of this thesis is to investigate the structural, electronic, magnetic, and
vibrational properties of graphene and silicene-based systems. The introduction
is presented in Chapter I. The discussion of the calculation method is addressed
in Chapter II. In Chapter III the structural, electronic, and magnetic properties
of graphene and related systems are investigated. The structural and electronic
properties of K and Ge-intercalated graphene on SiC(0001) and the substrate enhanced superconductivity in Li-decorated graphene are presented in Chapter IV.
The structural, electronic, and vibrational properties as well as quantum anomalous Hall effect in 3d transition metal decorated silicene are discussed in Chapter
V. In addition, the structural, electronic, and magnetic properties of Mn decorated
silicene on h-BN substrate are included. The conclusions is given in Chapter VI.
A list of publications is presented in the end, followed by the references.
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Chapter II
Method of Calculations
2.1

Overview on Density Functional Theory

Density Functional Theory (DFT) is one of the most popular, powerful, versatile and successful quantum mechanical modeling methods used to investigate the
electronic, magnetic, structral, and vibrational properties of materials. It was
formulated by Hohenberg, Kohn, and Sham and aims to describe the ground
state properties of many-electron systems in terms of the electronic charge density. Within this approach, the many body problem of interacting electrons in
a static external potential is reduced such that one can tackle the problem by
non-interacting electrons moving in an effective potential. It is being used for
calculating the binding energy of molecules in chemistry and the electronic and
phononic band structures of solids in physics. In the present thesis, DFT calculations are performed to investigate the electronic and structural properties of
two-dimensional systems. Hence, the description of the method and an explanation of its features are necessary for the correct interpretation of the results
obtained from band structure calculations.
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2.1.1

Formalism

A solid can be described as a collection of heavy positively charged particles (i.
e., nuclei) and lighter negatively charged particles (i. e., electrons). Each nucleus
has a charge Z · e, where Z is the atomic number and e is the electronic charge.
A system with N nuclei thus leads to a problem of N + ZN interacting particles,
which is a many body problem and demands a quantum mechanical approach.
The many particle Hamiltonian for this system is
Ĥtot = T̂e (~
ri ) + T̂N (R~λ ) + V̂ee (~
ri , r~j ) + V̂N N (R~λ , R~σ ) + V̂eN (~
ri , R~λ ),

(II.1)

where T̂ e and T̂ N are the kinetic energy operators for the electrons and nuclei,
respectively. The last three terms describe the electron-electron, nucleus-nucleus,
and electron-nucleus Coulomb interactions.
Computation of the energy and wavefunction of an average-size molecule is a
formidable task that can be simplified by the Born-Oppenheimer approximation
[68]. The nuclei are much heavier and therefore much slower than the electrons. As
a result, the nuclei can be considered as effectively frozen at fixed positions, while
the electrons are mobile. As a consequence, the kinetic energy of the nuclei is zero
and the first term in equation (II.1) disappears. The potential term V̂N N (R~λ ) also
reduces to a constant and we are then left with the kinetic energy of the electrons,
the potential energy due to electron-electron interaction, and the potential energy
of the electrons in the potential of the nuclei. Therefore, the Hamiltonian operator
has only three terms: the kinetic energy of the electrons as well as the electronelectron (V̂ee ) and the electron-nucleus interactions (V̂ext = V̂eN )
Ĥtot = T̂e + V̂ee + V̂ext
These terms (in atomic units m = ~ = e2 = 1) are:
T̂e = −

X Zλ
1X
1
1X~ 2
∇i , V̂ee =
, and V̂ext = −
2 i
2 i6=j |~
ri − r~j |
ri − R~λ |
i,j |~

(II.2)
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Here ~ri and ~rj are the coordinates of electron i and j, respectively, and Zλ is the
~ λ . It is important to note that the kinetic and
charge of the nucleus at position R
electron-electron terms depend only on the electron system. Information about
the nuclei and their positions is entirely contained in V̂ext . The Hamiltonian within
the Born-Oppenheimer approximation is much simpler than the original, but still
far too difficult to solve. There are several methods to reduce equation (II.2) to
an approximate but treatable form. A very important one is the Hartree-Fock
method, which is used in quantum chemistry because it performs well for atoms
and molecules. An alternative is DFT, which was established in 1964 by two
theorems by Hohenberg and Kohn.

2.1.2

Hohenberg-Kohn Theorems

The conventional formulation of the two theorems of Hohenberg and Kohn is as
follows [69]:
Theorem 1: The non-degenerate ground state electron density ρ0 determines
the external potential Vext .
Thus the external potential is a well-defined functional of the ground state
electron density Vext [ρ0 ].
Theorem 2: The ground state total energy functional EVext [ρ0 ] reaches its
minimal value at the ground state electron density ρ0 corresponding to Vext .
E[ρ] ≥ E[ρ0 ]

(II.3)

for every trial electron density ρ. The ground state total energy functional EVext [ρ]
can be written as
EVext [ρ] =< Ψ|Te + Vee |Ψ > + < Ψ|Vext |Ψ >

(II.4)

Z
= FHK [ρ] +

ρVext d~r,

(II.5)

where FHK [ρ] is universal for any many-electron system. We next explain the
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one-to-one correspondence ρ ←→ Vext , universality of FHK [ρ], and ground state
total energy functional EVext [ρ].
First, the external potential correspond to a unique ground state many particle
wave function, by the Schrödinger equation and the Hamiltonian given in equation
(II.3) This wave function defines the corresponding electron density. Hence, an
external potential gives a unique ground-state density corresponding to it. The
first theorem of Hohenberg and Kohn demonstrates that the density contains as
much information as the wave function. Thus, all observables can be written as
functional of the density, i.e., all their physical quantities can be recovered from
the density only.
From equation (II.5) one can see that FHK [ρ(r)] does not contain any information on the nuclei and their position. Therefore, it is a universal functional for
any many-electron system, implying that, in principle, there exists an expression
for FHK which can be used for every atom, molecule or solid. The ground state
density corresponding to the external potential Vext can be obtained by the second
theorem only if an appropriate expression is known for FHK [ρ].
The energy functional EVext [ρ] for the density ρ corresponding to the particular
Vext for any solid gives the ground state energy. For any other density ρ which is
not the ground state density ρ, the energy will be higher, EVext [ρ] ≥ EVext [ρ].

2.1.3

The Kohn-Sham Equations

The Hohenberg-Kohn theorems show that it is possible to use the ground state
density to calculate the physical properties of a system, but it does not tell us a
way to find the ground state density. This difficulty is overcome by the KohnSham equations [70]. The correlation energy is defined as part of the total energy
absent in the Hartree-Fock solution. This motivates rewriting the total energy
E = T + V as
EVext [ρ] = T0 [ρ] + VH [ρ] + Vxc [ρ] + Vext [ρ],

(II.6)
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where T0 , VH , and Vxc are the kinetic energy, Hartree potential, and exchangecorrelation functional. The corresponding Hamiltonian is called the Kohn-Sham
Hamiltonian ĤKS = T̂0 + V̂H + V̂xc + V̂ext . The exchange-correlation potential is
given by the functional derivative of the exact ground state density V̂xc =

δExc [ρ]
.
δρ

Finally, the Kohn-Sham equations can be written as:
ĤKS φi = i φi ,
where the single particle wave functions φi fulfills

(II.7)
P

φ∗i φi = ρ and i can be inho-

i=1

mogeneous energy. The Kohn-Sham method is an exact description of the ground
state properties of many-electron systems. However, the exchange-correlation
functional is unknown and demands further approximations.

2.1.4

Exchange-Correlation Functional

The most widely used approximation to the exchange-correlation functional is the
local density approximation (LDA) [69, 70]. In this approximation the exchangecorrelation energy is compared to the homogeneous electron gas,
LDA
Exc
[ρ]

Z
=

ρ(~r)hom
r))d3 (~r),
xc (ρ(~

(II.8)

r)) is the exchange-correlation energy density. The many-electron
where hom
xc (ρ(~
system is divided into infinitesimally small regions located at positions r, each
containing a homogeneous interacting electron gas with a constant local density
ρ. Particularly, the LDA is exact in the case of constant density, but (surprisingly)
also works well in realistic cases. Magnetic materials are modelled using the local
spin density approximation, in which the electron density is divided into spin up
and spin down densities (ρ↑ (~r), ρ↓ (~r)) with ρ(~r) = ρ↑ (~r) + ρ↓ (~r). Using the spin
polarization ζ(~r) =

ρ↑ (~
r)−ρ↓ (~
r)
ρ↑ (~
r)+ρ↓ (~
r)

equation (II.8) takes the form

LDA
Exc
[ρ(~r), ζ(~r)]

Z
=

ρ(~r)hom
r), ζ(~r))d3 (~r)
xc (ρ(~

(II.9)

27
and the exchange-correlation functional becomes
Vxc (ρ(~r), ζ(~r)) =

LDA
[ρ(~r), ζ(~r)]
δExc
.
δρ(~r)

(II.10)

The LDA drastically fails for a rapid variation in the electron density, such as
in molecules, at surfaces, and in strongly correlated electron systems. The wellknown underestimation of the band gap in semiconductors and insulators, for example, results in a major drawback which studying defects at semiconductor-oxide
interfaces. To overcome this deficiency, various approximations have been proposed. Most widely used is the generalized gradient approximation (GGA) [71, 72],
where the exchange-correlation functional depends on both the electron density
and its gradient |∇ρ(~r)|:
GGA
Exc
[ρ(~r)]

GGA
Exc
[ρ↑ (~r), ρ↓ (~r)]

Z
=

Z

ρ(~r)xc (ρ(~r), ∇ρ(~r))d3 (~r),

(II.11)

ρ(~r)xc (ρ↑ (~r), ρ↓ (~r), ∇ρ↑ (~r), ∇ρ↓ (~r))d3 (~r).

(II.12)

=

In many cases the GGA improves the total energy, structural parameters and
binding energies of molecules. Many systems are not correctly described by both
LDA and GGA, in particular strongly correlated systems. In these cases an extra
parameter U , using the framework of the Hubbard model [73] can be added to
the Hamiltonian, resulting approximations known LDA+U or GGA+U . In the
recent years, hybrid functional methods are used for solids to accurately calculate
band gaps, lattice parameters, bulk moduli, formation energies, and other related
properties. However, hybrid functionals lead to huge computational demands.
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2.2

Technical aspects

For this thesis the QUANTUM-ESPRESSO [75] and WIEN2k codes [76] have been
used. QUANTUM-ESPRESSO uses a pseudopotential approach and allows to calculate a large variety of material properties. The effects of an external electric field
and spin-orbit coupling can be addressed. In most cases Perdew-Burke-Ernzerhof
pseudopotentials [72] and Monkhorst-Pack [77] k-meshes are used. Structures are
optimized until the energy and forces are well converged. For particular silicene
systems the WIEN2k code is used, which is based on the full potential linearized
augmented plane wave method. In order to obtain accurate results, Rmt Kmax has
to be chosen sufficiently high and the k-mesh has to be checked for convergence
(Rmt is the muffin-tin radius and Kmax the minimal length of the reciprocal vectors). Rmt is chosen such that there is no charge leakage. The GGA+U +SOC
method is employed for calculating the band structure of transition metal decorated silicene.
The B97-D functional is used in order to include van der Waals interactions
[78, 79]. This scheme is based on Becke’s power-series ansatz and is explicitly
parametrized by including damped dispersion corrections of the form C 6 · R−6 .
The functional has been tested in comparison with GGA and the B3LYP hybrid
functional on standard thermochemical benchmark sets for several noncovalently
bound systems, including large stacked aromatic molecules and group-II elements.
In addition, cross-validation tests have been performed for organometallic reactions. The total energy is given by
E = EKS + Edisp ,

(II.13)

where EKS is the self-consistent Kohn-Sham energy as obtained from the chosen
density functional and Edisp is an empirical dispersion correction given by
Edisp = −s6

N
−1
X
i=1

N
X
C6ij
f
(Rij ),
6 damp
R
ij
j=i+1

(II.14)

29
where N is the number of atoms in the system, C6ij the dispersion coefficient for
atom pair ij, s6 a global scaling factor that depends only on the density functional
used, and Rij the interatomic distance. The scheme can be applied only to atoms
from H to Xe (in particular C and Si) because C6ij parameters are not known for
atoms beyond Xe.
An external electric field is applied to selected systems. Ref. [80] shows how a
constant electric field can be incorporated into for periodic systems. This approach
is applicable to semiconductors and insulators and has been tested for the static
dielectric response of Ge and GaAs. It is based on a sawlike potential, which
agree with the periodicity of the supercell. To include the spin-orbit coupling fully
relativistic ultrasoft pseudopotentials [83] have to be used, which are constructed
within the framework of relativistic DFT [84].
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Chapter III
Graphene
3.1

Structural, electronic, and magnetic properties of graphene

In this chapter the structural, electronic, and magnetic properties of defective
graphene will be discussed. The mechanisms making the material magnetic or
semiconducting will be explained. The studied is extended to bivacancies, trivacancies, and tetravacancies [87]. In Chapter 3.2 the electronic properties of superlattice of a graphene and h-BN will be discussed, as such superlattices can be
used to open band gap in graphene.

3.1.1

Oxidation of monovacancies

The induced magnetic moments in carbon systems have been confirmed for various
cases for example, vacancies in graphene, graphite, and diamond [88, 89], vacancies with adsorbed hydrogen in graphite [90, 91], hexagonal defects in graphene
and carbon nanotubes [92], and adsorption of molecular O and H on graphene
[93, 94]. In the recent years, a transition from metallic to semiconducting behavior has been observed for single layer graphene after exposure to an oxygen plasma
[95]. This aging mechanism, which is of particular technological importance, has
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been attributed to O (i.e. single O atoms are placed midway above C−C bonds).
It consequently seems likely that the metal-semiconductor transition is related
to modifications of magnetic vacancies. In this context, we study the oxidation
of monovacancies in graphene by oxygen molecules by means of first-principles
calculations. We will show that the oxidation mechanism allows us to explain
the origin of the metal-semiconductor transition as well as the p-type state. In
addition, we clarify the prerequisites and the mechanism leading to the formation of local magnetic moments and semiconducting at oxidized monovacancies in
graphene.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 3.1: Crystal structure before and after the relaxation for monovacancies
(V) and oxidized of the monovacancies (V1-V4).
All calculations are performed with a plane wave cutoff energy of 544 eV. We
have compared different k-meshes and values of the smearing in order to check the
convergence. Monkhorst-Pack of a 8 × 8 × 1 k-mesh is used to relax the geometry
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and a 16 × 16 × 1 k-mesh is used for the electronic structure calculations. We find
that a 5 × 5 × 1 supercell of pristine graphene is used which is sufficiently large for
our calculations. This supercell contains 50 C atoms with a = 12.2 Å and c = 20
Å. The atomic positions and cell parameters are fully relaxed in all cases until an
energy convergence of 10−7 eV and force convergence of 0.05 eV/Å are reached.
In a first step we create mono, di, tri, and tetravacancies and relax the systems to
find the minimum energy configuration. Then we add oxygen molecules close to
the monovacancies.

3.1.2

Structure

The structural optimization of the supercell with the monovacancy, see configuration V(a and b). In Fig. 3.1, we show that the atoms C1 and C2 are displaced from
their initial positions (in Fig. V(b)) giving rise to a pentagonal structure similar to
that reported in Ref. [96]. The interatomic distance between C1 and C2 amounts
to 2.38 Å, between C2 and C3 to 2.50 Å, and between C1 and C3 to 2.51 Å. In
configurations V1(d) and V2(f), which are equivalent by symmetry, the two atoms
of the oxygen molecule are located on the same side of graphene sheet, whereas
they are located on opposite sides in configurations V3(h) and V4(j). We found
that the configuration V4(j) has the lowest energy. In this case we have C3−O2
and C1/C2−O1 bonding above and below the graphene sheet, respectively. For
the pristine monovacancy the C atoms form an almost ideally flat sheet. After
oxidation, however, the system is locally distorted, since the adsorbed O atoms
force the nearest and next nearest neighbour C atoms to move perpendicular to
the graphene sheet. The formation energy for O adsorption is
Ef ormation = Evacancy+O2 + Evacancy − 2EO

(III.1)

where Evacancy+O2 is the total energy of our supercell with 2 O atoms attached to
the monovacancy, Evacancy is the total energy of the pristine monovacancy, and EO
is the total energy of an isolated O atom. The calculated values of the formation
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energy Ef ormation are −13.76 eV and −17.44 eV for configurations V1(d)/V2(f)
and V3(h)/V4(j), respectively. These values show that O doping of defective
graphene is a favourable reaction. It is in fact more favourable than O doping of
pristine graphene, since defective graphene contains reactive dangling bonds. It is
known that temperature and O partial pressure have a strong impact on the reaction thermodynamics of the vacancy oxidation in graphene [97]. However, for our
following line of reasoning it is important to note that the energetic order of the
configurations V1(d)/V2(f) and V3(h)/V4(j) will not be inverted. We find magnetic solutions for configurations V1(d) and V2(f), in which one C bond remains
unsaturated. In contrast, configurations V3(h) and V4(j), in which all dangling
bonds are saturated, turn out to show no spin polarization. The total energy
difference per supercell between the magnetic and non-magnetic cases, ∆E = 3.68
eV (indicating that the non-magnetic cases are energetically favourable), stresses
that the non-saturated configurations V1(d) and V2(f) are considerably less stable
than the saturated configurations V3(h) and V4(j), due to the dangling bonds.
3
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Figure 3.2: Electronic bands along the path Γ-K-M-Γ and density of states of
a pristine monovacancy (top left panel) and of vacancies decorated with two O
atoms (top right and bottom panel).

34

3.1.3

Electronic structure

We have performed a band structure calculation for the monovacancy along the
Γ-K-M-Γ path. The result is shown in Fig. 3.2 for configuration V(b) together
with the corresponding DOS. In addition, a charge density map is given in Fig.
3.3. Close inspection of the band structure shows that two bands (one spin up
and one spin down band) cross EF , leaving the system metallic. These two bands
are part of the p bands arising from C−C bonding. The obtained DOS confirms a
significant spin polarization induced by the monovacancy. We find a sharp DOS
peak at EF due to rather flat bands, which points at Stoner band magnetism [98].
The magnetic moment obtained for a monovacancy in graphene is 1.35 µB , which
is consistent with the value of Ref. [89].

Figure 3.3: Charge density in configurations V, V1, and V4.
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3.1.4

Monovacancy with 2 O atoms

We next deal with the reaction between an O2 and the monovacancy. To this aim,
we place the molecule in different prototypical positions (next to C atoms around
the monovacancy) and allow the structure to relax. Configurations V1 and V2
turn out to be magnetic. In the case of configuration V1(d), bonds form between
the atoms C1 and O1, see Table 3.1, and between C2 and O2. For configuration
V2(f), bonds form between C1 and O1 and between C3 and O2. In both these
cases the 2 O atoms are located on the same side of the graphene sheet. The
calculated C−C and C−O bond lengths are given in Table 3.1. In configuration
V1(b), the sp2 dangling bonds of C1 and C2 are saturated (independently) by the
O atoms O1 and O2. In contrast, the dangling bond of atom C3 remains unsaturated and magnetism is induced. We observe a total magnetic moment of 1.86
µB , contributed mainly by the free electron of atom C3, see the corresponding
spin density map in Fig. 3.4. The electronic structure of configuration V1(b) is
addressed in top right panel of Fig. 3.2. Similar results are obtained for configuration V2(d) and therefore not shown. From the band structure it is clear that a
single (spin up) band crosses EF at the K-point and leaves the system metallic.
Moreover, the evident splitting and upward shift of the Dirac cone is indicative of
a p-type state, similar to the pristine monovacancy.
The spin density distribution around the vacancy site, as shown in Fig. 3.4,
confirms the conjecture that the magnetic moment can be attributed to atom
C3. However, the fact that the moment is larger than 1 µB shows that also
the delocalized p-states become polarized. We note that the area around the
monovacancy is similar to a zigzag graphene nanoribbon, which can be transformed
from a nonmagnetic semiconductor to both a metal and a magnetic semiconductor
by increasing its length [99]. Divacancies in graphene counteract magnetism due
to the formation of two C pentagons [100], all the dangling C bonds are saturated.
For an even number of vacancies both spin polarized and non-polarized cases have
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Figure 3.4: Spin density in configurations V, V1, and V4.
been reported, while magnetism is maintained for an odd number of vacancies.

V1
V2
V3
V4

Table 3.1: Selected C−C and C−O bond lengths (in Å).
C1-C2 C1-C3 C2-C3 C1-O1 C2-O2 C3-O1 C3-O2 C2-O1 O1-O2
3.05
2.87
2.87
1.23
1.23
3.02
3.04
2.99
2.45
2.87
3.05
2.87
1.23
3.02
2.99
1.23
3.02
2.45
2.87
2.34
2.34
2.45
2.45
1.53
1.53
1.43
2.27
2.40
2.96
2.96
1.39
3.04
2.28
1.23
1.39
2.67

When the O atoms saturate all dangling bonds we obtain no spin polarization
and the lowest total energy. In configuration V4, there is bonding between C3 and
O2 above and between C1/C2 and O1 below the graphene sheet. The situation is
similar for configuration V3(h) in which we have bonds between C1/C3 and O2
above and between C2/C3 and O1 below the graphene sheet. The calculated C−C
and C−O bond lengths are summarized in Table 3.1. In Fig. 3.2 (configuration
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Figure 3.5: Löwdin population analysis for configurations V(b) and V1(d).
V4(j)), we address the electronic structure. For configuration V3(h) the results
are similar and consequently not shown. We find that a band gap of about 0.5 eV
is opened, due to a splitting of the Dirac cone. The free C1, C2, and C3 electrons
get involved in bonding with the O atoms, forming one C−O−C bridge and one
carbonyl (C=O) group. Hence, no spin polarization is induced, which is confirmed
by the DOS. We conclude that it depends on the adsorption site and chemical
bonding whether a monovacancy stays metallic or becomes semiconducting under
O adsorption. Our results agree well with the recent experimental reports [101,
102].

3.1.5

Löwdin population analysis

In Fig. 3.5 we address the spin polarization by means of the atomic charges deduced
from a Löwdin population analysis. The quantities ∆C and ∆O are defined as the
differences of the spin up and spin down charges (measured in units of electrons)
at the different C and O sites, respectively. The data indicate that a monovacancy
in graphene induces a finite spin polarization (see the top panel of Fig. 3.5). The
values in the bottom panel of Fig. 3.5 for the case of configuration V1(d) show
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that bonding to the O atoms results in a significant charge redistribution, which
in the end leads to a remarkable magnetic moment of 0.82 µB on the C3 atom.
For configuration V4(j) there is no spin polarization observed.

Figure 3.6: Relaxed geometry for decoration with three and four O atoms.

3.1.6

Further oxidation

Finally, there remains the question whether the two characteristic behaviours represented by configurations V1(d) and V4(j) will change under further oxidation
[103]. To this aim, we have added more O atoms to our supercells and have relaxed the structures analogously to the procedure described before. The resulting
the relaxed crystal structures are in Fig. 3.6 and band structures are presented in
Fig. 3.7. The formation energies of −20.44 eV and −23.23 eV for configuration V1
after decoration by a third and a fourth O atom, respectively, show that a further
oxidation is energetically favourable. The same is true for configuration V4(j), for
which we calculate formation energies of −21.85 eV and −26.17 eV. Turning to
the electronic properties, we obtain for configuration V1 reduced magnetic moments of 1.69 µB and 1.25 µB in the case of decoration with three and four O
atoms. Configuration V4(j), in contrast, does not develop spin polarization for
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any decoration.
For comparison with Fig. 3.2, analogous plots of the band structure and DOS
are shown in Fig. 3.7 for decoration with three and four O atoms. We can conclude
that for both cases, V1(d) and V4(j), only gradual alterations from the results for
reaction with an oxygen molecule appear. In particular, the magnetic metallic nature of configuration V1(d) and the nonmagnetic semiconducting nature of
configuration V4(j) are maintained, the latter being lower in energy.
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Figure 3.7: Electronic bands along the path Γ-K-M-Γ (left) and density of states
(right) after further oxidation of configurations V1(d) and V4(j), i.e. decoration
with three (left panel) and four O atoms (right).
In conclusion, we have studied a monovacancy in graphene which interacts
with molecular oxygen. A magnetic moment of 1.35 µB is observed for the monovacancy, contributed mainly by the free electron of C atom C3, see Fig. 3.4. The
total magnetic moment with adsorbed O is found to be 1.86 µB if only C=O double bonds are formed. In contrast, there is no magnetic moment if at least one
C−O−C bridge is formed. This can be explained by the fact that the magnetism
traces back to the dangling C bonds. We observe p-type states both for the pristine
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monovacancy and for specific oxidized monovacancies. For the energetically most
stable configuration, we obtain a transition into a non-magnetic semiconducting
state. More generally speaking, the vacancies are found to be magnetic if and only
if they are metallic and non-magnetic if and only if they are semiconducting.

3.2

Superlattices of graphene and hexagonal boron
nitride

The lack of a sizable band gap is a major obstacle on the way of graphene road
application. The huge efforts have been devoted to the creation of a tunable gap
in graphene systems. So far, various approaches have been established, such as the
use of bilayer graphene [15], nanowires [16] substrates [17, 18], twisted graphene
[19], and superlattices with boron nitride [21]. In bilayer graphene it is possible to
open a band gap of around 250 meV when the symmetry between the two layers is
broken, e.g., by applying a bias potential. In graphene nanowires band gaps of 20
to 24 meV have been found, arising from the lateral constriction of the electron in
the wire. For graphene attached to various substrates band gaps of 26 to 52 meV
have been reported. In twisted graphene band gaps of 240 to 270 meV have been
observed, depending on the rotation angle. Finally, interaction between boron
nitride and graphene opens a band gap of around 18 meV. In all these cases the
2 C atoms in the unit cell become inequivalent.
Being a widely known wide band gap semiconductor, the structure of h-BN is
similar to graphite, consisting of hexagonal rings, where every B atom is bound to
3 N atoms in the hexagonal plane, and vice-versa. The strong directional bonding
between adjacent intraplanar atoms comes along with charge transfer from the B to
the N atoms. Interplanar bonding is very weak with no directional bonds present,
resulting in a mixture of electrostatic attraction between oppositely charged ions
in adjacent planes and van der Waals bonding, similar to graphite. The band
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structure has been studied experimentally [104] and theoretically [105]. However,
from the theoretical point of view the electronic properties of h-BN, especially the
nature of the band gap, are not yet settled. Both direct and indirect band gaps
have been reported, with values ranging between 3.6 eV and 7.0 eV. In this study
a multilayer scheme to study the opening of the band gap is applied. The stability,
cohesive energy, band structure, and local (L)DOS for a series of multilayers of hBN and graphene within the framework of density functional theory are addressed.
Since the lattice parameters of h-BN and graphene are close to each other, h-BN
is a suitable choice for application in a superlattice structure with graphene.

3.2.1

Structural arrangement

Figure 3.8: The stacking in the (1,1), (2,1), (3,1), and (2,2) configurations. Full
blue bars mark h-BN and red mark graphene layers.
In this calculations, a series of multilayers has been constructed, as summarized
in Table 3.2. The different configurations (n,m) are labeled according to the
numbers n of h-BN layers and m of graphene layers. The configurations (1,1),
(2,1), and (3,1)/(2,2) have four, six, and eight atoms in the supercell, respectively.
In the following, discuss of thicker slabs has been excluded, since there do not
appear any new features. The cohesive energy per atom is calculated as
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Table 3.2: Name, stacking order, interface arrangement, and band gap (in meV)
of the superlattice configurations under consideration.
Name

Stacking

Interface

(1,1)a
(1,1)b
(1,1)c
(2,1)a
(2,1)b
(2,1)c
(2,1)d
(2,1)e
(3,1)a
(3,1)b
(2,2)a

AB
AB
AA
ABA
AAA
AAB
ABA
ABB
ABAB
ABAA
ABAB

C−B, C-hollow
C−N, C-hollow
C−B, C−N
C−B, C-hollow
C−B, C−N
C−B, C-hollow
C−N, C-hollow
C−B, C−N
C−B, C−N
C−B, C−N
−−

Ecoh =

Gap
GGA
70
57
95
23
41
15
31
30
64
170
0

Ecell − ΣEatom
n

Gap
GGA+vdW
111
157
325
119
227
80
76
185
121
318
0

(III.2)

where Ecell is the total energy of the unit cell containing n atoms and Eatom is
the total energy of the isolated atoms. Eatom can be calculated by placing a single
atom in a large supercell. The convergence with respect to the size of the supercell
has been tested. The resulting values of the cohesive energy are 8.94 eV/atom,
8.87 eV/atom, and 8.83 eV/atom, respectively, for the (1,1)a , (2,1)a , and (3,1)a
configurations using the GGA. Inclusion of the van der Waals interaction leads
to modified values of 9.56 eV/atom, 9.49 eV/atom, and 9.46 eV/atom preserving
the GGA energetic order. The cohesive energy of the (2,2)a configuration is high,
amounting to 8.94 eV/atom (GGA) and 9.56 eV/atom (GGA+van der Waals).
The configurations under investigation are illustrated in Fig. 3.8. Note that the
subscript in the notation in Table 3.2 denotes the stacking.
Out of the possible structures, the lowest-energy configurations have a C atom
next to B and another C atom next to the center of the h-BN hexagon (the hollow
site). For these configurations the cohesive energies likewise are minimal. The
C−C bond is strong p-type, whereas the B−N bond is rather ionic in nature, as a
consequence of bonding between the electronegative N and the electropositive B.
A similar ionic bonding nature applies to both the B−C and C−N bonds. Due
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to the different electronegativities of B (2.04), C (2.55), and N (3.04) there is a
transfer of charge from B to C and from C to N, where the interaction between
C and B dominates. A Löwdin analysis results in a charge gain of 0.36 electrons
for N and charge losses of 0.41 and 0.02 electrons for B and C, respectively. In
summary, the most stable configuration is characterized by a short B−C distance,
see Fig. 3.8(a) and (1,1)a in Table 3.2.
Total

C

B

N

4
3

E-EF (eV)

2
1
Eg=200 meV
0
-1
-2
-3
-4

Γ

K

M

h-BN
pristine graphene
(1,1)a configuration

Γ
s
pz
px,py

Figure 3.9: Left: GGA+Ver der Waals band structure of the (1,1)a configuration,
compared to pristine graphene and h-BN along the path Γ-K-M-Γ. Right: Corresponding LDOS and contribution of the C, B, and N atoms, respectively. The
zero of the energy axis is set to the middle of the energy gap between the valence
and conduction bands.

3.2.2

Electronic structure

For the energetically favourable structures (1,1)a , (2,1)a , and (3,1)a , the electronic
band structure, DOS, and LDOS have been computed, see Fig. 3.9 to 3.11. For
the wide band gap insulator h-BN (4.7 eV at the K point), the calculated GGA
value of the direct band gap is 4.90 eV in this study and of the indirect band gap
is 4.82 eV. In Fig. 3.9 to 3.11 we present the band structures of the (1,1)a , (2,1)a ,
and (3,1)a configurations along the Γ-K-M-Γ path. For the GGA we find band
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gaps of 70 meV, 23 meV, and 64 meV, respectively, while inclusion of the van der
Waals interaction alters these values to 111 meV, 119 meV, and 121 meV.
Total

C

B

N

4
3

E-EF (eV)

2
1
Eg=130 meV

0
-1
-2
-3
-4

Γ

K

M

h-BN
pristine graphene
(2,1)a configuration

Γ
s
pz
px,py

Figure 3.10: Analogous to Fig. 3.9, but for the (2,1)a configuration
The calculated band structures are compared to h-BN and pristine graphene
in Fig. 3.9 to 3.11. The DOS and LDOS are addressed on the right side of the
figures. For the multilayers we obtain a vanishing DOS at the EF , i.e., a finite
band gap. In contrast, for pristine graphene we observe the expected perfect Dirac
cone, whereas for h-BN we observe the large band gap mentioned above. The π
and π ∗ bands near the EF are due to the sp2 hybridized C pz orbitals, whereas
the px and py contributions are small. There are almost no contributions from B
and N in the vicinity of the EF .
The C π and π ∗ states interact with the B and N π and π ∗ states (tracing back
to the respective pz orbitals), which breaks the symmetry and opens a band gap.
The B contributions dominate the π ∗ state, while the N contributions dominate
the π state. In the case of pristine graphene, the π and π ∗ bands meet exactly
at the EF , forming a Dirac cone. These bands are equally contributed by the sp2
hybridized pz orbitals of the 2 C atoms in the graphene unit cell. In contrast, in
the h-BN case the π ∗ band is dominated by B and thus shifts to a higher energy,
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Total

C

B

N

4
3

E-EF (eV)

2
1
Eg=20 meV

0
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M
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h-BN
pristine graphene
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s
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Figure 3.11: Analogous to Fig. 3.9, but for the (3,1)a configuration
while the π band is dominated by N and shifts to a lower energy to accommodate
an additional electron. By the reduction of the symmetry, the Dirac cone is no
longer preserved and quadratic bands arise. From the results in Fig. 3.9 to 3.11 it
is clear that a finite band gap is established in multilayers consisting of a single
graphene layer and one or more h-BN layers.
In Fig. 3.12 the band structure of the (2,2)a configuration is addressed and
compared to h-BN and bilayer graphene . Note that we have four inequivalent C
atoms due to the interaction between the two graphene layers and the h-BN. The
DOS and LDOS are addressed on the right side of Fig. 3.12, which demonstrates
that the π and π ∗ bands near the EF are due to the sp2 hybridised C pz orbitals
with only minor px and py contributions. Again, there are almost no contributions from B and N around the EF . In contrast to bilayer graphene, the (2,2)a
configuration shows no finite band gap as a consequence of the graphene-graphene
interaction. Still, the nature of the bands at the K point is parabolic instead of
linear. The (2,2)a configuration therefore remains a zero gap semiconductor. We
conclude that it is not possible to open a band gap in superlattices with bilayer
graphene .
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Figure 3.12: Analogous to Fig. 3.9, but for the (2,2)a configuration.
In conclusion, these first-principles calculations show that among the superlattices of graphene and h-BN the favourable configurations minimize the C−B
bond length due to strong interaction between B and C. For a single graphene
layer alternating with a single h-BN layer the two C atoms of the graphene unit
cell become inequivalent due to the interaction with the h-BN. Therefore, a band
gap of 111 meV opens at the K point. When the number of h-BN layers is increased the size of the band gap at the K point decreases. However, the decrease
saturates already at a h-BN slab thickness of three layers. In contrast to the case
of a single layer, configurations with bilayer graphene do not exhibit band gaps.
Finite and tunable band gaps for superlattices in which a single graphene layer
alternates with h-BN slabs of variable thickness have been predicted.
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Chapter IV
Intercalated graphene on
SiC(0001) substrate
It is crucial to modern day semiconductor technology to tune the electronic structure and carrier densities of graphene-based materials. An example are graphite
intercalated materials, which are formed either by the insertion of atomic or by
the molecular layers of different species. Intercalated metal atoms usually occupy
interlayer sites above the center of the C hexagon [106], leading to novel and exotic materials properties [107]. For example, superconductivity has been observed
below temperatures of Tc = 0.55 K [108] and Tc = 0.39 K [50] in K-intercalated
graphite. In addition, superconducting states of YbC6 and CaC6 are obtained at
higher temperatures of Tc = 6.5 K and Tc = 11.5 K [52], respectively, due to a
strong electron-phonon coupling. The electronic structures of KC8 , RbC8 , and
CsC8 have been studied experimentally [109] and theoretically [110], indicating
that the graphite electronic structure can be massively tuned by intercalation. In
general, the carrier density plays a pivotal role for the materials properties. For
example, intercalation can induce a charge transfer, shift of the EF (as a result
graphene can behaves as p-doped or n-doped), and change of the electrical conductivity. The dependence of the electron-phonon coupling on the charge carrier
density is essential for superconductivity.
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4.1

K-intercalated graphene on SiC(0001): Effects of dimensionality and substrate

Among many possibilities, intercalation of K has recently been considered as an
alternative to Li intercalation for applications in electrochemical energy storage
[111]. Because the electrochemical potential of K+ ions is similar to that of Li+
ions, the cell potential is the same. A stable structure guarantees an excellent
rechargeability via reversible intercalation of K ions during the charging process
[112]. The availability of carbon materials is of special importance from the application point of view. It should be noted that large scale synthesis processes
usually demand the presence of a substrate wafer [51], which raises fundamental
questions: does the electronic structure change in the presence of the substrate?
How does the interface with the substrate wafer, most commonly SiC(0001), affect
the intrinsic doping and, thus, the overall materials properties? To answer these
questions, we have performed a systematic study of K-intercalated carbon systems
with and without SiC(0001) using first-principles calculations. We compare the
effect of K-intercalation on free-standing bilayer graphene and AA/AB-stacked
graphite to clarify the influence of the dimensionality. In order to develop a comprehensive picture of substrate effects, the study is then extended to K-intercalated
bilayer, trilayer, and tetralayer graphene on SiC(0001). This knowledge is critical
for an effective design of devices. In the following we will focus on intercalation
between graphene layers, whereas in the experiment K could also appear on top
of the graphene or directly at the interface to the substrate.

4.1.1

Structure

The calculations are performed with a plane wave cutoff energy of 816 eV and
Monkhorst-Pack of 8 × 8 × 4 (without substrate) and 8 × 8 × 1 (with substrate)
k-meshes for the Brillouin zone integrations. Furthermore, we use a 16 × 16 × 4
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k-mesh for the calculation of the DOS to achieve higher accuracy. All structures
are optimized until an energy convergence of 10−5 eV per supercell and a force
convergence of 0.005 eV/Å are achieved. The Si-terminated SiC(0001) is described
by a slab of 4 SiC(0001) layers. Dangling bonds on the second surface of the
substrate are saturated by H atoms. A vacuum layer thickness between 15 Å
and 32 Å prevents articial interaction with the periodic image. A 2 × 2 graphene
√
√
supercell on top of a 3 × 3R30◦ SiC(0001) supercell results in a good lattice
√
√
matching and gives an excellent approximation of the experimental 6 3×6 3R30◦
reconstruction. However, the lattice mismatch between graphene and SiC(0001)
requires an 8% stretch, which has been reported to not have a significant effect
on the electronic structure of graphene [113]. We first address free-standing Kintercalated bilayer graphene, as presented in Fig. 4.1(a). The K atoms are located
on hollow sites of the C hexagons, separated by 2.85 Å from both C layers.
Turning to K-intercalated AA-stacked graphite (often referred to as KC8 ), we
first discuss the structural differences to well-known LiC6 . The unit cell of KC8
comprises 8 C atoms in the ab-plane with K in the hollow site of a C hexagon, but
not every hollow site is occupied. A symbolic represention of the structure is shown
in Fig. 4.1(b). In LiC6 , all hollow sites are occupied by Li atoms, which results in a
prominent splitting of the Dirac cone. The larger atomic radius of K with respect

(a)

(b)

(c)

(g)

5.70 Å
5.60 Å

(d)

5.60 Å

(f)

(e)
K

C
SiC

Figure 4.1: Symbolic representation of K-intercalated systems: (a) free-standing
bilayer graphene, (b) AA-stacked, (c) AB-stacked graphite, (d) bilayer, (e) trilayer,
and (f) tetralayer graphene on SiC(0001). In (g) we show an atomic model of the
bilayer structure (d).
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to Li demands an increased distance between the C layers. Also, the splitting of
the Dirac cone is more prominent for LiC6 (almost doubled) than for KC6 , see
Fig. 4.3, with charge transfers of 0.29 electrons in LiC6 and 0.44 electrons in KC6 .
In the more dilute KC8 system we can gain energy by (horizontally) shifting the
intercalant layer to increase the symmetry while slightly buckling the C layers.
Thus, the characteristic band structure of graphene is better maintained in KC8
than in C6 Li.

4.1.2

Mechanical properties

Young’s modulus Y gives an estimate of the modifications of the intrinsic stiffness
under K-intercalation. It is defined as
1
Y =
V0



∂ 2E
∂2


,

(IV.1)

=0

with the total energy E, the strain in the direction of the deformation, and the
volume V0 of the unit cell in equilibrium. Due to the hexagonal symmetry in
the ab-plane we have x = y = , where x = (a − a0 )/a0 , a0 is the equilibrium
in-plane lattice constant, and a is the strained lattice constant. For the out-ofplane lattice constant of K-intercalated AA-stacked graphite, we find c = 5.60 Å,
consistent with previous work [115]. Applying these values, our estimated Youngs
modulus is 1.44 TPa. The K intercalation thus results in a similar increase of
the intrinsic stiffness as has been found for Li intercalation experimentally and
theoretically [114, 116]. We note that Youngs modulus of graphene, which is
known for its high stability, is ∼1 TPa [117]. In the presence of K, the in-plane
lattice constant remains similar to that of graphite, while the out-of-plane lattice
constant is modified. Hence, the components of the elastic modulus associated
with the deformation of the atomic plane (C11 and C66 ) decrease only slightly but
those associated with the deformation normal to the atomic plane (C33 and C44 )
increase significantly, resulting in an enhancement of Young’s modulus.
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4.1.3

Electronic band structure

We address the electronic band structure of K-intercalated AA-stacked graphite in
Fig. 4.2(b). The low energy range essentially resembles that of pristine graphene,
with the π and π ∗ bands forming a Dirac cone [118]. The charge transfer from K
to the C layers (mainly to the π ∗ bands) amounts to 0.58 electrons and results in
a shift of the Dirac cone by 1.28 eV, in good agreement with experimental data
[50]. The absence of an energy gap, in contrast to C6 Li [119], can be explained as
follows: Li binds strongly to C, leading to a Li-C distance of 1.64 Å [114], while
the bonding is reduced in the case of KC8 . The K atoms are 2.85 Å away from
the C. Hence, the charge transfer results only in a rigid shift of the Dirac cone.

Figure 4.2: Electronic band structures along the path Γ-K-M-Γ for (a) freestanding bilayer graphene, (b) AA-stacked, (c) AB-stacked graphite, (d) bilayer,
(e) trilayer, and (f) tetralayer graphene on SiC(0001). In (e) the arrow highlights
the energy gap.
Figure 4.1(c) shows K-intercalated AB-stacked graphite, where neighbouring
C layers are shifted relative to each other. We use a 2 × 2 supercell of graphite
with 2 K and 16 C atoms. Both the in-plane lattice constant a and the layer-layer
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separation d are relaxed, leading to a = 4.92 Å and d = 5.60 Å. Therefore, the K-C
distance amounts to 2.75 Å and the K-K distance to 5.60 Å. These distances are in
agreement with previous results [115]. We address the electronic band structures
of K-intercalated AB-stacked graphite in Fig. 4.2(c). The Dirac cone is found
1.36 eV below EF with a minute splitting. While for AA-stacking the K atoms
are located exactly in hollow sites, here half of them minimizes the distance to a
C atom in the adjacent C layer, resulting in the splitting of the Dirac cone. The
charge transfer from each K atom to the C layers amounts to 0.58 electrons, which
is fully sufficient to give rise to a prominent n-doping.

Figure 4.3: Electronic band structures of LiC6 and KC6 .
A schematic sketch of K-intercalated bilayer graphene on SiC(0001) is given
in Fig. 4.1(d). We find the distance between the atoms in the bottom graphene
layer and the top Si layer of the substrate to vary from 2.03 Å to 2.44 Å. This
indicates a prominent buckling of the graphene, especially due to C atoms (two
per supercell) next to Si that bond and thus move slightly towards the Si. The
other C atoms (six per supercell) are centered around the third Si atom. This
behavior is in agreement with previous findings for Li-intercalated graphene [114].
K is located near the middle of the adjacent C layers, which are separated by
d = 5.99 Å. We address the electronic band structure in Fig. 4.2(d). A perfect
Dirac cone is obtained with the π and π ∗ bands crossing at an energy of 0.92 eV
below EF . A Löwdin population analysis shows that the charge transfer from K to
C amounts to 0.40 electrons and thus is a bit smaller than in free-standing bilayer
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graphene and AB-stacked graphite.
Figures 4.1(e) and 4.2(e) refer to K-intercalated trilayer graphene on SiC(0001).
The atomic distances between the graphene and substrate vary from 2.00 Å to
2.41 Å due to a similar buckling as found in K-intercalated bilayer graphene.
The separation between the first and second graphene layers is 3.74 Å, while the
separation between the second and third layers (surrounding the K) is d = 5.40 Å.
K again occupies the joint hollow site of C hexagons in the adjacent layers. The
band structure exhibits a Dirac point roughly 1.0 eV below EF with a splitting
of 37 meV. In contrast, two Dirac points are observed in Li-intercalated trilayer
graphene on SiC(0001) about 1.1 eV below EF , see Fig. 4.2(f). A charge transfer
of 0.60 electrons from K to C is responsible for n-doping, where the π and π ∗
bands form the splitted Dirac cone with a parabolic dispersion. K-intercalated
tetralayer graphene on SiC(0001), see Fig. 4.2(f), shows a similar buckling of the
first graphene layer as found in the previous cases, with distances between the
graphene layers of 4.38 Å (first-second), 4.20 Å (second-third), and d = 5.50 Å
(third-fourth). The band structure exhibits two Dirac points 0.60 eV below EF
with a minute splitting. A charge transfer of 0.58 electrons from K to C is obtained.
In Table 4.1 we compare the layer-layer separation d and charge transfer obtained
for different configurations. The larger d, the smaller is the charge transfer.
Table 4.1: Interlayer separation between consecutive graphene layers d (in Å) and
charge transfer (in electrons) for different configurations.
Configuration Separation (d) Charge transfer (electrons)
(a)
5.60
0.57
(b)
5.60
0.58
(c)
5.60
0.58
(d)
5.99
0.40
(e)
5.40
0.60
(f)
5.50
0.58
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4.1.4

Charge carrier density

Pristine graphene on SiO2 has been found to yield a carrier density of n ∼1012 cm−2
[120]. There have been many attempts to increase n since this would open the
way to technological applications. Experimentally, a high-density regime with
n ∼1014 cm−2 has been reported [121]. At zero Kelvin, the (intrinsic) carrier denRE
sity is given by n0 = EcF DOS(E) dE, where Ec is the lower edge of the conduction band. All the K-intercalated systems under investigation show an enhancement of n0 by a factor of about 100: 2.40·1014 cm−2 , 3.00·1014 cm−2 , 6.01·1014
cm−2 , 8.86·1014 cm−2 , 6.00·1014 cm−2 , and 5.94·1014 cm−2 for free-standing bilayer
graphene, AA/AB-stacked graphite, bilayer, trilayer, and tetralayer graphene on
SiC(0001), respectively. For a comparative presentation see Fig. 4.4. It should be
noted, however, that the carrier densities are only partially due to the Dirac cone
and partially trace back to the electron pockets arising around the Γ-point. The
highest value of the charge carrier density, which is even higher than the value for
Li-intercalated bilayer graphene on SiC(0001) [114], is achieved in K-intercalated
bilayer graphene on SiC(0001) because of a strong charge redistribution between
K and SiC(0001). This value rapidly decreases if the number of C layers increases.
Our findings point to a high potential to manipulate the charge carrier density via
the substrate instead of doping, which avoids complications due to disorder and
structural instabilities.
The charge carrier density and nature of the Dirac cone have implications
for the superconductivity in KC8 and potential superconductivity in other Kintercalated C systems. It is known that the superconductivity is carried by the C
layers, while the intercalant donates charge to the π ∗ states [50, 122]. The central
quantity is the electron-phonon coupling, which is given by λ =

DOS(EF )D2
M −1 ω 2

with the

deformation potential D, the effective atomic mass M , and the vibration frequency
ω. For free-standing K-intercalated bilayer graphene we find that DOS(EF ) is
close to that of KC8 . Decoupling of the C layers leads to a flat energy surface,
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Figure 4.4: Charge carrier density for the systems defined in Fig. 4.1.
which implies that D remains constant. In addition, the bonding between the
intercalant and the C layers (and thus M ) is virtually identical to KC8 . This
also applies to in-plane phonon frequencies as the in-plane structure is the same.
Finally, contributions of out-of-plane phonons are small due to the weak bonding.
Consequently, the electron-phonon coupling in free-standing K-intercalated bilayer
graphene resembles that of KC8 , making the system a high potential candidate
for superconductivity. As DOS(EF ) and λ are almost the same as in KC8 , the
critical temperature and field are expected to be also very similar.
To conclude, we have investigated the electronic structure of prototypical Kintercalated carbon systems. Sufficient charge transfer to obtain a prominent
n-doping is achieved in all cases. With respect to pristine graphene on SiO2 the
carrier density is enhanced by a factor of ∼100, which, in turn, enhances the inplane electrical conductivity. Our findings agree with the available experimental
and theoretical results. An enhanced Young’s modulus in KC8 indicates that Kintercalation increases the intrinsic stiffness, which is desirable for the mechanical
behavior of nano-electronic components. We observe the largest carrier density in
K-intercalated bilayer graphene on SiC(0001) due to a prominent charge transfer
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induced by the bonding between the bottom graphene layer and the substrate.
When we increase the number of graphene layers the carrier density decreases.
However, it quickly converges to a value clearly above that of a free-standing
bilayer. Importantly, we have demonstrated that outstanding similarities in the
electronic structures of free-standing K-intercalated bilayer graphene and KC8
result in a high potential for superconductivity in the bilayer system.

4.2

Ge-intercalated graphene: The origin of the
p-type to n-type transition

Interest in Ge-intercalated graphene is motivated by the intercalation to construct
p-n junctions. In order to address the effect of Ge on the electronic structure,
we study Ge-intercalated free-standing C6 and C8 bilayer graphene, bulk C6 Ge
and C8 Ge, as well as Ge-intercalated graphene on a SiC(0001), by density functional theory. In the presence of SiC(0001), there are three ways to obtain n-type
graphene: i) intercalation between C layers, ii) intercalation at the interface to
the substrate in combination with Ge deposition on the surface, and iii) cluster
intercalation. All other configurations under study result in p-type states irrespective of the Ge coverage. We explain the origin of the different doping states
and establish the conditions under which a transition occurs. In the experiment,
the Low-energy electron diffraction and X-ray photoelectron spectroscopy indicate
that Ge droplets flatten and finally diffuse through the graphene under annealing
[123]. The authors of Ref. [124] have studied Ge intercalation between graphene
and SiC(0001) and have obtained both n- and p-type phases, characterized by different Ge coverages, which they can prepare individually by annealing at different
temperatures. Because even a coexistence of the two phases has been achieved,
a lateral p-n junction can be contracted. To understand the effects of both the
intercalant and the substrate on the properties of Ge-intercalated graphene, we
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investigate in the following various prototypical configurations by means of firstprinciples calculations.

4.2.1

Structural parameters

All the calculations are performed using a plane wave cutoff energy of 816 eV. The
following k-meshes for the Brillouin zone integration are employed: 4×4×2 for Geintercalated free-standing bilayer graphene and 4 × 4 × 1 for bulk C6 Ge and C8 Ge
as well as Ge-intercalated graphene on SiC(0001). We use a 16 × 16 × 4 k-mesh
to achieve a high accuracy in the calculations of the DOS. We have optimized our
supercells upto an energy convergence of 10−5 eV and a force convergence of 0.004
eV/Å. A vacuum layer of at least 15 Å thickness prevents artificial interaction due
to the periodic boundary conditions. We use a 2 × 2 graphene supercell on top
√
√
of a 3 × 3R30◦ SiC(0001) supercell. We have performed a series of tests for a
√
√
4 × 4 graphene supercell on top of a 2 3 × 2 3R30◦ supercell but hardly found
any changes.

4.2.2

Ge-intercalated free-standing C6 and C8 bilayer graphene

The structure of Ge-intercalated free-standing C6 and C8 bilayer graphene is illustrated in Figs. 4.5(a), (d), (e). The supercell of the C6 system contains 12 C
atoms and 1 Ge atom, which lies above the centre of the C hexagon. The separation between the two C layers is 6.51 Å (Ge in the middle), which is almost twice
as long as in Li-intercalated C6 bilayer graphene [114] and slightly longer than in
K-intercalated C6 bilayer graphene [53], due to the different atomic radii of Li, K,
and Ge. An in-plane lattice constant of a = 4.30 Å is achieved by relaxing the
geometry. The supercell of the C8 system contains 16 C atoms and 1 Ge atom
(above the center of each second C hexagon). The separation between two C layers
is 5.51 Å (Ge in the middle). These values are close to those of K-intercalated C8
bilayer graphene [53]. The structural optimization yields a = 4.92 Å.
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Figure 4.5: Schematic structures of (a) Ge-intercalated free-standing C6 and C8
bilayer graphene and (b) bulk C6 Ge and C8 Ge. (c) Comparison of the Brillouin
zones of a 1 × 1 graphene supercell
√ (black full lines), a 2 × 2 graphene supercell
√
(red dotted lines), and a × 3 × 3R30◦ graphene supercell (blue dashed lines).
(d) Top view of C6 bilayer graphene and bulk C6 Ge and (e) C8 bilayer graphene
and bulk C8 Ge.
The band structure of Ge-intercalated C6 bilayer graphene along the path K1 Γ1 -M1 -K1 is shown in Fig. 4.6(b) together with corresponding PDOSs. Due to the
Brillouin zone folding demonstrated in Fig. 4.6(c), the Dirac point moves from the
K-point to the Γ-point. It appears 0.32 eV below the EF , where the dispersion
becomes parabolic with a splitting of 28 meV. A close view shows four π and four
π ∗ bands. The former trace back to C pz orbitals and the latter to a combination of
C pz orbitals and Ge p orbitals. The other bands crossing EF are mainly due to the
Ge px and py orbitals. A small amount of charge (∼0.05 electrons) is transferred
from Ge to C, which explains the shift of the Dirac cone and, hence, the n-type
state.
We address the electronic structure of Ge-intercalated C8 bilayer graphene
along the path M2 -K2 -Γ2 -M2 in Fig. 4.6(d). There are two Dirac points next
to the K-point and 0.8 eV below EF , with a minute splitting and a parabolic
dispersion. Two π and two π ∗ bands appear at each Dirac point. The π bands are
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Figure 4.6: Electronic structures obtained for Ge-intercalated (a) bulk C6 Ge, (b)
C6 bilayer graphene, (c) bulk C8 Ge, and (d) C8 bilayer graphene. The PDOSs are
given per atom.
due to the C pz orbitals, while the π ∗ bands show small contributions of the Ge
px and py orbitals. In contrast to C6 bilayer graphene, all Ge bands remain above
EF . The charge transfer from Ge to C amounts to 0.15 electrons, which is more
than found for C6 bilayer graphene. However, in K-intercalated bilayer graphene
(with a similar structure) we have a charge transfer of 0.58 electrons and a shift of
the Dirac point by 1.0 eV below EF [53]. The charge transfer again is responsible
for the shift of the Dirac point and the n-type state.

4.2.3

Bulk C6 Ge and C8 Ge

The structures of bulk C6 Ge and C8 Ge are illustrated in Figs. 4.5(b), (d), (e). The
supercell of bulk C6 Ge contains 6 C atoms and 1 Ge atom on the hollow sites.
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We obtain values of a = 4.30 Å and c = 6.54 Å by our structural optimization.
The C−C bond length (1.43 Å) is marginally longer than in pristine graphene
(1.42 Å) due to the interaction between Ge and C, see Table 4.2. These structural
parameters are close to those found for bulk C6 Li [114, 125] and C6 K [53], except
for the c length (due to different atomic radii). The electronic structure of bulk
C6 Ge is addressed in Fig. 4.6(a). The Dirac point appears at the Γ-point for
the same reason as explained before. We find that it shifts 0.53 eV below EF
with a splitting of 70 meV. In bulk C6 Li, Li is closer to C (distance 1.64 Å) as
compared to Ge in bulk C6 Ge (distance 3.27 Å). This indicates that Li interacts
more prominently with the C layers, opening a band gap of 0.45 eV [114].
The supercell of bulk C8 Ge comprises 8 C atoms and 1 Ge atom on each second
hollow site. Structural optimization yields a = 4.92 Å and c = 6.54 Å. The C−C
bond length is 1.423 Å for C atoms close to Ge and 1.418 Å far from Ge. These
structural parameters agree well with previous results for C8 K [53]. In Fig. 4.6(c),
we observe a perfect Dirac cone about 0.41 eV below EF . The linear dispersion of
the C-like π and π ∗ bands is maintained. Two Ge p bands cross EF . Interestingly,
only a small amount of charge transfer of 0.03 electrons from Ge to C is obtained.
Striking similarities in the band structures of C8 K [50] and C8 Ge may indicate
that superconductivity also appears in C8 Ge.
Table 4.2: C−C bond lengths, in-plane, out-of-plane lattice constants, and charge
transfer (in electrons) for different systems under study.
system
C−C (Å)
a (Å)
c (Å)
Charge transfer
C6 Li
1.440 [125]
4.300 [125] 3.800 [125]
0.29
C6 K
1.424
4.300
5.600
0.44
C8 K
1.419-1.420 [53] 4.920 [53] 5.600 [53]
0.58
C6 Ge
1.431
4.300
6.540
0.05
C8 Ge
1.418-1.423
4.920
6.540
0.15
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Figure 4.7: Side views of relaxed structures (a)-(c) with Ge intercalated next to
the SiC(0001) and (d)-(f) between C layers.

4.2.4

1 to 3 Ge atoms per 8 C intercalated next to the
SiC(0001) substrate

We next take into account the SiC(0001) and focus on the effects of a varying Ge
coverage. The structure under consideration is shown in Fig. 4.7(a). Experimentally, X-ray photoelectron spectroscopy indicates that n-doping can be induced
by intercalation of about 1 monolayer of Ge atoms (more specifically 7.4 × 1014
Ge atoms per cm−2 ), while 2 monlayers shift the Dirac point above EF , resulting
in p-doping [124]. Our calculations reveal that an arrangement of the Ge atoms
within 1 monolayer always leads to a p-type state, seemingly contradicting the experiment. We have studied coverages of 4.95×1014 Ge atoms per cm−2 , 9.90×1014
Ge atoms per cm−2 , and 14.85 × 1014 Ge atoms per cm−2 , which is achieved by
increasing the number of Ge atoms in the supercell from 1 to 2 to 3. The results
are shown in Fig. 4.8. The labels C-top, C-bottom, Ge, and Si in the PDOS refer
to Figs. 4.7(a)-(f).
Figure 4.8(a) refers to 1 Ge atom per supercell, located on the hollow site of
Si-terminated SiC(0001) at a distance of 2.18 Å from the Si atoms and 4.14 Å
from the C-top layer. We observe a perfect Dirac cone 0.25 eV above EF . The
nature of the Dirac cone is maintained due to the fact that the Ge interacts almost
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only with the Si. At the Dirac point the π and π ∗ bands are almost purely due
to the pz orbitals of the C-top layer. The contributions of the individual C atoms
vary minutely due to a slight buckling. Based on a Löwdin population analysis,
we obtain a charge transfer of about 0.02 electrons off the C-top layer. The top
Si atoms lose 0.80 electrons and the C atoms of the C-bottom layer lose 1.08
electrons. Since the intercalated Ge atoms gain 0.22 electrons, we obtain a p-type
√
√
state. We have confirmed these results for larger supercells 2 3 × 2 3R30◦ and
√
√
4 3 × 4 3R30◦ .
In Fig. 4.8(b) we show the electronic structure for 2 intercalated Ge atoms in 1
monolayer. The Ge atoms are bound to 2 of the 3 adjacent Si atoms with a bond
distance of 2.45 Å. The Ge-Ge distance amounts to 2.79 Å where the Ge atoms are
4.04 Å apart from the C-top layer. We again observe a perfect Dirac cone 0.11 eV
above EF , reflecting a much stronger interaction between Ge and Si than between
Ge and the C-top layer. The origin of the π and π ∗ bands is the same as in the
previous case. However, we find slight shifts of all bands contributed by the Cbottom layer, Ge, and Si. This is due to an enhanced Ge−Si bonding. No charge
transfer affects the C-top layer, while the Si atoms lose 0.87 electrons and the C
atoms of the C-bottom layer gain 1.12 electrons. In addition, the intercalated Ge
gains 0.13 electrons (p-type state).
Figure 4.8(c) refers to 3 intercalated Ge atoms in 1 monolayer. They all take
positions on top of a Si atom with a Ge-Si distance of 2.47 Å and a Ge-Ge distance
of 2.79 Å being 4.02 Å apart from the C-top layer. A Dirac point appears 0.07
eV above EF . The composition of the π and π ∗ bands is similar to the previous
cases. Finally, a Löwdin population analysis indicates that the Si atoms lose 0.87
electrons and the C atoms of the C-bottom layer gain 1.14 electrons, while Ge
gains 0.06 electrons (p-type state).
In the experiment, Ge is deposited on top of the C-top layer and by annealing
at 700-900◦ C penetrates through the surface [124]. It is possible that not all Ge
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Figure 4.8: Electronic structure obtained for (a)-(c) 1, 2, and 3 intercalated Ge
atoms, (d) 1 deposited and 1 intercalated Ge atom, and (e) 4 intercalated Ge
atoms in 2 monolayers with different concentration. The intercalated atoms are
located between the SiC(0001) and the first C layer. The numbers of Ge atoms
refer to one supercell (8 C atoms).
atoms penetrate but some may remain on top. In this context, we have studied a
supercell where one Ge atom is intercalated and another one remains deposited on
the C-top layer. The relaxed structure is depicted in Fig. 4.7(b). The deposited
atom interacts mainly with the C-top layer and the intercalated atom with Si,
as it approaches two of the Si atoms of the SiC(0001). Our calculated electronic
structure shows that the Dirac cone is split and shifted some 1 eV below EF . It
traces back to pz orbitals of the C-top layer with small contributions of the px and
py orbitals of the deposited Ge, see Fig. 4.8(d). There are three Ge p bands which
cross EF . The deposited Ge atom loses 0.04 electrons to the C-top layer and the
intercalated Ge atom gains 0.27 electrons from the top Si atoms. Furthermore, the
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intercalated Ge saturates the dangling Si bonds, whereas the deposited Ge results
in n-doping of the C-top layer, in agreement with the experimental situation.

4.2.5

More than 3 Ge atoms per 8 C atoms intercalated
next to the SiC(0001) substrate

We turn to the effects of intercalation of more than 3 Ge atoms per 8 C atoms.
The Ge atoms in this case form three-dimensional clusters. The first monolayer
near to the substrate has a higher Ge concentration (14.85 × 1014 Ge atoms per
cm−2 ) than the second monolayer (4.95×1014 Ge atoms per cm−2 ), see Fig. 4.7(c).
Ge in the second monolayer is bound to two out of the three Ge atoms in the first
monolayer, but is far from the third atom. The Si-Ge distance is 2.46 Å the GeGe distance in the first monolayer is 2.71 Å and the Ge-Ge distance between the
monolayers is 2.54 Å. Thus, there is a prominent Ge interlayer interaction. The
distance from the C-top layer to the upper Ge atom amounts to 3.06 Å. We find
a charge transfer of 0.02 electrons from Ge in the second monolayer to the C-top
layer (inducing an n-type state). A perfect Dirac cone is found 0.23 eV below EF ,
see the band structure in Fig. 4.8(e). The π and π ∗ bands are almost purely due
to the pz orbitals of the C-top layer. In comparison to an intercalation of 1 to 3
Ge atoms, the additional Ge atom in the second monolayer dopes the C-top layer,
while the first monolayer saturates the dangling Si bonds.
Note that our n-type state for an occupation of more than 1 monolayer contradicts the experimental demonstration of a p-type state [124]. It is known
that during the penetration of the C-top layer by Ge atoms defects, in particular vacancies, can be created. Such vacancies lead to prominent p-doping
[126, 127, 128, 129, 130]. Without vacancies, however, a p-type to n-type transition is encountered. This line of reasoning would explain the experimental situation when the Ge concentration reaches a value that forces the Ge atoms to
deviate from a flat arrangement.
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4.2.6

Ge intercalation between two C layers on top of the
SiC(0001) substrate

A side view of Ge-intercalated monolayer graphene on SiC(0001) is given in Fig.
4.7(d). The C layer next to the substrate acts as a buffer layer which saturates
the dangling Si bonds. A prominent buckling affects the buffer layer and yields
distances of 1.98 Å to 2.88 Å between the Si and C sites. Unlike both Li in Liintercalated and K in K-intercalated graphene on SiC(0001), the Ge is not located
midway between the adjacent C layers but approaches the buffer layer (average
distances 2.13 Å and 3.17 Å). Therefore, the interaction with the C-top layer is
minimal. A Dirac point with a small splitting of 15 meV is obtained 0.17 eV below
EF , see Fig. 4.9(a). The π and π ∗ bands are contributed by the C-top layer. A
charge transfer of 0.12 electrons off the Ge leads to n-doping of the C-top layer.
A similar value is found for Li-intercalation due to the similar geometries [114].
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Figure 4.9: Electronic structure obtained for the intercalation of 1 Ge atom per 8
C atoms when (a) 1, (b) 2, and (c) 3 C layers separate the Ge from the SiC(0001)
substrate.
When the Ge atoms are separated from the SiC(0001) by two C layers, see
Fig. 4.7(e), the relaxation pattern is rather similar with a strong buckling in both
the buffer layer and the next C layer. Ge has a distance of 2.55 Å to the C layer
underneath and a distance of 3.77 Å to the C-top layer. The band structure is
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also similar to Fig. 4.9(a) with the Dirac point 0.13 eV below EF , see Fig. 4.9(b).
Ge loses 0.35 electrons, distributed to the two adjacent C layers, which induces an
n-type state of the C-top layer.
When a third C layer is introduced between the Ge and the substrate, see Fig.
4.7(f), the buckling is clearly reduced. The Ge is located 2.48 Å from the bottom
C layer and 3.33 Å from the C-top layer. We now obtain two Dirac points 0.60
eV below EF , related to the two C layers next to Ge, see Fig. 4.9(c). A charge
transfer of 0.22 electrons off the Ge explains the observed shift of the Dirac point.
While Ge dopes the C-top layer in the monolayer configuration, both adjacent
layers are doped when more C layers are present. Interestingly the buckling in the
C layers sandwiched between the intercalant and the substrate is much stronger
in Fig. 4.7(e) than in Fig. 4.7(f). A possible reason is the long-range interaction
between Ge and the Si-terminated substrate. The more charge the Ge transfers
to the C layer, the more it is donated by the Si, thereby further increasing the
electron count in the C layers. On the other hand, the presence of three C layers
between Ge and Si largely suppresses the Ge-Si interaction and, in turn, reduces
the buckling of the intermediate C layers drastically. As a consequence, the second
Dirac point appears.
In conclusion, we have studied the electronic structure of Ge-intercalated graphene
using the density functional theory. Our data show that free-standing Ge-intercalated
bilayer graphene, bulk C6 Ge, and bulk C8 Ge are n-type doped. On a SiC(0001) an
n-type state can be achieved for low Ge intercalation at the interface to the substrate if further Ge remains on the surface and for high Ge intercalation if (threedimensional) clusters are formed. We find an n-type state also for Ge intercalation
between two C layers. This fact indicates that the experimental observation of a
p-type state has to be related to defects created during the annealing process, for
example. The physical and chemical mechanisms resulting in the doped states in
the different structural configurations and the effects of the charge transfer on the
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graphene band structure have been clarified in detail. Depending on the intercalation pattern, both p-type and n-type states can be tailored. This flexibility has
potential for constructing lateral p-n junctions.

4.3

Substrate enhanced superconductivity in Lidecorated graphene

The role of the substrate for the strength of the electon-phonon coupling in Lidecorated graphene. We find that the interaction with a h-BN substrate leads to
a significant enhancement from λ0 = 0.62 to λ1 = 0.67, which corresponds to a
25% increase of the transition temperature from Tc0 = 10.33 K to Tc1 = 12.98
K. The superconducting gaps amount to 1.56 meV (suspended) and 1.98 meV
(supported). These findings open up a new route to enhanced superconducting
transition temperatures in graphene-based materials by substrate engineering.

4.3.1

Background

Recent observations in alkali-doped graphene have opened exciting venues to superconductivity accomplished by doping [122]. Most theoretical estimates of the
electron-phonon coupling so far have assumed suspended graphene as a base, since
this geometry makes calculations more direct and less computationally costly.
However, most of the engineered superconducting graphene samples use a substrate. Hence, it is important to characterize the role of the substrate on the superconductivity in atomically thin graphene. We have performed a first-principles
study of the role of the substrate on the phonon spectrum and the electron-phonon
coupling and find not only that the interaction with the substrate is relevant but
that in the case of a h-BN substrate the electron-phonon coupling can be enhanced
by as much as 9% so that Tc can be expected to reach 12.98 K, a 25% increase.
This observation points to a new direction in the search for novel superconducting
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materials: substrate-engineered superconductivity, where the nascent superconducting states are significantly enhanced by the coupling to a properly chosen
substrate.
Graphite intercalated compounds are characterized by a nearly free electron
band, which upon increased doping crosses the EF . Experimentally, there are
intercalated compounds that exhibit superconductivity with a transition temperature of a few to about 10 K [131]. An empirical correlation between the crossing
of the chemical potential and the onset of superconductivity was first put forward
in Ref. [132] and subsequently was called the “Cambridge criterion” [133]. Superconductivity in Ca-intercalated bilayer graphene has been predicted with a sizable
Tc = 11.5 K by analyzing this criterion in Refs. [133]. Recently, the prediction
has been verified experimentally for Ca-intercalated graphene on either the Si or
the C face of a SiC substrate, finding Tc = 7 K [134]. Experimentally, it also has
been observed that KC8 graphite [50] and K-intercalated few layer graphene on
SiC are superconducting [131], where theoretical arguments for superconductivity
in the latter material have been presented in Ref. [53]. To complete the list of
superconducting C allotropes we also mention that undoped single and multiwall
nanotubes exhibit superconductivity with a sizable Tc ∼ 10 K to 12 K [135, 136].
Today, the highest value of Tc = 38 K is observed experimentally in Cs3 C60 [137].
It was already pointed out that not all intercalants lead to an enhanced Tc in
graphite [132]. A high Tc can be obtained when the distance between the intercalated atom and the graphene plane is small so that the deformation potential
is large [138]. Our observations are consistent with this mechanism: The distance
between the intercalant and the graphene plane is 2.62 Å, 2.47 Å, and 2.26 Å for
non-superconducting BaC6 [139], superconducting SrC6 with Tc = 1.65 K [139],
and superconducting CaC6 with Tc = 11.5 K [52, 106], respectively, see Table 4.3.
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Table 4.3: Compound, perpendicular distance of the intercalated atom from the
center of the C hexagon, and superconducting transition temperature.
compound
BaC6
SrC6
CaC6

4.3.2

distance
2.62 Å
2.47 Å
2.26 Å

Tc
0K
1.65 K
11.5 K

Computational details

A high plane wave cutoff energy of 70 Ryd is used. A Monkhorst-Pack 32 × 32 × 1
k-mesh is employed for the optimization of the lattice parameters and the ionic
relaxation and a 48 × 48 × 1 k-mesh for refining the electronic structure. We
achieve an energy convergence of 10−7 eV and a force convergence of 0.002 eV/Å.
√
√
Li-decorated monolayer graphene is modeled by a 3 × 3R30◦ supercell with
a = b = 4.26 Å to that a Li atom is added on each third hollow site. The
phonon dispersion is calculated with a 24 × 24 × 1 k-mesh. We study the effect of
the substrate on the strength of the electron-phonon coupling and the transition
temperature for a supercell with Li-decorated monolayer graphene on top of hBN with a = b = 4.32 Å and c = 15 Å (to avoid artificial interaction due to
the periodicity). Note that graphene on h-BN can be synthesized due to the
small lattice mismatch of only 1.4% and interacts only weakly with the substrate
[140, 141]. By construction of the supercell of the suspended system, with 6 C
atoms and 1 Li atom, there are 21 phonon modes, whereas we have 39 modes for
the supported system.

4.3.3

Superconducting transition temperature

The Allen-Dynes formula [142, 143], which is a modification of McMillan’s formula
[144], is used to calculate


< ω >log
1.04(1 + λ)
exp −
.
Tc =
1.20
λ − µ∗ (1 + 0.62λ)

(IV.2)
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The terms < ω >log , λ, and µ∗ are the logarithmic frequency average, electronphonon coupling constant, and effective Coulomb repulsion, respectively. Moreover, the dimensionless parameter
Z
λ=2
0

∞

dωα2 F (ω)
ω

(IV.3)

measures the strength of the Eliashberg function
2

α F (ω) = N↑ (0)

P

kk0

|Mkk0 |2 δ(ω − ωq )δ(Ek )δ(Ek0 )
P
,
kk0 δ(Ek )δ(Ek0 )

(IV.4)

where k and q represent the electron band index and phonon wave number, respectively. In addition, N↑ (0) is the single-spin density of states at the Fermi
surface and Mkk0 is the matrix element for electron-phonon coupling. The effective Coulomb repulsion (also called Coulomb pseudopotential) is given by [145]


1
ωel
1
= + ln
,
(IV.5)
µ∗
µ
ωph
where ωel is the plasma frequency and ωph the frequency cutoff in α2 F (ω). The
Coulomb coupling µ is given by the product of the density of states at the Fermi
surface and the matrix element of the screened Coulomb interaction averaged
over the Fermi surface. We use µ∗ = 0.115 in agreement with the experimental
observation of the critical temperature for bulk CaC6 [106]

4.3.4

Electronic structure

The unit cell of Li-decorated monolayer graphene comprises 6 C atoms and 1 Li
√
√
atom in a 3 × 3R30◦ geometry, where the Li atom lies above the center of the
C hexagon in a distance of 1.76 Å, slightly smaller than the value reported in Ref.
[122]. The possible reason for the latter is inclusion of the van der Waals interaction
in our calculations, which is expected to provide a correct interlayer spacing. The
structural arrangements of Li-decorated graphene suspended and supported by
a h-BN substrate are presented in Figs. 4.10(a) and (b). The electronic band
√
√
structures obtained for 3 × 3R30◦ suspended graphene without and with Li-
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(a)

(b)
Li
Graphene
h−BN
Figure 4.10: The crystal structure of Li decorated graphene (a) suspended (LiC6 )
and (b) supported by h-BN substrate.
decoration are shown in Figs. 4.11(a) and (b). It is well known that the C π and π ∗
orbitals form a Dirac cone at the Fermi energy. Due to Brillouin zone backfolding,
the Dirac cone appears at the Γ-point and not at the K-point as in the case of the
primitive unit cell of graphene.
The electronic band structure of Li-decorated graphene is found to be modified
significantly as compared to that of pristine graphene. The nearly free electron
Li s band crosses the Fermi level, due to charge transfer from Li to C. As a
consequence, the “Cambridge criterion” is satisfied and the system should be a
superconductor. We will comment later on this phonomenon by analyzing the
strength of the electron-phonon coupling. A gap of 0.38 eV opens 1.56 eV below
the Fermi level, as to be expected [114, 119]. In Fig. 4.11(b) the partially occupied
parabolic bands indicated by arrows are due to Li s states, compare Figs. 4.11(a)
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Figure 4.11: Electronic band structure of (a) suspended C6 , (b) suspended C6 Li,
(c) C6 on h-BN, and (d) C6 Li on h-BN. Li s bands crossing the Fermi level are
indicated by arrows.
and (b). It has been reported that the carrier density in Li-decorated monolayer
and Li-intercalated multilayer graphene with and without substrate can differ by
a factor of 100 from that of pristine graphene [114].
For Li-decorated graphene on h-BN, see Fig. 4.10(b), the separation between
graphene and the substrate is found to be 3.39 Å, which is close to the values
for superlattices of graphene and h-BN as well as graphene on a h-BN substrate.
The perpendicular distance of the Li atom to the graphene plane is 1.77 Å. The
lost sublattice symmetry (only each third C hexagon is occupied by a Li atom) is
responsible for a band gap of 90 meV. This value agrees well with previous reports
[146, 147, 23], which also applies to the fact that the B and N states appear far
away from the Fermi level. The electronic band structure in Fig. 4.11(d) clearly
shows that a nearly free electron Li s band crosses the Fermi level, satisfying the
“Cambridge criterion” and thus pointing to superconductivity in the system. The
nature and magnitude of the gap at the Γ-point just below the Fermi level are
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similar to Fig. 4.11(b).

4.3.5

Superconductivity

At this point we assume that the basic mechanism of the superconductivity in
the suspended and supported cases is the same as in Ca-intercalated graphene, i.
e., electron-phonon driven pairing [133]. It has been proposed that the dopantinduced soft phonon modes contribute substantially to the electron-phonon coupling [148, 132] and it is known that the motion of the adatom is responsible for
about half of the coupling, while the other half is due to the C atoms [122, 149, 150].
The presence of the Li s states around the Fermi energy alone cannot be sufficient
to give a large electron-phonon coupling [122], but the coupling to the out-of-plane
C vibrations plays an important role due to transitions between the C π ∗ and Li
s states. The Li s band enhances the coupling [138] and, hence, the transition
temperature. For this reason, we calculate the phonon dispersion, see Fig. 4.12(a),
and α2 F (ω), see Fig. 4.12(b), and estimate the strength of the electron-phonon
coupling λ using Eq. (2).
For the phonon dispersion of Li-decorated suspended graphene we find that
most modes between 300 cm−1 and 500 cm−1 are due to a mixture of Li and
out-of-plane C vibrations. The pure out-of-plane modes appear from 500 cm−1 to
900 cm−1 and higher energy C-C stretching modes from 900 cm−1 to 1515 cm−1 .
The modes from 300 cm−1 to 500 cm−1 are responsible for the electron-phonon
coupling. This also can be seen from α2 F (ω) as addressed in Fig. 4.12(b). Experimentally, for pristine graphene the frequency of the G-mode is 1580 cm−1 [151],
which softens to 1515 cm−1 under Li decoration. The softening can be attributed
to charge transfer from Li to graphene and the induced stronger electron-phonon
coupling, in agreement with findings for the molecular/atomic charge transfer in
graphene [152, 153]. We obtain for the electron-phonon coupling λ = 0.62 and
estimate for the superconducting transition temperature Tc = 10.33 K. This value
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Figure 4.12: Electron-phonon dispersion of Li-decorated graphene (a) suspended
and (c) supported by a h-BN substrate. (b,c) Corresponding Eliashberg functions. The red curve in (a) represents the electron-phonon dispersion for pristine
graphene.
is slightly higher than that of Ref. [122], since we take into account the van der
Waals interaction to achieve an accurate distance to the Li atom.
Our central result is that an enhancement of the superconductivity in Lidecorated graphene can be achieved by the application of a h-BN substrate. The
phonon modes between 100 cm−1 and 300 cm−1 at the Γ-point are attributed to
the Li vibrations, out-of-plane C vibrations, and h-BN substrate, see Fig. 4.12(c).
There are also substrate modes around 850 cm−1 as well as higher energy modes
between 900 cm−1 and 1430 cm−1 , which are due to both the substrate and C-C
stretching. The softening of the modes as compared to the suspended system is
due to the interaction with the substrate, as observed experimentally, for example,
in graphite supported by Ni(111) [154]. The modes in the range from 100 cm−1 to
300 cm−1 are responsible for a shift in α2 F (ω) see Fig. 4.12(d), and enhancement
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of λ and Tc . We obtain λ = 0.67 (as compared to λ = 0.62 in the suspended
system) and thus a higher Tc = 12.98 K, which is a 25% increase with respect
to the suspended system. The clearly indicates that one can take full advantage
of the substrate to boost Tc . Similarly, it has been observed experimentally in
the FeSe0.5 Te0.5 superconductor that Tc is enhanced by 15% if the material is
supported [155], while the details of the band structure are very different in the
present material. The most likely reason for the obtained enhancement of Tc by
the application of a h-BN substrate are stronger spin fluctuations due to the lattice mismatch of 1.4%. Finally, we estimate the superconducting gap ∆sc by the
relation 1.75kB Tc = ∆sc [156], where kB is the Boltzmann constant. We obtain
for Li-decorated suspended and supported graphene, respectively, values of 1.56
meV and 1.98 meV.
In conclusion, the role of the substrate for the electron-phonon coupling in Lidecorated suspended and supported graphene. We find that the interaction with
a h-BN substrate significantly enhances the electron-phonon coupling to λ = 0.67
as compared to λ = 0.62 in the suspended case. The transition temperature thus
is enhanced by 25% to 12.98 K. The superconducting gap for the suspended and
supported systems is found to be 1.56 meV and 1.98 meV, respectively. Our results
show that graphene-based nanomaterials can be tailored by properly choosing the
substrate to robustly increase the superconducting transition temperature.
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Chapter V
Silicene
5.1

Hole doped Dirac states in silicene by biaxial
tensile strain

In this study, the effects of biaxial tensile strain on the structure, electronic states,
and mechanical properties of silicene are studied. The obtained results show that
up to 5% strain the Dirac cone remains essentially at the EF , while higher strain
induces hole doped Dirac states because of weakened Si−Si bonds. The silicene
lattice is stable up to 17% strain. It is noted that the buckling first decreases
with the strain (up to 10%) and then increases again, which is accompanied by a
band gap variation. The Grüneisen parameter also calculated and demonstrated
a strain dependence similar to that of graphene.

5.1.1

Description of parameters

The van der Waals interaction is taken into account using the Grimme scheme. The
calculations are performed with a plane wave cutoff energy of 816 eV. Moreover,
a Monkhorst-Pack 16 × 16 × 1 k-mesh is employed for optimizing the crystal
structure and calculating the phonon spectrum, whereas a 24 × 24 × 1 k-mesh
is used for DOS in order to achieve higher resolution. The atomic positions are
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Figure 5.1: Crystal structure of silicene under consideration. The arrows indicate
the direction of the biaxial tensile strain.
relaxed until an energy convergence of 10−9 eV and a force convergence of 4·10−4
eV/Å are reached. We use an interlayer spacing of 16 Å to avoid artifacts of
the periodic boundary conditions. The magnitude of the biaxial tensile strain is
defined as  =

a−a0
a0

× 100%, where a and a0 = 3.86 Å are the lattice parameters

of the strained and unstrained silicene, respectively. For graphene, it has been
demonstrated that 5 to 10% strain can be achieved without much efforts [157].
The existing reports confirm this makes the system five times more reactive and
H atoms are bound much stronger than in pristine graphene. Since a similar
enhancement of H storage by strain can be expected for silicene, we study in
the following the effect of strain on the electronic and mechanical properties. A
top view of the crystal structure under consideration is shown in Fig. 5.1. For
unstrained silicene, we obtain a lattice parameter of a0 = 3.86 Å and a buckling
of 0.46 Å, consistent with previously reported data [64] In a first step, we address
the dependence of the stress on the applied strain, see the results in Fig. 5.2. The
stress increases monotonically with the strain up to a strain of 17% and decreases
thereafter, which indicates that silicene is stable up to 17% strain. The stability
limit will be addressed in more detail via the phonon spectrum in the following
section.
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Figure 5.2: Variation of the stress as a function of the applied biaxial tensile strain.

5.1.2

Electronic Structure

The band gap of 2 meV in unstrained silicene becomes smaller for increasing strain.
Since strain weakens the internal electric field (by reducing the magnitude of the
buckling) the spin orbit coupling and thus the induced band gap are reduced. The
Si−Si bond length is found to grow with the strain monotonically, which explains
why the buckling decreases. Surprisingly, the buckling starts to increase again
when the strain exceeds 10%. For example, unstrained silicene has a Si−Si bond
length of 2.28Å and buckling of 0.46 Å. For 5% strain these values change to 2.37
Å and0.32 Å, and for 17% strain to 2.47 Å and 0.30 Å. The variation of the Si−Si
bond length and buckling under strain are addressed in Figs. 5.3(a-b), respectively.
The variation of the doping level (defined as the shift of the Dirac cone with
respect to the EF ) under strain is addressed in Fig. 5.3(c). It is well known that
unstrained silicene is a semimetal, where the pz and p∗z orbitals give rise to π
and π ∗ bands forming Dirac cones at the K and K’ points, see Fig. 5.4(a). The
calculated band structure shows that the Dirac cone lies at the EF up to a strain
of 5% with a 2 meV band gap due to intrinsic spin orbit coupling. For higher
strain, the conduction band at the Γ-point shifts towards the EF , consistent with
Ref. [158]. At a strain of 7%, it slightly crosses the EF , which shifts the Dirac cone
above the EF by ∼0.06 eV, inducing hole doped Dirac states, see Fig. 5.3(c). The
doping is enhanced for increasing strain, since the conduction band minimum at
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Figure 5.3: Variation of (a) the Si−Si bond length, (b) the buckling, and (c) the
doping level under biaxial tensile strain.
the Γ-point shifts further downwards and becomes more and more occupied (with
an increasing DOS at the EF ). The main reason for hole doping in silicene under
strain is this downshift and the consequent occupation of the band at the Γ-point.
It is a consequence of the weakening of the bonds due to the increasing Si−Si
bond length. Another ingredient is a reduction of the hybridization between the s
and p orbitals, which in fact are occupied by 1.18 and 2.76 electrons in unstrained
silicene, respectively, but by 1.33 and 2.63 electrons for 10% strain.
At 10% strain, the Dirac point lies at 0.18 eV, see Figs. 5.3(c), 5.4(b). We
note that the π and π ∗ bands are due to the pz orbitals with minute contributions
from the px and py orbitals, as expected, see the projected DOSs. For higher
strain, the conduction band minimum shifts further to lower energy and the Dirac
cone accordingly to higher energy. It reaches 1.0 eV with the Dirac point at
0.34 eV for a strain of 20%. This behavior is different from graphene despite the
quantitatively similar band structure, because the Si−Si bonds are more flexible
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Figure 5.4: Electronic band structure with corresponding partial DOSs for (a)
unstrained and (b) 10% biaxially tensile strained silicene. The middle panel in
each case shows a zoom of the bands around the K-point.
than the C−C bonds. In contrast to silicene, graphene does not show significant
changes in the electronic structure in the presence of strain, resulting a zero band
gap semiconductor up to a huge strain of 30%. As a result, doping cannot be
achieved in graphene by strain.

5.1.3

Phonon spectrum and Grüneisen parameter

We now discuss the phonon spectrum of silicene without strain and under strain of
5%, 10%, 15%, 20%, and 25%. Without strain, the optical phonon frequencies are
found to be ∼33% smaller than in graphene, which is understood by the smaller
force constant and weaker Si−Si bonds. In Fig. 5.5, we address the phonon band
structure, where we focus on the highest branches at the Γ-point (G mode) and the
K-point (D mode). The calculated phonon frequencies at the and K-points are 550
cm−1 and 545 cm−1 , respectively, which agree well with the previous theoretical
results [64, 49]. A significant modification of the phonon frequencies is observed
for strained silicene. For a strain of 5%, the G and D mode frequencies amount to
460 cm−1 and 386 cm−1 , respectively, reflecting the weakening of the Si−Si bond
under strain. Increase of the strain to 10% (17%) results in phonon frequencies of
372 cm−1 (296 cm−1 ) for the G mode and 272 cm−1 (187 cm−1 ) for the D mode.
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We still have positive frequencies along the Γ−K direction and, hence, a stable
lattice. An instability comes into the picture when the strain increases beyond
17%. At 20% strain, we find a frequency of −5 cm−1 and at 25% strain, see Fig.
5.5(c), the lattice is strongly instable. Importantly, no splitting of the G mode for
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Figure 5.5: Phonon frequencies for (a) unstrained, (b) 10% biaxially tensile
strained, and (c) 25% biaxially tensile strained silicene.
The Grüneisen parameter is an important quantity to describe strained materials as it measures the rate of phonon mode softening or hardening and, thus,
determines the thermomechanical properties. The Grüneisen parameter for the G
mode under biaxial strain is given by
0
γG = −∆ωG /2ωG
ε, ,

(V.1)

where ∆ωG is the difference in the frequency with and without strain and ∆ω0
is the frequency of the G mode in unstrained silicene. A significant variation of
the Grüneisen parameter between 1.64 and 1.42 for strain between 5% and 25%
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Table 5.1: Strain, frequency shift of the G mode, and Grüneisen parameter of the
G mode.
ε (%)
5
10
15
20
25

∆ωG (cm−1 )
460
372
296
246
160

γG
1.64
1.62
1.54
1.34
1.42

is found, see Table 5.1. These values are close to the experimental and theoretically values for graphene [159, 160, 161, 162]. While the experimentally reported
Grüneisen parameters for graphene are not consistent due to substrate effects,
there are no experimental data available for silicene for comparison. We find that
the Grüneisen parameter first decreases with growing strain due to the reduced
buckling of the two Si sublattices but increases again for higher strain as also the
buckling increases. This behavior is fundamentally different from graphene, which
is not subject to buckling. An experimental confirmation of our observations by
Raman spectroscopy would be desirable.
In conclusion, our calculations demonstrate that up to 5% strain the Dirac
cone remains essentially at the EF but starts to shift to higher energy for higher
strain. Therefore, strain can be used in silicene, in contrast to graphene, to induce
hole doping. The different behavior of the two compounds, despite their close
structural similarity, can be explained in terms of bonding and changes in the hybridizations. Strain results in a weakening of the Si−Si bonds. As a consequence,
an electronic band at the -point of the Brillouin zone shifts to lower energy and
becomes partially occupied, which in turn leads to a depopulation of the Dirac
cone. The buckling is found to decrease with increasing strain up to 10% but
starts to increase again thereafter. Accordingly, the calculated Grüneisen parameter behaves differently than in graphene as the latter is not subject to buckling.
Positive phonon frequencies up to a strain of 17% indicate lattices stability in this
regime, whereas the lattice becomes instable at higher strain.
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5.2

Quasi free-standing silicene in a superlattice
with h-BN

In this chapter, we report a superlattice of silicene and h-BN by first-principles
calculations and demonstrate that the interaction between the layers of the superlattice is very small. As a consequence, quasi free-standing silicene is realized in
this superlattice. In particular, the Dirac cone of silicene is preserved, which has
not been possible in any other system so far. Due to the wide band gap of h-BN,
the superlattice realizes the characteristic physical phenomena of free-standing
silicene. In particular, we address by model calculations the combined effect of
the intrinsic spin-orbit coupling and an external electric field, which induces a
transition from a metal to a topological insulator and further to a band insulator.

5.2.1

Structural arrangement

In this calculations, a plane wave cutoff energy of 816 eV is used. A MonkhorstPack 8×8×1 k-mesh is employed for optimizing the crystal structure and a refined
30×30×1 k-mesh is used afterwards to increase the accuracy of the self-consistency
calculation. The supercell employed in our superlattice calculations comprises
one layer of h-BN (18 atoms in a 3 × 3 arrangement) and one layer of silicene (8
atoms in a 2 × 2 arrangement). The resulting lattice mismatch is small (2.8%)
and comparable to that of the frequently studied superlattice between graphene
and h-BN [23, 21, 163, 164]. We have fully relaxed the lattice parameters of the
supercell, finding values of a = b = 7.56 Å and c = 7.77 Å. An energy convergence
of 10−8 eV and a force convergence of 4 · 10−4 eV/Å are achieved.
The structural arrangement of the superlattice under study is depicted in Fig.
5.6, showing silicene and h-BN layers that alternate along the z-axis. We have
also studied superlattices with h-BN slabs of varying thickness. However, since
it turns out that this thickness has hardly any influence on the silicene electronic
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Figure 5.6: Superlattice of silicene (top) and h-BN (bottom) viewed along the
hexagonal b-axis.
states, in particular the charge transfer between the two component materials, we
will focus in the following on the case of one layer of h-BN alternating with one
layer of silicene. Our structural optimization results in a Si–Si bond length of 2.26
Å and a buckling of 0.54 Å in the silicene layer. The latter value is slightly but not
significantly higher than the predicted value of free-standing silicene [67, 48]. The
bond angle between neighboring Si atoms amounts to 114◦ , which agrees well with
the value of 116◦ in free-standing silicene. For the interlayer distance between the
silicene and h-BN layers we obtain a value of 3.55 Å, resembling the interlayer
distance in a superlattice with graphene [21].

5.2.2

Electronic structure

The presence of a Dirac cone has been claimed for silicene grown on metallic
substrate but there is still an ongoing discussion about the validity of this claim
[57, 58, 165]. Because of the large band gap of h-BN, we do not expect B or N states
in the vicinity of the EF in the case of our superlattice, so that the situation is much
less involved. The band structure obtained from our calculations is shown in Fig.
5.7. We observe indeed a well preserved Dirac cone with a SOC gap of 1.6 meV.
Analysis of the partial densities of states (not shown) clearly demonstrates that
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the Dirac cone traces back to the pz orbitals of the Si atoms, while contributions
of the B and N atoms are found above 0.6 eV and below −1.0 eV only, with
respect to the EF . We note that the observed Dirac cone is slightly shifted such
that the Dirac point does not fall exactly on the EF . It appears at an energy of
about 0.04 eV, i.e., the silicene is slightly hole doped. The energetical shift of the
Dirac cone can be attributed to a tiny charge transfer between the silicene and the
h-BN. Quantitative analysis shows that the silicene layer loses 0.06 electrons per
8 atoms. However, besides this small effect (which can be overcome by a minute
doping), the charactersitics of the silicene Dirac cone are perfectly maintained in
a superlattice with h-BN. In the following we will therefore study the effect of
an external electric field on free-standing silicene to describe the properties of the
superlattice. In Ref. [66] the role of the intrinsic SOC and external electric field
for the opening of a band gap have been discussed. The electric field breaks the
sublattice symmetry, which induces a finite band gap. The intrinsic SOC has the
same effect. Our calculations (for an ideal buckling of 0.46 Å) show that the SOC
(Ez = 0) on its own results in a band gap of 1.6 meV, which is consistent with the
previously reported value in Ref. [66]. To obtain the same gap by an electric field
(without SOC) a value of Ez = 11.2 meV/Å is needed,see Fig. 5.8(a).
From an application point of view, the combined effect of SOC and electric
field is of great interest. We therefore vary Ez relative to the fixed SOC. Band
structures obtained for three different values of the electric field are shown in
Figs. 3(b) to (d). For Ez = 3.1 meV/Å, see Fig. 5.8(b), we find energy gaps of 1.3
and 7 meV between the minority and majority spin bands, respectively. When
we increase Ez to 3.6 meV/Å the obtained energy gaps change to 1.1 meV and
9 meV, which we will explain later by our analytical model. A stronger electric
field of Ez = 11.2 meV/Å leads to energy gaps of 2.9 meV and 20 meV. Further
enhancement of the electric field results in a almost linear increase of the energy
gaps. The observed dependence of the energy gaps on the electric field is much
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Figure 5.7: Electronic band structure obtained for the superlattice of silicene and
h-BN.
stronger than reported previously [66], because we take into account the SOC.
Our results show that there is no spin degeneracy and a finite band gap, which
is a combined response of SOC and electric field. In addition, Figs. 3(b) to (d)
demonstrate phase transitions from a metal to a topological insulator and further
to a band insulator. The electric field required to obtain a reasonable band gap is
found to be much smaller than typical fields considered before, which means that
the device can be operated in a stable regime at low voltage.
In order to discuss the mechanisms behind the above observations, we consider
an analytical model. We assume that the silicene sheet lies in the xy-plane in the
presence of intrinsic SOC and an external electric field in z-direction. Silicene can
be described by the two-dimensional Dirac-like Hamiltonian
Hsη = v(ησx px + σy py ) + ηsλσz + ∆σz ,

(V.2)

where η = +1/−1 denotes the K/K 0 valley, s = +1/−1 denotes spin up/down,
∆ = 2lEz with l = 0.23 Å is the electric field, (σx , σy , σz ) is the vector of Pauli
matrices, λ is the strength of the intrinsic SOC, and v is the Fermi velocity of the
Dirac fermions. For the K valley we have
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To obtain the eigenenergies, we diagonalize the Hamiltonian and obtain
p
η
En,s
= n (v}k)2 + (∆ + ηsλ)2 ,

(V.5)

where n = +1/−1 denotes the electron/hole band and k is the absolute value of
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the wave vector. We next discuss the energy eigenvalues obtained for the K point
to explore the band splitting and quantum phase transitions. The energy gap of
1.6 meV seen in Fig. 5.8(a) as obtained for finite SOC or Ez is consistent with
Eq. (4), confirming a metal to insulator transition. Figure 3(b) for finite SOC and
Ez with λ > ∆ = 1.4 meV shows an energy splitting between the spin up and
spin down bands for both the electrons and holes. This splitting is less than the
energy gap between the electrons and holes themselves. In addition, the energy
gap between the spin up bands is greater than that between the spin down bands.
This situation reflects a topological insulating state, which corresponds to the spin
polarization regime. Figure 3(c) is analogous to Fig. 5.8(b) but for λ ∼ ∆ = 1.6
meV. We see that the energy gap closes between the spin down bands, while the
spin up bands maintain a finite energy gap. In the first principles calculations we
cannot reach an exact closure of the spin down gap as suggested by Eq. (4) but
obtain a minimum of about 1.1 meV, because of the approximations involved in
the simulations. The situation demonstrated in Fig. 5.8(c) corresponds to a semimetallic state. Fig. 5.8(d) is analogous to Figs. 5.8(b) and (c) but for λ < ∆ = 5.1
meV. The splitting of the spin down bands has increased as compared to Fig.
5.8(b), but less than the splitting of the spin up bands. This situation reflects
a band insulator, which corresponds to the valley polarization regime. We note
that we obtain an identical band structure for the K 0 point with the spin up and
spin down bands exchanged. The K and K 0 valleys are non-degenerate due to the
broken inversion symmetry (which is a consequence of the external electric field
and the buckling), compare Eq. (4).
In conclusion, we have discussed the structure and electronic properties of a
superlattice of silicene and h-BN. We have demonstrated that the Dirac cone of
free-standing silicene remains intact in the superlattice due to a small interaction.
A small amount of charge transfer between the silicene and h-BN results in a slight
shift of the Dirac cone towards higher energy, i.e., in slight hole doping. Using an
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analytical model we have analyzed the combined effects of the intrinsic SOC and an
external electric field applied perpendicular to the superlattice. Our results show
that a lifting of the spin and valley degeneracies can be achieved. With increasing
strength of the electric field, the nature of the system changes from a metal to
a topological insulator and further to a band insulator. Therefore, control of the
quantum phase transitions in silicene is possible by tuning the external electric
field.

5.3

Possible realization of a quantum anomalous
Hall state in Co decorated silicene

The quantum anomalous Hall (QAH) effect is due to internal magnetization that
breaks the time-reversal symmetry and strong spin orbit coupling that induces a
band inversion, unlike the quantum Hall effect, which arises from Landau level
quantization in a strong magnetic field. In topological insulators the quantum
spin Hall effect has been observed experimentally [166] and the QAH effect has
been predicted [167]. A QAH state also has been predicted by Yu and coworkers
[168] for magnetically doped thin films of topological insulators and by Ezawa for
silicene nanoribbons [169]. However, the QAH effect has not been demostrated for
silicene so far, although transition metal adsorption has been studied theoretically
in Ref. [170], but, without inclusion of the spin orbit coupling and onsite Coulomb
interaction.
In our present study, we analyze the structural, magnetic, and electronic properties of silicene decorated transition metals by Ti, V, Cr, Mn, Fe, Co, Ni, and Cu
in comparison to each other. Co is found to be unique in this respect, because all
other elements under investigation turn out to inhibit creation of a QAH state for
different reasons. We demonstrate that Co decorated silicene supports QAH state
due to the induced exchange field.
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5.3.1

Computational details

We perform geometry optimizations within the generalized gradient approximation
including the van der Waals interaction with a plane wave cutoff energy of 544
eV and a Monkhorst-Pack 16 × 16 × 1 k-mesh for 4 × 4 × 1 supercells of silicene
with a lattice constant of a = 15.44 Å and a vacuum layer of 20 Å are used.
Our supercells contain 32 Si atoms and 1 transition metal atom, such that the
density of the impurities is low enough to neglect their mutual interaction. Our
results therefore are valid for the low density limit in which the exact arrangement
does not matter and which therefore can be fabricated experimentally. The atomic
positions are optimized until all forces have converged to less than 0.003 eV/Å. We
calculate the electronic band structures of transition metal decorated silicene by
the full potential augmented plane wave method as implemented in the WIEN2k
code [76]. The application of a finite onsite Coulomb interaction U is necessary
for correctly describing the d electrons of the transition metal atoms, as previous
studies suggest that the adsorption geometries and electronic configurations are
sensitive to correlation effects [171, 172]. A value of U = 4 eV is expected to
give appropriate results for the transition metal atoms under consideration and,
therefore, is employed in our calculations. We have also tested different values of
the onsite interaction from 3 to 5 eV without finding significance difference. The
convergence threshold is set to 10−4 eV with Rmt Kmax = 7. A k-mesh with 36
points in the irreducible Brillouin zone is used. Silicene has been demonstrated to
exist on various substrates. While we do not taken into account a specific substrate
in our calculations, our results are valid not only for a suspended sample but also
in the case that the interaction with the substrate is small.

5.3.2

Structure and energies

Because of the hexagonal symmetry of silicene, the possible decoration sites for
a single atom can be categorized as top, bridge, and hollow. Decoration at the
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Figure 5.9: Top and side views of the optimized structure for transition metal
decoration of silicene on the hollow site.
bridge site is not considered in the following, because it turns out to be an unstable
configuration. The results of the structural optimization for Ti, V, Cr, Mn, Fe,
Co, Ni, and Cu decoration are summarized in Table 5.2. We find that a TM atom
added at the top site moves close to an original Si position and displaces the Si
atom. Therefore, one short TM−Si bond length of 2.43 Å (Ti), 2.41 Å (V), 2.38
Å (Cr), 2.35 Å (Mn), 2.33 Å (Fe), 2.30 Å (Co), 2.28 Å (Ni), and 2.26 Å (Cu) is
realized. In addition, the TM atom is bound to three other Si atoms with a bond
length of 2.39 Å (Ti), 2.37 Å (V), 2.35 Å (Cr), 2.31 Å (Mn), 2.29 Å (Fe), 2.28 Å
(Co), 2.26 Å (Ni), and 2.24 Å (Cu), respectively. The Si−Si bond lengths around
the impurity have values of 2.27-2.33 Å and thus are slightly modified as compared
to pristine silicene (bond length 2.27 Å [67]). The buckling in the silicene layer
amounts to 0.34 Å to 0.52 Å and the binding energy amounts to Eb = 3.58 eV (Ti),
3.16 eV (V), 2.00 eV (Cr), 2.39 eV (Mn), 2.91 eV (Fe), 3.42 eV (Co), 3.05 eV (Ni),
and 2.10 eV (Cu), respectively. Defining h as the height of the transition metal
atom from the silicene plane we obtain h = 1.90 Å (Ti), 1.80 Å (V), 1.70 Å (Cr),
1.20 Å (Mn), 1.11 Å (Fe), 1.01 Å (Co), 0.91 Å (Ni), and 0.82 Å (Cu), respectively.
For the angle θ between the Si–Si bonds and the normal of the silicene sheet we
have in pristine silicene θ = 116◦ due to the mentioned mixture of sp2 and sp3
hybridizations, while around the impurity a wide range of angles (113◦ to 118◦ ) is
realized. For transition metal decoration at the hollow site, the transition metal
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atom does not displace a specific Si atom but stays rather in the center of the Si
hexagon, see Fig. 5.9. The transition metal atom is bound to the six neighboring
Si atoms with bond lengths of 2.26 Å to 2.35 Å. The obtained value of h are listed
in Table 5.2. The buckling, the Si–Si bond lengths, and angle θ are found to be
slightly modified as compared to decoration at the top site. The binding energy
is increased by 0.02 eV (Ti), 0.36 eV (V), 0.33 eV (Cr), 0.01 eV (Mn), 0.54 eV
(Fe), 0.57 eV (Co), 0.52 eV (Ni), and 0.40 eV (Cu), respectively, which indicates
that decoration at the hollow site is energetically favorable.
The calculated diffusion barrier (energy difference of the configuration with
the transition metal atoms at the top and hollow sites) is 0.02 eV, 0.36 eV, 0.33
eV, 0.01 eV, 0.54 eV, 0.57 eV, 0.52 eV, and 0.40 eV for Ti, V, Cr, Mn, Fe, Co,
Ni, and Cu decoration, respectively. These values are in quantitative agreement
with those obtained for transition metal decorated graphene [173]. Our binding
energies and heights h slightly differ from recently reported results [170], which
we attribute to the inclusion of the van der Waal interaction in our structural
optimizations and the spin orbit coupling in our electronic structure calculations.
It thus is to be expected that our results are more reliable than the previouly
reported values. The fact that the calculated binding energies are significantly
higher than the respective cohesive energies [174] implies that a layer by layer
growth of transition metals is possible on silicene in contrast to graphene.

5.3.3

Electronic structures

In the analysis of the electronic structure, we consider only the energetically favorable hollow sites, for the different transition metal impurities. In the case of
Ti, V, and Cr decoration we obtain total magnetic moments of 2.05 µB , 2.99
µB , and 4.10 µB per unit cell, respectively. The obtained magnetic moments are
presented in Table 5.2. It should be noted that the the maximum contribution
of the magnetic moment comes from transition metal d states with small contri-

93
Table 5.2: Transition metal decoration on the hollow site: Binding energy, structural parameters, total magnetic moment, transition metal d moment, Si moment,
and interstitial (Ints.) moment.
Eb
Total
d
Ints.
h (Å)
θ (◦ )
Si (µB )
(eV)
(µB )
(µB )
(µB )
Ti
3.60
1.40 112-118
2.05
1.59
0.05
0.31
V
3.52
1.36 113-117
2.99
2.55
0.02
0.25
Cr
2.33
1.30 115-118
4.76
4.10
0.08
0.11
Mn
2.40
1.10 111-115
3.10
3.97
−0.42
0.43
Fe
3.45
0.96 111-118
2.10
2.69
−0.25
1.70
Co
3.99
0.79 113-118
0.99
1.16
−0.07
3.32
Ni
3.57
0.75 113-117
0.00
0.00
0.00
4.08
Cu
2.50
0.66 113-117
0.00
0.00
0.00
4.40
bution form Si and interstitial region. We note that the silicene sheet also gets
polarized in such a way that the moments of the Ti, V, and Cr atoms are aligned
ferri-magnetically with respect to the induced Si spins. For exact half filling (Mn)
and more than half filling (Fe and Co) the orientation of the transition metal and
Si moments is opposite (antiferromagnetically aligned, see negative sign in Table
5.2). In contrast to Mn and Fe, in the case of Co the total magnetic moment of
0.99 µB is localized and mainly contributed by the Co d orbitals, see Table 5.2.
This implies that Co affects the silicene sheet much less than the other transition
metal atoms. Moreover, the system turn out to be becomes non-magnetic for Ni
and Cu decoration as to be expected.
We consider different coverages of transition metal atoms by employing 1×1×1,
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Figure 5.10: Electronic band structure with weights of the Co 3d states for decorated silicene (a) 1×1 and (b) 2 × 2 supercells.
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2 × 2 × 1, 3 × 3 × 1, and 4 × 4 × 1 supercells of silicene in which a single transition
metal atom is added. We find in none of the supercells supercell than 4 × 4 × 1 a
QAH state. This fact indicates that interaction between the transition metal atom
counteracts the creation of the QAH state and that thus the impurity density has
to be significantly low. In the case of a high transition metal coverage, see Fig.
5.10(a, b) for the example of Co decoration, the Co−Co interaction coming along
with the small Co–Co distance of only 3.86 Å the periodic boundary conditions
(the shape of the band structure in the vicinity of the EF strongly modifies.) For
different coverage accordingly fundamentally different band structure are obtained.
On the other hand, the distance between transition metal atoms in the 4 × 4 × 1
supercell is large enough to represent the dilute limit. The similarity of 4 × 4 × 1
and 5 × 5 × 1 band structures indicates that already in the former case the limit of
low impurity density is reached. In the following we address the 4 × 4 × 1 supercell
for this reason.
In the band structures of Ti decorated silicene, see Fig. 5.11(a), and V decorated silicene, see Fig. 5.11(b), a strong hybridization between the transition metal
3d and Si 3p states is observed. Similar findings previously have been reported for
Au and Mo-doped graphene [175, 176]. Due to the hybridization the QAH state
cannot be realized for Ti and V decoration. In the case of Cr decoration, see Fig.
5.11(c), we observe the remainder of a Dirac like cone without transition metal
weights, which shows that the states near the EF are due to the Si pz orbitals only.
However, the silicene sheet become spin polarized in this case which here prevents
to a QAH state. The band structure of Mn decorated silicene is addressed in Fig.
5.11(d). The remainder of a Dirac cone is visible about 0.25 eV below the EF ,
reflecting a n-doped system. At the K point the bands are due to the Si pz states
without hybridization with the Mn 3d states. In Fig. 5.11(e) we deal with the
electronic structure of Fe decorated silicene. The Dirac point is found 0.12 eV
below the EF at the K high symmetry point (i.e., the system is n-doped). The Fe
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Figure 5.11: Electronic band structure with weights of the 3d states of (a) Ti, (b)
V, (c) Cr,(d) Mn, (e) Fe, (f) Co, (g) Ni, (h) Cu decorated silicene (at the hollow
site), respectively. (i) Zoom of the marked region of panel (f).
3d states also do not hybridize with the Si 4pz orbitals. However, in both the Mn
and Fe cases the high moments of the transition metal atom induces significant
spin polarization in the silicene, see Table 5.2, such that no QAH state is realized.
The electronic band structure obtained for Co decorated silicene is shown in
Fig. 5.11(f). We note a tiny energy gap at the K point and the typical band
alignment of a QAH system [168]. The Dirac point lies exactly at the EF . The
exchange field due to the Co local magnetic moment, breaks the time reversal
symmetry and combined with the strong spin orbit coupling in this case induces a
QAH state in Co decorated silicene. From the weighted band structure it is clear
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that the bands at the Dirac points are essentially purely due to Si pz orbitals.
Therefore, the characteristic silicene states are maintained and the way is paved
to the QAH state. Our results clearly demonstrate that a QAH state by transition
metal decoration is a rare phenomenon as in all other cases d-pz hybridization or
induced spin polarization in the silicene perturb the electronic state. For Ni and
Cu decorated silicene non-magnetic states are obtained. Interestingly, in both
these systems a Dirac like-cone is observed below the EF . This cone could shifted
back to the EF by mean of a gate voltage. Still, a QAH state could not be induced,
since no magnetic field is left.
In conclusion, we find that silicene decoration by transition metal atoms Ti,
V, Cr, Mn, Fe, Co, Ni, and Cu results in occupation of the hollow site of the Si
honeycomb. While pristine silicene shows no spin polarization, transition metal
decoration comes along with substantial magnetic moments that are understood
from atomic considerations. We demonstrate that Co decorated silicene is a hybrid
material with remarkable magnetic and topological transport properties hosting a
QAH state. In the cases of Ti and V decoration a strong hybridization of transition
metal 3d states with Si 3p states suppress this state because of the large magnetic
moments of Cr, Mn, and Fe the silicene sheet become spin polarized in these cases
which also prohibits the formation of the QAH state. Ni and Cu decorated silicene
are found to be non-magnetic and therefore also not suitable for this purpose. We
predict that realization of a QAH effect is possible only in Co decorated silicene.
On the other hand, we have demonstrated that either by strong hybridization
between the Si pz and transition metal orbitals or by induced spin polarization in
silicene sheet the characteristic electronic structure of pristine silicene is destroyed
and QAH state is not possible. Only in the case of Co decoration a sufficient
but not too large exchange field due to the locally induced magnetic moment is
achieved which can interact with the strong spin orbit coupling in silicene.
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5.4

Electronic properties of Mn decorated silicene on h-BN

Since h-BN is semiconducting, the interaction with silicene is weaker than for
metallic substrates. It therefore is possible to open a 55 meV band gap in the
silicene. We further address the effect of Mn decoration by determining the onsite
Hubbard interaction parameter, which turns out to differ significantly for decoration at the top and hollow sites. The induced magnetism in the system is analyzed
in detail.
Silicon based nanostructures, such as two-dimensional silicene (an analogue to
graphene) and sil icene nanoribbons are currently attracting the interest of many
researchers due to materials properties that are similar to but richer than those of
graphene [177]. Moreover, they are advantageous to carbon based nanostructures,
as they can be expected to be compatible with the existing semiconductor industry. It is observed that the electronic band structure of silicene shows a linear
dispersion around the Dirac point, like graphene, and hence is a candidate for
applications in nanotechnology. Due to an enhanced spin orbit coupling a band
gap 1.55 meV is opened [67]. A mixture of sp2 and sp3 -type bonding results in a
buckled structure, which leads to an electrically tunable band gap [66, 178]. Firstprinciples geometry optimization and phonon calculations as well as temperature
dependent molecular dynamics simulations predict a stable low-buckled structure
[64]. Moreover, stability of silicene under biaxial tensile strain has been predicted
up to 17% strain [179].
The deposition of isolated transition metal atoms on layers of h-BN on a
Rh(111) substrate has been studied in Ref. [180]. The authors have demonstrated
a reversible switching between two states with controlled pinning and unpinning
of the h-BN from the metal substrate. In the first state the interaction of the
h-BN is reduced, which leads to a highly symmetric ring in scanning tunneling
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microscopy images, while the second state is imaged as a conventional adatom
and corresponds to normal interaction. Motivated by this work, we present in the
following a first-principles study of the transition metal decoration of silicene on
h-BN. We will first address the interaction with the substrate and then will deal
with the electronic and magnetic properties of the Mn decorated system,

5.4.1

Technical details

In all the calculations performed here, the van der Waals interaction is taken into
account. The calculations are performed with a plane wave cutoff energy of 816 eV,
where a Monkhorst-Pack 8 × 8 × 1 k-mesh is used to optimize the crystal structure
and to obtain the self-consistent electronic structure. The atomic positions are
relaxed until an energy convergence of 10−7 eV and a force convergence of 0.001
eV/Å are reached. To study the interaction of the silicene with the substrate,
we employ a supercell consisting of a 2 × 2 supercell of silicene on top of a 3 × 3
supercell of h-BN. We have tested the convergence of the results with respect to
the thickness of the substrate by taking into account 2, 3, 4, and 6 atomic layers
of h-BN, finding only minor differences (in particul ar concerning the splitting
and position of the Dirac cone) because of the inert nature of the substrate. A
thin substrate consequently turns out to be fully sufficient in the calculations.
Moreover, the 2 × 2 supercell of silicene fits well on the 3 × 3 supercell of the
substrate with a lattice mismatch of only 2.8%. When we consider Mn decorated
silicene we use a larger supercell that contains 16 Si in a layer over 18 B and 18 N.
While the onsite Hubbard parameter for 3d transition metal atoms is known to be
several eV, we explicitly calculate the value in the present study for the different
adsorption sites in order to obtain accurate results for the electronic and magnetic
properties of the Mn decorated system.
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5.4.2

Interaction of silicene with h-BN

In general, the lattice mismatch of 2.8% between silicene and h-BN can be expected to be small enough to avoid experimental problems with a controlled
growth. Moreover, accurate measurements of materials properties can be difficult to achieve on metallic substrates, whereas the interaction is reduced on semiconducting substrates. Our calculated binding energy for the interface between
silicene and h-BN is only 100 meV per Si atom, as compared to typically 500 meV
per Si atom for an interface to a metallic substrate. Experimental realizations of
graphene based electronic devices using h-BN as substrate on a Si wafer support
are subject to various limitations, such as a poor on/off ratio [181]. However, on
this substrate graphene exhibits the highest mobility [164] and a sizable band gap
[17, 182, 23]. Since silicene resembles the structure of graphene, synthesis on h-BN
thus has great potential.
The structural arrangement of the system under study is depicted in Fig.
5.12(b), together with the charge redistribution introduced by the interaction with
the substrate. We obtain Si−Si bond lengths of 2.24 Å to 2.26 Å and a buckling
of 0.48 Å to 0.54 Å, which is slightly higher than in free-standing silicene [67, 64].
For the angle between the Si−Si bonds and the normal of the silicene sheet we
observe values of 113◦ to 115◦ , again close to the findings for free-standing silicene
(116◦ ). The optimized distance between the silicene and h-BN sheets forming the
interface turns out to be 3.57 Å, which is similar to the distance at the contact
between graphene and h-BN. In addition, the interlayer distance within the h-BN
amounts to be 3.40 Å, whereas in a bilayer configuration values of 3.30 Å to 3.33
Å have been reported [183, 184].
The interaction between silicene and h-BN recently has been addressed by Liu
and coworkers [61], who have reported a perturbation of the Dirac cone with an
energy gap of 4 meV. This study has taken into account only a single layer of hBN as substrate, so that a more realistic description may yield a different result.
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Figure 5.12: (a) Electronic band structure and (b) charge transfer for silicene on
a bilayer of BN (side view). The isosurfaces correspond to isovalues of ±5 × 10−4
electrons/Å3 . The black, blue, and red spheres denote Si, N, and B atoms, respectively. Red and blue isosurfac es refer to positive and negative charge transfer.
Note the significant charge transfer of the Si closest to the BN.
Indeed, we observe a perturbed Dirac cone with an energy gap of 55 meV in the
band structure shown in Fig. 5.12(a). The π and π ∗ bands forming the Dirac cone
are due to the pz orbitals of the Si atoms, while the bands related to the B and
N atoms are located about 0.5 eV above and 1 eV below the EF . We find a small
but finite charge redistribution across the interface to the substrate; see the charge
density difference isosurfaces plotted in Fig. 5.12(b). As a result the Dirac cone
is perturbed and the 55 meV energy gap is realized, which can be interesting for
nanoelectronic device applications, in particular because an external electric field
can be used to tune the gap. The isosurface plot also demonstrates that the Si
atom closest to a B atom is subject to the strongest charge transfer, while for all
other Si atoms charge transfer effects are subordinate due to longer interatomic
distances.

5.4.3

Mn decoration

The possible decoration sites for a Mn atom on silicene can be classified as top,
bridge, and hollow. Decoration at the bridge site is not considered in the following
because the Mn atom immediately transfers to the top site. A side view of the
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relaxed structure for Mn decoration at the top site is given in Fig. 5.13(a), together
with a spin density map. We obtain the onsite interaction parameter using a
constraint method [185], and calculate the values of 3.8 eV for the Mn atom at
the top site and 4.5 eV for the Mn atom at the hollow site. For the top site
configuration, structural optimization reveals that the Mn atom moves close to
an original Si position and thereby strongly displaces this Si atom, resulting in a
short Mn−Si bond length of 2.43 Å. Moreover, the Mn atom is bound to three Si
atoms with equal bond lengths of 2.45 Å. Si−Si bond lengths of 2.24 Å to 2.28
Å are observed, which corresponds to a slight modification as compared to the
pristine configuration. The buckling of the silicene, on the other hand, is strongly
altered, now amounting to 0.45 Å to 0.67 Å. Accordingly, angles of 113◦ to 117◦
are found between the Si−Si bonds and the normal of the silicene sheet. The
height of the Mn atom above the silicene sheet is 1.30 Å. Finally, we note that the
separation between the atomic layers of the h-BN is virtually not modified by the
Mn decoration.
A side view of the relaxed structure for Mn decoration on the hollow site is
shown in Fig. 5.13(b). In this case, the Mn atom does not displace a specific Si
atom but stays close to the center of the Si hexagon. It is bound equally to the
neighboring Si atoms with bond lengths of 2.40 Å to the upper three and 2.77 Å
to the lower three Si atoms. A buckling of 0.46 Å to 0.62 Å, Si−Si bond lengths
of 2.23 Å to 2.28 Å, and angles to the normal of 112◦ -117◦ are obtained. The Mn
atom is located 1.01 Å above the silicene sheet and the separation between the
atomic layers in the h-BN is slightly increased to 3.44 Å. In contrast, the distance
between silicene and substrate here amounts to 3.55 Å and thus is significantly
larger than in the case of decoration at the top site, because in the latter case one
Si atom is displaced from the silicene sheet, which modifies the distance to the
substrate. The calculated total energies indicate that decoration at the hollow site
is by 33 meV favorable as compared to decoration at the top site.
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(a)

(b)

Figure 5.13: The spin density map for silicene decorated by Mn at the (a) top and
(b) hollow site of the h-BN substrate. The hollow site is energetically favorable.

5.4.4

Electronic structure

We find total magnetic moments of 4.56 µB and 3.50 µB per supercell for Mn
decoration at the top and hollow sites, a reduction of spin from the free Mn value
of 5.0 unpaired electrons. The magnetization reduction is notable on the hollow
site, which can be seen from Fig. 5.13(a,b) to involve greater immersion in and
hybridization with the Si than the top site. By far the largest contribution to the
magnetic moment comes from the Mn atom and only small moments are induced
on the Si atoms. This can be clearly seen in the spin density maps presented in
Figs. 5.13(a) and (b). For Mn decoration at the top site we obtain a Mn moment
of 4.40 µB and a total of 0.16 µB from all the Si atoms, whereas for decoration at
the hollow site the Mn moment amounts to 4.16 µB and the Si atoms contribute
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Figure 5.14: Total (left) and Mn partial (right) densities of states of silicene decorated by Mn at the (a) top and (b) hollow site of the h-BN substrate.
a total −0.66 µB . These results indicate that the Mn and Si moments are ordered
ferromagnetically and antiferromagnetically for decoration at the top and hollow
sites, respectively.
In Fig. 5.14 we address the DOS for decoration at the (a) top and (b) hollow
sites. The left panel of the figure shows the total DOS and the right panel the
partial DOSs of the Mn 3d and 4s orbitals. In contrast to pristine silicene (band
gap of 1.55 meV [67]), the DOSs show a region without states around 0.5 eV below
the EF . This observation corresponds to an n-doping due to the mentioned charge
transfer from Mn to silicene. Closer inspection of the partial DOSs for decoration
at the top site shows that the spin majority s and d3r2 −z2 as well as the spin
minority d3r2 −z2 , dx2 −y2 , and dxy states contribute in the vicinity of the EF , while
there are essentially no contributions from the dzx and dzy states. A sharp Mn
peak is obsvered about 0.8 eV, which is due to the spin minority d3r2 −z2 states.
For decoration at the hollow site almost exclusively the spin majority s and spin
minority dx2 −y2 and dxy states contribute around the EF . Two less pronounced
DOS peaks appear 0.75 eV below the EF , contributed by the spin minority dxy
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and dx2 −y2 states.
In summary, the structure and chemical bonding of silicene on h-BN has been
studied. The interaction results in a band gap of 55 meV. Furthermore, we have
calculated the onsite Hubbard interaction parameter for Mn decoration at the top
and hollow sites of the silicene, finding values of 3.8 eV and 4.5 eV, respectively.
The electronic and magnetic properties of Mn decorated silicene have been studied
in detail. In particular, magnetic moments of 3.50 µB and 4.56 µB , respectively,
have been obtained for Mn decoration at the top and hollow sites. Interestingly,
the orientation between the Mn and induced Si moments is ferromagnetic in the
former and antiferromagnetic in the latter case.
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Chapter VI
Conclusion
In this thesis the electronic, magnetic, structural, and vibrational properties of
graphene and silicene based systems have been investigated in the framework
of first-principles calculations. In chapter III, band gap engineering either by
oxidation or by formation of superlattices with h-BN has been addressed. A ptype state is obtained both for pristine and oxidized monovacancies. For the
energetically favourable configuration we find a transition into a non-magnetic
semiconducting state. Vacancies turn out to be magnetic if they are metallic and
non-magnetic if they are semiconducting. For an application of oxidized graphene
in field effect transistors and optoelectronic devices, further understanding of the
morphology and reduction paths is required and should be addressed in the future.
In superlattices of graphene and h-BN the C−B bond length is minimized due to
strong interaction between B and C. For graphene alternating with a single h-BN
layer the two C atoms of the graphene unit cell become inequivalent. Therefore,
a substantial band gap of 111 meV is created. When the number of h-BN layers
increases the size of the band gap decreases. In contrast to the case of a single
graphene layer, bilayer configurations do not exhibit band gaps. Finite and tunable
band gaps have been obtained for superlattices in which graphene alternates with
h-BN slabs, paving the way to band gap engineering. The obtained bang gap
is sufficient to operate graphene-based radio frequency devices. In addition, the
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band gap can be enhanced by the application of an external electric field to enable
construction of field effect transistors.
Interaction of atoms or molecules with graphene can lead superconductivity.
We have considered K and Ge-intercalated graphene on SiC(0001), finding an
indication for superconductivity in the K-intercalated case together with a high
carrier density, which meanwhile was verified experimentally. The intrinsic charge
carrier density is up to 100 times that of graphene. In Ge-intercalated graphene
on SiC(0001) an n-type state can be achieved for intercalation at the interface
to the substrate if further Ge remains on the surface and/or if three-dimensional
clusters are formed. An n-type state appears also for Ge intercalation between two
C layers, indicating that the experimental observation of a p-type state has to be
related to defects created during the annealing process. The physical and chemical
mechanisms resulting in doped states for various structural configurations and the
effects of the charge transfer on the graphene band structure have been clarified in
chapter IV. Depending on the intercalation pattern, both p-type and n-type states
can be tailored, paving the way to lateral p-n junctions. Future efforts should be
focused on understanding whether graphene layer on SiC(0001) is defective or not.
Furthermore, intercalated graphene on other substrates than SiC(0001) also has
a potential to engineer the properties of graphene. First experimental indications
in this direction recently have been reported in Ref. [191]).
Enhancement of the superconductivity in Li decorated graphene has been investigated, exploring the role of the substrate for the strength of the electonphonon coupling. For graphene on h-BN we find a significant enhancement of
the electron-phonon coupling from λ0 ∼ 0.62 to λ1 ∼ 0.67 . The transition temperature turns out to be Tc1 ∼ 12.98 K, a 25% enhancement as compared to
Tc0 ∼ 10.33 K without substrate. We have estimated the superconducting gap
to be 1.56 meV and 1.98 meV, respectively, for Li decorated suspended and supported graphene. Thus, we have shown that one can take full advantage of the
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substrate to enhance the superconducting transition temperature. Superconductivity in graphene is still a very new phenomenon and thus demands further efforts
to fully understand the mechanism as well as the practical aspects. Intercalation
of a variety of atoms or molecules is possible, which gives rise to great potential
to enhance the superconductivity in graphene-based systems.
In the chapter V we have focused on the electronic, magnetic, structural, and
vibrational properties of silicene. Our calculations demonstrate that up to 5%
strain the Dirac cone remains essentially at the Fermi level but starts to shift to
higher energy for higher strain, because of a charge redistribution between the Si s
and p orbitals. Therefore, strain can be used in silicene (in contrast to graphene) to
induce hole doping. The buckling is found to decrease with increasing strain up to
10% but starts to increase again thereafter. The calculated Grüneisen parameter
behaves differently to graphene, as the latter is not subject to buckling. Positive
phonon frequencies up to a strain of 17% indicate lattices stability in this regime,
whereas the lattice becomes instable at higher strain. A phase transition from a
metal to a topological insulator and further to a band insulator is observed under
an electric field in free-standing silicene. Growth of silicene is a hot topic in these
days, where the growth mechanism is hardly understood in most cases. Due to the
stronger spin-orbit coupling in silicene, it is likely that the electronic properties
can be tailored by the application of electric and magnetic fields. Furthermore,
p/n-doping can be achieved by intercalation, making it possible to construct p-n
junctions.
We find that silicene decoration by the transition metal atoms Ti, V, Cr, Mn,
Fe, Co, Ni, and Cu results in occupation of the hollow site of the Si honeycomb.
While pristine silicene shows no spin polarization, transition metal decoration
comes along with substantial magnetic moments that are understood from atomic
considerations. We have demonstrated that Co decorated silicene is a hybrid material with remarkable magnetic and topological transport properties, hosting a
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quantum anomalous Hall state. In the cases of Ti and V decoration strong hybridization of transition metal 3d states with Si 3p states suppresses this state.
Because of stronger distortions of the silicene sheet for Cr, Mn, Fe, Ni, and Cu
decoration no quantum anomalous Hall effect is observed. We predict that realization of this effect is possible only in Co decorated silicene, since only in this
case a sufficient but not too large exchange field due to the locally induced spin
polarization is achieved, which can interact with the strong spin-orbit coupling in
silicene.
Furthermore, the structure and chemical bonding of silicene on h-BN have been
addressed. The interaction results in a band gap of 55 meV. We have calculated
the onsite Hubbard interaction parameter for Mn decoration of silicene at the
top and hollow sites, finding values of 3.8 eV and 4.5 eV, respectively. Magnetic
moments of 3.50 µB and 4.56 µB , respectively, are obtained. Interestingly, the
alignment of the Mn and induced Si moments is ferromagnetic in the former and
antiferromagnetic in the latter case. As the current computer technology is based
on Si, silicene has the potential to revolutionize nanoelectronics [192].
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[115] E. Ziambaras, J. Kleis, E. Schröder, and P. Hyldgaard, “Potassium intercalation in graphite: A van der Waals density-functional study” Physical Review
B 76, 155425 (2007).
[116] Y. Qi, H. Guo, L. G. Hector, and A. Timmons, “Threefold Increase in the
Youngs Modulus of Graphite Negative Electrode during Lithium Intercalation” Journal of Electrochemical Society 157, 558 (2010).

118
[117] C. Lee, X. Wei, J. W. Kysar, and J. Hone, “Measurement of the Elastic
Properties and Intrinsic Strength of Monolayer Graphene” Science 321, 385
(2008).
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“Modelling magnetism of C at O and B monovacancies in graphene” Carbon
64, 281 (2013).
[P8] M. Upadhyay Kahaly, T. P. Kaloni, and U. Schwingenschlögl, “Pseudo
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