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Introduction

Nanotechnology is about making electronic devices with dimensions of the order
of 1-100 nanometers. The smaller the size, the greater the integration and the
more powerful the circuits. However, as the dimensions are reduced, the problems
associated with heat dissipation and quantum size effect become more prominent
that limiting the further miniaturization of electronic devices. New kinds of materials might make an important contribution. In 2004, the preparation of graphene
[1], a single carbon atom nano sheet, opened a new area of two-dimensional (2D)
materials and attracted huge attention for its potential in the miniaturization of
electronic devices. The spectacular properties that do not exist in their 3D counterparts [2; 3; 4] also provide opportunities for the design of novel electronic devices.
In addition, 2D materials offer great flexibility in term of tuning their electronic
properties using electric fields [5], functionalization [6], doping [7], and structural tuning [8; 9].
Quantum physics offers a deep understanding of materials at the atomic level.
In principle, starting from quantum physics we can reproduce experimental results
by solving the many body Schrödinger equation with only natural contents as input. Such calculations are called ab initio or first principles calculations. With the
development of advanced methods and powerful supercomputers, ab initio calculations can describe the behaviour of electrons in materials. This has become an
important method to interpret and predict new phenomena in materials science,
especially for nanoscale systems, where quantum effects become more prominent.
In this thesis, I use first-principles density functional theory to investigate the
electronic and magnetic properties of a number of two-dimensional systems. In the
following, I will introduce the two-dimensional systems investigated in this thesis,
1
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the method used in the study, and outline of the thesis.

1.1

Materials investigated in the thesis

1.1.1

2D-Xenes (X=Si, Ge, Sn)

(c)

(a)

Germanene

3
2

a

E - EF (eV)

1

1
0
-1
-2

(b)
h

-3

Г

M

K

Г

Figure 1.1: The atomic structure (a) top view and (b) side view and (c) band structure of hexagonal germanene.
By analogy with graphene, 2D-Xenes (X=Si, Ge, Sn) consist of single layers of
group IVA atoms arranged on a hexagonal lattice, for example germanene shown
in Fig. 1.1a. Unlike graphene where atoms all lie in a plane, germanene has a
buckled structure (Fig. 1.1b). The breaking of reflection symmetry in the direction perpendicular to the germanene layer makes the pz orbitals hybridize with
the neighbouring sp2 orbitals, resulting in a mixed sp2 − sp3 hybridization, which
stabilizes a corrugated hexagonal arrangement. Due to the symmetry of the honeycomb lattice, the band structure (Fig. 1.1c) shows a Dirac cone at the Fermi level
similar to graphene with two linear bands crossing at K/K 0 points. However, for
the large spin-orbit
p coupling ξ in germanene, the dispersion relation become nonlinear: E(k) = ± (vF k)2 + ξ 2 , resulting in a massive Dirac cone and a band gap
[10].

1.1.2

Transition metal dichalcogenide (TMD) monolayers

In order to be used as a building element for electronic applications, a band gap is
needed. The absence of a band gap in graphene limits its potential for wide application in electronic industry. Transition metal dichalcogenide (TMDs) monolayers
with the type MX2 (M=Cr, Mo, W; X=S, Se, Te) provide a promising alternative to
2
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gapless graphene. A monolayer of MX2 consists of a hexagonal plane of X atoms
on either side of a hexagonal plane of M atoms as shown in Fig. 1.2a, in which the
hybridization of X-p orbitals and M-d orbitals leads to a direct band gap ranging
from 1-2 eV [11] (Fig. 1.2b).

（a）

（b）

4

E - EF (eV)

2
Eg=1.9 eV

MoS2

0

-2

M = Cr, Mo, W
X = S, Se, Te

-4
-6

Γ

M

K

Γ

Figure 1.2: (a) The atomic structure of a monolayer of MX2 and (b) bandstructure
of monolayer MoS2 .
The weak van der Waals force in TMDs makes it possible to exfoliate monolayers
of TMDs experimentally. The lack of inversion symmetry in monolayers of MX2
enhances spin orbit coupling (SOC) and breaks the Kramers degeneracy (↑ (k) =
↓ (k)) in most of the Brillouin zone. Because of the time-reversal symmetry (↑ (k) =
↓ (−k)), the splitting at K and K 0 points is opposite. The SOC splitting in the valence
band has a value of 0.1-0.4 eV, which is much higher than that in the conduction
band [12].

1.1.3

Two-dimensional electron gas at LaAlO3 /SrTiO3 interface

The two-dimensional electron gas (2DEG) with high carrier mobility formed at
the n-type interface between the two band insulators LaAlO3 (LAO) and SrTiO3
(STO) [13] has sparked much interest in the so-called polar discontinuity. The
polar catastrophe at the LAO/STO interface [14] is believed to be the main reason
for the formation of the 2DEG, in which a charge transfer from the surface of the
LAO layer to the n-type LaO+ /SrO−2 interface balances the polar discontinuity as
indicated in Fig. 1.3. For practical applications, the 2DEG should be field-tunable
in order to be able to make a transistor. The large dielectric constant of LAO and
STO make it an ideal system for high-frequency transistors.
3
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Figure 1.3: The atomic structure of n-type LAO/STO (001) interface and polar
catastrophe model.

1.2
1.2.1

Method
Density Functional Theory

The electronic structure calculations performed in this thesis are based on density
functional theory (DFT) developed by Kohn, Sham, and Hohenberg [15; 16]. DFT
has proved very successful in calculating the electronic and structural properties
of materials. The theory states that the ground state of an N-electron system is
fully characterized by the total electron density n(r) that depends on only three
spatial coordinates. Any properties of the system can be expressed as a functional
of the total electron density n(r). According to the variational principle, a universal
functional for the total energy, E[n(r)], is minimized by the correct ground state
electron density n(r). The many body Schrödinger equations then can been solved
explicitly with the universal function E[n(r)]. However, we do not have the exact
form of the functional and normally a good approximation can give a reasonable accurate results. Kohn and Sham proposed the Kohn-Sham (KS) equation that makes
solving many body Schrödinger equations possible with much less computational
resources by reducing the many body problem of interacting electrons to a problem of non-interacting electrons moving in an effective potential. Non-interacting
electron system means each individual electron moves independently of each other,
only feeling the average electrostatic field from all the other electrons and nuclei.
Hence the kinetic energy and Coulomb term can be calculated exactly in a noninteracting electron system. In the KS framework, apart from the Hartree potential
4

1.2 Method

that includes the non-interacting classic Coulomb interaction, the exchange and
correlation potential account for the deviation from the exact potential.

1.2.2

Exchange and Correlation Potential

The development of different exchange-correlation potentials has been the main
subject in computational material science for a long time. In general, they follow
a Jacob’s ladder according to the form of electron density functional. The most
common one is the local density approximation (LDA), in which the inhomogeneous electron gas is approximated locally by a homogeneous electron gas with the
same local density. Local spin density approximation (LSDA), the spin polarized
variation, replaces the spin averaged energy density with the energy density for a
polarized homogeneous electron gas. Improvement can be achieved by considering the gradient of charge density, namely the generalized gradient approximation
(GGA). Hybrid functionals hybridize the approximated exchange-correlation potential with a portion of exact exchange from Hartree-Fock theory. The van der
Waals force (dispersion) in layered materials like graphite comes from long-range,
nonlocal electron correlation, which LDA and GGA neglect. To describe the van
der Waals force properly, a non-local term should be added to the local correlation functional. This non-local term is like a Hartree potential but replacing the
Coulomb kernel (1/|x − x0 |) with a van der Waals kernel (1/|x − x0 |6 ).

1.2.3

Basis Set: Plane-Waves

To solve the KS equations, the KS orbitals are expanded in a basis set. Based on
Bloch’s theorem, the electron wavefunctions in a periodic potential are periodic in
real space with a phase factor eik·r . So the first choice of basis set for the wavefunctions corresponding to periodic potential are naturally plane waves, in which the
periodic parts of the electron wavefunctions are expanded in plane waves. The kinetic energy and effective Coulomb potential are periodic in real space, they can be
expanded in a plane wave basis simply by Fourier transformation. The kinetic operator becomes diagonal in the plane wave basis which greatly simplifies calculating
the Hamiltonian.
The advantage of a plane wave basis is that it transforms a problem of calculating an infinite number of electronic wavefunctions in real space to that of calculating a finite number of electronic wavefunction in infinite number of k points in
reciprocal space. The KS orbitals become ψkn , where n is the index of KS orbitals
and k ranges over the Brillouin zone. The problem can be further simplified by a
finite k-point sampling, because the wavefunction at close k points are very similar.
The reciprocal lattice vector G that expand KS orbitals into plane waves should be
~2
cut off at some point, such as Ecut = 2m
|k + Gcut |2 . Convergence tests should be
done to get dense enough k-point sampling and cutoff energy.
5
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Problems arises on trying to expand the rapidly oscillating wavefunction near
the nuclei where a huge number of plane waves is required. On the other hand,
the valence electrons determine the chemical properties of the system, while the
core electrons tightly bound to the nuclei make little contribution. For practical
consideration, it is not necessary to accurately calculate the wavefunction in the
core region. Instead, a smooth pseudopotential with the same scattering properties
replaces the diverging real potential inside a core sphere near the nuclei. This
allows the pseudo wavefunction to be expanded using much fewer plane waves. To
guarantee the accuracy, the pseudopotential should be "norm conserving" in which
the eigenenergies of pseudopotential are the same with that of real potential and
the pseudo wavefunction should match the real wavefunction at and beyond the
boundary of the core region.
In our electronic structure calculations, we use the Projector Augmented Wave
(PAW) method, which guarantees high accuracies by keeping all-electron wavefunctions. It constructs the all-electron wavefunction from a pseudo wavefunction
and atom-like functions localized near the nuclei. The pseudo wavefunction coincides with the all-electron wavefunction beyond the core region. Inside the core
region, or called augmentation region, the wavefunction are rarely affected by the
surrounding crystal and so can be constructed by the atom-like functions. The coefficients of the atomic orbitals come from expansion coefficients of the pseudo
wavefunction inside the augmentation spheres.

1.2.4

Maximally Localized Wannier Function

Although in electronic calculations the extended Bloch orbitals ψnk (r) are widely
used, we have alternative representation in terms of localized Wannier function.
Wannier functions can provide insights to the chemical bonding that are not easily obtained from Bloch functions. Because Bloch functions are periodic in real
space and have a different phase for different k. We can get a localized function
(Wannier function) in real space by superposing the Bloch functions at different k
points, which integrates over the Brillouin zone. To get the translational symmetry of Wannier function in real space, a phase factor e−ik·R should be inserted into
the integrand, where R is the real-space lattice vector. So actually the Wannier
functions can be obtained by Fourier transformation of Bloch functions:

1 X −ik·R
wnR (r) = √
e
ψnk (r)
N k

(1.1)

in which n is the band index and √1 is the normalization factor. Wannier functions
N
form an orthogonal basis set. Each band n has one Wannier function wn (r) localized
at site r, which can be translated by a lattice vector R to generate replica Wannier
functions wnR (r) in the entire periodic crystal.
6
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However, the transformation is not unique for the arbitrary phase of Bloch function at each k point. One localization procedure is needed to determine the maximally localized Wannier function, which can eliminate the nonuniqueness of Wannier functions and determine a constant phase for the Bloch function. For bands
that are degenerate or crossing at certain k points, Bloch states can be mixed via a
k :
unitary transformation Umn

ψ̃nk (r) =

X

k
Umn
ψnk (r)

(1.2)

m

The many body wavefunction is a Slater determinant, so a unitary transformation
would not change the traces over the manifold bands. Marzari and Vanderbilt
defined the quadratic spreads Ω of Wannier function as

Ω=

X
[hwn0 |r2 |wn0 i − hwn0 |r|wn0 i2 ],

(1.3)

n

which gives a localization criterion for the Wannier function. Then the maximally
localized Wannier function can be obtained by minimize the Ω with respect to the
k .
Umn

1.2.5

Modelling impurity states

Two chapters of this thesis are about modelling impurity states. So it is worth
introducing how to model these states. Actually, since the appearance of quantum physics, people had started to apply it into modelling impurity states for the
remarkable effect of the impurity on the properties of semiconductor. The understanding of donor and acceptor states in semiconductors contributes to the invention of the transistor which shapes modern society. In 1970s, to model these impurity states, the standard way was to use Green function method or effective mass
theory (EMT). The impurity is considered to introduce an extra Coulomb potential
at its site and localized impurity states in the forbidden energy gap. For strong
and short range impurity potential, the deep in-gap states can be modelled using
Green’s functions, while the effective mass theory can capture the main characters
of the weakly bound shallow impurity states. The Green function determines the
potential self-consistently only in the region that significantly differ from that of
unperturbed host. So the local environment of impurity states that are not perturbed can be described correctly. In EMT, the analogy of donor or acceptor to the
hydrogen model makes the impurity states bound to the band extremes with an
effective mass and screened Coulomb potential. The derivation of EMT with experiment results (called chemical shift) normally be corrected by the "central cell
correction", in which in the "central cell" region the screening of impurity potential
decreases by (q).
7

1

1

1. Introduction

Alternatively, we can model the impurity states in a supercell. The supercell is
periodically repeated so that a periodic crystal is obtained. The size of the supercell should be large enough to minimize the interactions between impurity atoms
in adjacent cells. The system with a few hundreds of atoms can be treated routinely.
However, it can not describe a shallow system with impurity wavefunction extending over hundreds of lattice site. To describe the extended impurity potential well,
the supercell should be very large which is beyond the computational capacity today. For the deep or not very shallow impurity states, supercell method would be
very suitable. In this thesis, we would use supercell method to model the impurity
states in monolayers of MX2 .

1.3

Outline of this thesis

The thesis is structured as follows. In chapter 2, we study the ferroelectric field
effect on the two-dimensional electron gas at the n-type LAO/STO (001) interface
through a ferroelectric substrate BaTiO3 (BTO). We show that the carrier density
at the LAO/STO interface can be reversely tuned by the ferroelectric field of the
substrate. This originates from the ferroelectric field control of the intrinsic electric
field in LAO.
In chapter 3, we explore the possibility of making a semiconducting monolayer of MoS2 ferromagnetic by introducing holes into the narrow Mo d band that
forms the top of the valence band. By substitutionally doping group VB elements
(V,Nb,Ta) in monolayer of MoS2 , we find the holes are fully polarized and pairs of
such holes couple ferromagnetically unless the dopant atoms are too close. We analyse the mechanism behind the quenching and propose possible solutions to avoid
the quenching by considering other TMD system such as monolayer of MoSe2 or
MoTe2 .
In chapter 4, we carry out a systematic study of the structural and electronic
properties of single acceptor and double acceptor (V, Nb, Ta, Ti, Zr, Hf) doped MX2
monolayers in the single impurity limit, including impurity binding energy, structure distortion, and single ion magnetic anisotropy. The effect of intrinsic defects
such as vacancy and antisite are discussed. The Curie temperature is evaluated in
single acceptor doped monolayers of MX2 .
In chapter 5, we study the structural reconstruction at the bare zigzag edge of
2D-Xene (X=Si, Ge, Sn). An edge reconstruction with 3a periodicity is predicted,
which opens a gap and shows non-magnetic ground state.

8
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The ferroelectric field effect on the
two-dimensional electron gas at
LaAlO3/SrTiO3 (001) interface *

We perform first-principles calculations to explore the possibility of tuning the twodimensional electron gas at the LaAlO3 /SrTiO3 (001) interface through BaTiO3 substrate. A metal-to-insulator transition is found at the interface as the polarization of
BaTiO3 reverses. Through the potential analysis of the LaAlO3 /SrTiO3 /BaTiO3 superstructure, we find that the intrinsic electric field of LaAlO3 is significantly suppressed
as the polarization points away from the LaAlO3 /SrTiO3 interface, while it is enhanced
with the polarization pointing to the interface. The ferroelectric field control of the intrinsic electric field, and therefore the electronic reconstructions at the interface, originating from the screening of polarization charges, opens the way to the development
of novel nanoscale electronic devices.

2.1

Introduction

The (001) interface between two band insulators, LaAlO3 (LAO) and SrTiO3 (STO),
which exhibits great variety of emergent phenomenon such as the two-dimensional
electron gas (2DEG), superconductivity, magnetism, and their coexistence [13; 17;
18; 19; 20], has attracted great interests in searching new novel phenomenon
*

published as: [Y.Q. Gao et al., Physica E: Low-dimensional Systems and Nanostructures 80, 2016,
195-201].
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and manipulating these phenomenon at the interface. The 2DEG at the n-type
LAO/STO interface appears rather suddenly as the thickness of LAO layer reaches
a critical value dc = 4 unit cell (u.c.), while the interface is still insulating below dc
[21]. According to the widely acknowledged “polar catastrophe” model [13; 14],
an electronic reconstruction will be induced by the polar discontinuity at the ntype LaO+ /TiO02 interface, which transfers electrons from the surface AlO2 layer
to the interface TiO2 layer to compensate the divergent electrostatic potential and
leads to an conducting interface. The 2DEG formed at the LAO/STO interfaces has
a large carrier density (∼ 1013 cm−2 ) and high carrier mobility (∼ 104 cm2 V −1 s−1 )
[13; 21; 22], which can be used as drain-source (DS) channels in field-effect transistor (FET).
In analogy to tuning the 2DEG in FET by gate field, many efforts have been
done to manipulate the 2DEG at the LAO/STO interface through strain, electric
field, modulation-doping, metal contact, surface treatment and etc [21; 23; 24;
25; 26; 27; 28; 29; 30; 31]. However, strain and modulation-doping may induce
unexpected structure disorder or electronic scattering, such as oxygen octahedral
rotation [30], magnetism scattering [31], which leads to a relative small modulation of the carrier density of the 2DEGs. In contrast, electric field without perturbing
the microstructure can be more efficient and controllable in tuning the carrier density of 2DEG [21; 27; 32]. A metal-insulator transition (MIT) accompanied with a
memory behavior was observed at LAO/STO interface with dLAO = 3 u.c. by applying a positive voltage to its back gate, in which the strong electric field of the
2DEG-defect sheet dipole layer is believed to stabilize the 2DEG at the interface
[21]. For the samples with dLAO ≥ 4 u.c., the conductivity can also be modulated
by a gate voltage, although the MIT occurs only at low temperature [33]. Localization of 2DEG can also be induced by a polar phase transition in SrTi18 O3 at negative
gate voltage, which strongly reduces the lattice polarizability and the subsequent
screening [27]. The ferroelectric phase transition in STO induced by electric field
provides a new path to tune the 2DEG at the interface, in which the polarization
partially screens or enhances the intrinsic electric field in LAO and thus changes the
carrier concentration, although the mechanism behind the electric-field control of
2DEG is still under discussion [33; 34; 35].
Compared with polarizing the STO by a gate voltage, a ferroelectric substrate
can be more efficient [36; 37; 38]. Recently, a giant and nonvolatile ferroelectric
electroresistive diode was experimentally investigated by integrating a vertical ferroelectric capacitor into 2DEG at the interface. This indicates the ferroelectric field
effect on the intrinsic electric field in LAO [39]. Meanwhile, the prediction of a
2DEG and a two-dimensional hole gas (2DHG) at the interface of BaTiO3 /SrTiO3
(BTO/STO) has been reported [40], in which the ferroelectricity of BTO can introduce a polar discontinuity at the interface similar to the LAO with alternating polar
planes. And we can predict that the interaction between the interfaces of LAO/STO
and BTO/STO may result in novel phenomena.
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2.2 Computational Method

In this Chapter, we performed first-principle calculations systematically to tune
the 2DEG at the n-type LAO/STO interface through a ferroelectric substrate BTO
and investigated the ferroelectric field effect on the carrier density of the 2DEG.
Our calculations show that the carrier density at the n-type LAO/STO interface is
greatly changed as the polarization of BTO reverses. The electronic reconstruction
at the interface resulted from the change of the intrinsic electric field in LAO due
to the ferroelectric field effect. This suggests new possibilities to tune the 2DEG at
the LAO/STO interface and new paths to develop high performance transistors.

2.2

Computational Method

Figure 2.1: (color online). Schematic of the LAO/STO/BTO superstructure with
two symmetrical n-type LAO/STO interfaces. The direction of polarization in BTO
is from left to right along the (001).
The calculations are performed within density functional theory (DFT) using
the generalized gradient approximation of Perdew, Burke, and Ernzerfof (PBE),
as implemented in the Vienna ab initio simulation package (VASP). The GGA+U
method is adopted with an on-site Coulomb repulsion of U=5.8 eV and an exchange
interaction of J=1 eV for Ti-3d orbital and U=9 eV and J= 1 eV for La-4f orbital.
The energy cutoff for the plane wave basis set is chosen to be 500 eV. A 8 × 8 ×
1 Monkhorst-Pack k-point meshes is used for the LAO/STO/BTO superstructure
Brillouin-zone integration and 8×8×8 for the bulk LAO, BTO and STO calculations.
The structures are relaxed until the residual force become less than 30 meV/Å. The
energy is converged to 10−5 eV/cell.
For convenience, we adopt a symmetrical structure similar to that used in the
investigation of magnetoelectric effect [41], which allows us to study the effect
of polarization reversal at the interface of a single heterostructure by comparing
properties of the two interfaces. The slab is constructed of 10 u.c. LAO, 8 u.c. STO,
and 7.5 u.c. BTO with two symmetrical n-type LAO/STO interfaces along the (001)
direction. 7.5 u.c. BTO is sufficient to sustain the ferroelectricity [42]. To avoid
spurious electric field, we construct a vacuum of 15 Å to separate the slab as shown
in Fig. 2.1. Test calculations show that the vacuum layer is sufficiently thick. The
11
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schematic for the LAO/STO/BTO superstructure with polarization in BTO pointed
to the right is shown in Fig. 2.1.
Bulk LAO is orthorhombic (R-3c) at room temperature and shows a pseudocubic structure as LAO is epitaxially grown on the BTO substrate. We optimize
the cubic lattice constant of STO and LAO to be 3.949 Å and 3.81 Å, respectively, which agrees well with the experimental value of 3.905 Å and 3.789 Å [43].
The overestimation of equilibrium lattice parameters is well known for the GGA
exchange-correlation potential used in the calculations. Considering the tetragonal phase of BTO at room temperature, the calculated lattice constant a=3.994
Å and c/a=1.015 compare favorably with the experimental value of a=3.998 Å
and c/a= 1.011 [44], respectively. To simulate the epitaxial growth on BTO substrate, the in-plane lattice constant is fixed to the GGA equilibrium lattice constant
of tetragonal BTO (a=b=3.994 Å). Under this constraint, the out-of-plane lattice
constant of bulk LAO and STO are obtained by minimizing the total energy giving
the c/a ratios of 0.87 and 0.92, respectively. The energy gaps for bulk STO, LAO
expt
expt
and BTO are 2.0 eV (Eg = 3.2 eV [13] ), 3.6 eV (Eg = 5.6 eV [13] ) and 2.0 eV
expt
(Eg = 3.0 eV [45] ), respectively, where the underestimation of energy gap is due
to the local nature of the functional in DFT and would not change our conclusions.

2.3

Results and Discussion

To investigate the effect of polarization of BTO on the electronic characteristics
of the n-type LAO/STO interface, we first consider the supercell with paraelectric
BTO, which is stable as the supercell is fully relaxed. The density of states (DOS)
projected on unit-cell bilayers for left and right LAO/STO interfaces are plotted in
Fig. 2.2(a) and Fig. 2.2(b) (red line), respectively. We find that the 2DEG is constrained at the LAO/STO interfaces and does not extends into deeper STO layers
as previous reports [22; 46]. This can be attributed to the tensile strain (2.4%) on
STO [47]. As reported by previous theoretical works [48], the valence band maximum of each unit-cell bilayer in LAO shifts linearly upward away from the interface
due to the intrinsic electric field until it reaches the conduction band bottom of STO
near the interface. As a result, the electrons from the valence band of surface AlO2
layer are transferred to the conduction band of Ti 3d orbitals near the interface to
compensate the polar discontinuity at the interface. The charge transfer can be
estimated by integrating the density of states projected on Ti 3d orbitals from the
conduction band minimum up to the Fermi energy at the interface. The evaluated
carrier density in STO is about 0.09 e/cell, greatly lower than the theoretical 0.5
e/cell for the existence of polar distortions in LAO and STO [48].
The relative displacements of Ti atoms with respect to O atoms are found to be
about 0.10 Å in bulk BTO, corresponding to a ferroelectric polarization of about
0.22 C/m2 along the 001 direction calculated using the Berry phase method, which
12
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Figure 2.2: (color online). The density of states projected on the subunit-cell with
unpolarized (red line) and polarized (black line) BTO for the left (a) and right (b)
n-type LAO/STO interfaces. The vertical black dashed lines indicate the Fermi level
located at 0 eV. In (a), the DOS for the unpolarized condition was shifted by 1 eV
to align with the conduction band of the system with the polarized BTO. Its Fermi
level is marked with a red dashed line. The numbers in figures indicate the LAO or
STO unit cell layers at various distances away from the interface.

consists well with the experimental and previous theoretical calculations [49; 50;
51].
We polarize the BTO from left to right along (001) as shown in Fig. 2.1. From
Fig. 2.2(a), it can be seen that the DOS of left n-type LAO/STO interface (black line)
with polarization pointed away from the interface exhibits insulator character as
the conduction band bottom of STO lies above the Fermi level. It is clear that a gap
of about 1 eV occurs between the top valance band of surface LAO and the bottom
conduction band of STO layer at the interface. On the contrary, from Fig. 2.2(b)
(black line), the right n-type LAO/STO interface with polarization pointed to the
interface is conducting with a large distribution of electronic states on the Fermi
level. In addition, the 2DEG spread over four STO layers as shown in Fig. 2.2(b).
The DOS of BTO shows the same trend to LAO in Fig. 2.2(a) that decreases the
polar drop in LAO, while it shows the opposite trend in Fig. 2.2(b) that enhances
the polar drop in LAO. Therefore, the n-type LAO/STO interface goes through a
metal-to-insulator transition as the polarization of BTO reverses. In Fig. 2.2(a)
(black line), the DOS of BTO shows the same trend as that in LAO, indicating that
the build-in electric field in BTO and LAO have the same directions. In contrast, the
13

2. The ferroelectric field effect on the 2DEG at LaAlO3 /SrTiO3 (001) interface

2

BTO exhibits an opposite electric field direction to the LAO in Fig. 2.2(b). It should
be mentioned that there is considerable density of electronic states on the Fermi
level at the left surface AlO−1
2 layer. For the sake of the low-lying STO conduction
band at the right LAO/STO interface, the electric field in left LAO and BTO can
be compensated by transferring the electrons at the left surface AlO−1
2 layer to the
0
TiO2 layer near the right LAO/STO interface shown in Fig. 2.2(a), (b). However,
this would not change the insulating characteristic at the left LAO/STO interface.

Figure 2.3: (color online). Charge density projected on the bands forming the
2DEG in LAO/STO/BTO system for (a) polarization in BTO pointed away from
the interface, (b) unpolarized BTO, and (c) polarization in BTO pointed to the
interface. The arrows indicate the direction of the polarization in BTO. The same
isovalue of 0.0038 is used to produce the charge density plots.
To have a direct view of the spatial distribution of the 2DEG, the charge density
projected on the bands forming 2DEG in LAO/STO/BTO system with various polarizations has been plotted in Fig. 2.3. The 2DEG is constrained at the interface
under P=0. The carrier density of 2DEG is enhanced as P points to the interface,
while it decreases to zero as P reverses. These results consist well with the DOS
shown in Fig. 2.2. In our calculations, we adopt BTO as the substrate which induces
a tensile strain on STO and makes the Ti d xy orbitals of STO lie on the lowest energy
level [30]. The 2DEG comprises mostly d xy orbitals as shown in Fig. 2.3(b), (c). It
is intriguing that the 2DEG mainly lies on STO− 2 and decreases at the deeper STO
layers, i.e., STO− 3 and STO− 4 layers. This can be attributed to the electrostatic
14
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Figure 2.4: (color online). The cations (La, Sr, Ba, Al, Ti) displacements relative to
the oxygen anion in each layer are displayed for the system with (a) unpolarized
BTO and (b) polarized BTO.
Fig. 2.4(a), (b) shows the relative displacements of cations relative to the oxygen anions at each layer with un-polarized and polarized BTO, respectively. The
polar displacements in STO and LAO are supposed to be the origin of the critical
thickness in the formation of 2DEG [48]. The polar displacement in LAO and STO
with cations moving away from the interface relatively to anions can compensate
the intrinsic electric field in LAO. From Fig. 2.4(a), we can see that the polar displacement in LAO and STO consistent well with experimental results and previous
calculations. It is intriguing that the relative displacements of Al and O atoms in
LAO surface layer is opposite to that in other LAO layers. In contrast, as BTO is polarized, it is clear that the ionic displacements of both sides are divergent as shown
in Fig. 2.4(b). The relative ionic displacement of Ti with respect to O atoms in the
middle layer of BTO is about 0.097 Å, a little bit less than the bulk value. The most
obvious change of the ionic displacements due to the polarization of BTO are the
rumpling in STO. Compared with un-polarized situation, the relative displacements
of Ti and O atoms in left STO are enhanced to an average value of 0.08 Å, while it
is suppressed in right STO. The STO epitaxially grown on BTO substrate suffers a
tensile strain, which can be easily polarized [36]. Due to the “dead layer” near the
right interfacial LaO+ layer, the polarization in right STO is negligible. In addition,
the suppressed polar distortion in right STO contributes to the enhancement of the
charge density of 2DEG.
To quantify the effect of polarization of BTO on the electronic structure of the
n-type LAO/STO interface and the ionic displacements, the planer-averaged elec15
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Figure 2.5: (color online). The planar-averaged (dark) and the macroscopically
averaged (red) potential energy of LAO/STO/BTO superstructure for the (a) unpolarized and (b) polarized condition as a function of distance along the 001.

trostatic potential [52] in the LAO/STO/BTO superstructure is plotted along z axis
for unpolarized and polarized supercells, respectively in Fig. 2.5(a) and (b). From
the slope of the macroscopic-averaged electrostatic potential, the electric field for
left and right LAO in polarized situation is estimated to be 0.10 V/Å and 0.18 V/Å,
respectively, while the electric field is estimated to be 0.15 V/Å for the unpolarized
situation. When BTO is polarized from left to right, it is evident that the intrinsic
electric field in left LAO is suppressed, while the right is enhanced. The difference
of electric field between two sides can be attributed to the ferroelectric field effect
of BTO.

Figure 2.6: (color online). The schematic of the ferroelectric field effect on the
intrinsic-field of LAO as described in text.
To make it clear, the schematic of the polarization effect on the intrinsic electric field of LAO is shown in Fig. 2.6. The polarization of BTO produces positive
(negative) bound charges at right BTO/STO (left LAO/STO) interface [indicated
in Fig. 2.6]. The bound charges create an additional electric field in LAO, which
is parallel and anti-parallel to the intrinsic electric field E0 in right and left LAO,
respectively. The electric field in right LAO is enhanced, leading to an increase of
the charge density at the interface. On the other hand, the left LAO/STO interface
becomes insulating due to the decrease of the intrinsic electric field in left LAO.
16
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As a result, a metal-to-insulator (MIT) transition is observed at the LAO/STO interface with the polarization reversal. The enhanced (suppressed) electric field in
right (left) LAO leads to a small increase (decrease) of the polar distortion in LAO
to balance the imposed electric field as shown in Fig. 2.4(b). For thick BTO, The
conductance at the LAO/STO can be tuned sensitively from metal to insulator with
the direction and magnitude of the polarization of BTO.
The intrinsic electric field E of LAO in presence of BTO polarization can be
described as follows:

E = E0 ± ∆E ∓

P
LAO

(2.1)

where E0 represents the intrinsic value of electric field in LAO, P represents the
average polarization of BTO and STO, ∆E represents the compensating electric field
P
induced by the change of polar displacement in LAO (∆E = Zi ∆zi /VLAO LAO ),
VLAO is the volume of LAO. Using the calculated value of ∆E (0.055 V/Å) and the
averaged polarization P = 0.15 C/m2 (calculated using Berry Phase method), we
estimate the dielectric constant of LAO to be LAO = 180 , which is less than the
bulk value of 24 0 . This can be attributed to the thin thickness of LAO.
Below the critical thickness, the polar potential in LAO is not enough to overcome the gap of STO. The polar potential will be sustained in LAO and increase
with the thickness of LAO, leading to a decrease of the gap between surface O 2p
valence band states and interface Ti 3d conduction band states [48; 53]. Above
the critical thickness, the polar potential in LAO exceeds the gap of STO and the
O − eLAO )] will be compensated by
part over the gap [∆VLAO = EtLAO − eg − (eSV TBM
V BM
the electronic reconstruction, leading to a conducting interface, while a potential
drop equal to the gap of STO will still be sustained in LAO. The theoretical charge
density of 2DEG 0.5 e/cell is the limiting case as the thickness of LAO increases.
For the system with unpolarized BTO, the intrinsic electric field in LAO is estimated from Fig. 2.5(a) to be 0.15 V/Å, with an electric potential V = e × (3.7Å) ×
(5cells) × 0.15V/Å = 2.78eV , larger than the calculated band gap of STO 2.0 eV
(calculated value of the valence-band offset is about 0.1 eV [54] ). The compensating electronic dipole is D = −0.09e × (3.7Å) × 5cells = −1.67eÅ. Using the
calculated dielectric constant of LAO , we can get the compensating electronic
D
= 0.61eV , fitting well with the ∆V calculated by
potential ∆V = 4πe
(5×3.7Å)2
(2.78eV) − (2.0eV) − 0.1eV = 0.68eV .
As to the polarized condition, the ∆V in LAO is estimated to be e × 3.7Å ×
(5cells) × (0.1V/Å) − 2.1eV = −0.25eV and e × 3.7Å × (5cells) × (0.18V/Å) − 2.1eV =
1.23eV for left and right side, respectively. Thus, the polar potential in left LAO does
not reach the gap of STO, leading to an insulator characteristic at the left LAO/STO
interface with the conduction band bottom of STO lying 1 eV above the Fermi level,
while the right LAO has a large polar potential with an enhanced charge density
of 2DEG at right LAO/STO interface. It should be noted, due to the residul polar
17
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potential of 1 eV in BTO, the electrons from left surface AlO−1
2 layer are transferred
to the right LAO/STO interface with ∆VLAO = e × 3.7Å × (5cells) × (0.1V/Å) +
(1eV) − 2.1eV = 0.75eV . A total charge density of 0.24 e/cell appears in right
STO, estimated by integrating the density of states projected on Ti 3d orbital from
the conduction band minimum up to the Fermi energy and from the bottom of the
STO slab to the interface. Due to the conservation of charge in the system, the
2DEG in the supercell must originate from both left and right AlO2 surface layers,
which are 0.10 e/cell and 0.14 e/cell, respectively, estimated by integrating the
density of states projected on O 2p orbital from the valence band maximum down
to the Fermi energy and from the top of the LAO slab to the interface. The electric
reconstruction near right LAO/STO interface compensates both side polar potentials, including the polarization in BTO. It is noted that the two-dimensional gas
formed at right interface screen the polarization in BTO, leading to a substantially
reduced potential drop of about 0.016 eV/Å across the ferroelectric film.
In short, the ferroelectric field in BTO tunes the 2DEG at the LAO/STO (001)
interface through altering the intrinsic electric-field in LAO, which provides a new
way to tune the 2DEG at the LAO/STO interface. The change of intrinsic electric
field in LAO is also responsible to the electric-field effect on 2DEG which changes
the polar order in STO, especially at low temperature due to the phase transition in
STO. Ferroelectricity was induced in SrTiO3 by the isotope exchange of 18 O for 16 O
without the application of external fields, which can enhance the ferroelectric field
effect on 2DEG discussed above [55]. A similar temperature-dependent metal-toinsulator transition in the LAO/BTO interface epitaxially grown on the STO substrate has been experimentally reported by Chae etc [56], which is attributed to
the enhanced electronic carrier concentration due to the ferroelectric transition of
BTO thin film. Based on the “polar catastrophe” model, the polar discontinuity at
the interface provides the driving force for the formation of 2DEG. By calculations,
it is reasonable to conclude that the intrinsic electric field in LAO plays the dominant role in the electronic reconstruction, which determines the potential drop in
LAO and therefore the energy gap between O 2p orbital in the surface AlO2 layer
and Ti 3d orbital of the interface TiO2 layer due to the alignment of valence band
of LAO and STO at the interface.

2.4

Conclusion

In summary, we have performed first principle calculations to explore the effect
of the polarization of BTO on the electronic properties at the n-type LAO/STO interface. A MIT occurs at the LAO/STO (001) interface as the polarization of BTO
reverses. The analysis on the LAO/STO/BTO superstructure shows that the polarization of BTO significantly changes the intrisinc electric field in LAO and leads to
the electronic reconstrction at the interface, which provides a mechanism to make
18

2.4 Conclusion

us understand better about the modulation of 2DEG and guide us design new novel
device. In practice, the charge density at the n-type interface can be tuned sensitively through the polarization of ferroeltctric substrate, which has great potential
in the application of high-frequency transitors, nonvolatile memory devices, and
other novel electric devices in the future.
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High temperature itinerant
ferromagnetism in p-doped monolayers
of MoS2 *

We use density functional theory to explore the possibility of making the semiconducting transition-metal dichalcogenide MoS2 ferromagnetic by introducing holes into the
narrow Mo d band that forms the top of the valence band. In the single impurity limit,
the repulsive Coulomb potential of an acceptor atom and intervalley scattering lead to
a twofold orbitally degenerate effective-mass like e0 state being formed from Mo d x2 −y2
and d xy states, bound to the K and K0 valence band maxima. It also leads to a singly
degenerate a01 state with Mo d3z2 −r2 character bound to the slightly lower lying valence
band maximum at Γ. Within the accuracy of our calculations, these e0 and a01 states
are degenerate for MoS2 and accommodate the hole that polarizes fully in the local
spin density approximation in the impurity limit. With spin-orbit coupling included,
we find a single ion magnetic anisotropy of ∼ 5 meV favouring out-of-plane orientation
of the magnetic moment. Pairs of such hole states introduced by V, Nb or Ta doping
are found to couple ferromagnetically unless the dopant atoms are too close in which
case the magnetic moments are quenched by the formation of spin singlets. Monte
Carlo calculations allows us to estimate ordering temperatures as a function of x. For
x ∼ 9%, Curie temperatures as high as 100K for Nb and Ta and in excess of 160K for
V doping are predicted. Factors limiting the ordering temperature are identified and
suggestions made to circumvent these limitations.
*

published as: [Y.Q. Gao, N. Ganguli, and P. J. Kelly. Phys.Rev.B 99,220406(R),2019];[Y.Q. Gao,
N. Ganguli, and P. J. Kelly. Phys. Rev. B 100, 235440, 2019]
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Introduction

The discovery of ferromagnetism in (In,Mn)As [57] and (Ga,Mn)As [58] and predictions for achieving room temperature ordering [59] sparked a huge effort to
realize a dilute magnetic semiconductor (DMS) that might lead to a semiconductorbased spin electronics (“Spintronics”). After twenty-five years of intensive research,
the maximum ordering temperature has stagnated at values too low for extensive
applications [60]. The number of material systems being considered has proliferated but it is not clear what the fundamental limit is to the ordering temperature
achievable in any particular material system. There are many reasons for the low
ordering temperatures [61; 62] but the essential dilemma is that the open d shell
states of magnetic impurities like Mn are quite localized. While this favours the onsite exchange interaction that is the origin of the Hund’s-rule spin alignment and
makes the ionic moment insensitive to temperature, it leads to weaker exchange
interactions between pairs of impurity ions that determine the Curie temperature
TC , the ferromagnetic ordering temperature. To increase TC , the concentration of
impurity atoms has to be increased. This is accompanied by a variety of adverse
effects such as a nonuniform distribution of magnetic impurities or the formation
of antisite defects that are electron donors which counter the intended increase in
the concentration of holes. In many semiconductors, transition metal ions introduce “deep levels”, tightly bound partially occupied states in the fundamental gap
of the semiconductor. At high dopant concentrations, these form deep impurity
bands that dominate the (transport) properties of a material that is no longer a
semiconductor and from the electronic structure point of view, is an entirely new
material.
In a quite different context, it was long believed that long-range magnetic ordering would not be possible in two-dimensional (2D) materials [63; 64]. However
the observation of ferromagnetism in ultrathin epitaxial layers of e.g., Fe on Au substrates demonstrated that the Mermin-Wagner theorem is not watertight, violation
of the proof usually being attributed to magnetocrystalline anisotropy [65]. The
recent observation of ferromagnetic ordering in two different chromium-based 2D
crystalline materials Cr2 Ge2 Te6 [66] and CrI3 [67] nonetheless attracted considerable attention [68]. One reason was because of the general interest in 2D materials,
triggered by spectacular observations on graphene [1; 69; 70]. This interest was
reinforced by the realization that the properties of semiconductors like MoS2 could
also be importantly different in few- and mono-layer form [71; 11; 72] and was
compounded by the desirability of stacking layers of 2D materials with different
properties [73] whereby the lack of a ferromagnetic material in a vast profusion
of 2D materials was a striking lacuna [74]. Because the Curie temperatures of
monolayers of the chromium based materials [66; 67] is low, . 50 K, the very recent reports that the transition metal dichalcogenide VSe2 [75] and Fe3 GeTe2 [76]
exhibit ferromagnetism at room temperature acquires huge significance.
The ferromagnetism of VS2 and VSe2 was predicted with the aid of density
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functional theory (DFT) calculations [77]. The driving force behind the magnetic
ordering can be understood in terms of the band structure of the nonmagnetic 1H
phase shown in Fig. 3.1(a) that is very similar to that of the isostructural MoS2
shown in Fig. 3.1(b) but with one valence electron per formula unit less so that it
is metallic with the Fermi level situated in the middle of the solid red band. Bulk
multilayered MoS2 is a non-magnetic semiconductor with an indirect bandgap of
about 1 eV. In monolayer form it was predicted to have a larger, direct gap [78] and
this was confirmed experimentally where direct gaps of ∼ 1.8 eV have been reported
[71; 11]. In the figure, the “nominal” Mo 4d bands are indicated in red, the black
bands are sulphur-derived 3p bands. The interaction of the Mo-d and S- p states is
such that a large covalent bonding-antibonding gap is formed leaving a single Mo-d
band (solid red line) with mixed {d x2 −y2 , d xy , d3z2 −r2 } character in the fundamental
band gap [79; 80]. For MoX2 , this band is completely filled but for VX2 it is only
half full. The dispersion of only about 1 eV leads to a high average density of states
of ∼ 2 states/eV and the gain in energy achieved by exchange-splitting this narrow
band more than offsets the kinetic energy cost. The bandwidth reduction in 2D
that leads to larger band gaps is favourable for itinerant ferromagnetism because
of the higher average densities of states (DoS) than in three dimensions. Likewise
3d elements are more favourable than 4d and 4d more favourable than 5d because
of the greater localization of the d electrons and concomittant smaller bandwidth
as the principal quantum number decreases.

E- EVBM (eV)
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Figure 3.1: Non spin-polarized band structures of monolayers of trigonal prismatic
1H VS2 (a) and MoS2 (b). The Fermi level is indicated by a horizontal dashed green
line. The valence band maximum (VBM) at the K and K0 points has mixed d x2 −y2
and d xy character. The slightly lower-lying valence band maximum at the Γ point
has d3z2 −r2 character.
A number of intrinsic defects have been found to form local moments [81; 82;
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83; 84; 85] in MX2 materials and suggestions have been made to make the MX2
materials magnetic by adsorption of impurity atoms [86; 81; 87; 82], or by substituting M or X atoms with impurity atoms [88; 89; 90; 91; 92; 87; 93; 94; 95; 96;
82; 97; 98; 99; 100; 101; 102; 103; 104; 105]. Even though the Mermin-Wagner
theorem [63; 64] tells us that there is no long range ordering in two dimensions for
isotropic Heisenberg exchange, few attempts have been made to determine the exchange coupling between magnetic impurities [91; 92; 87; 94; 95; 101; 105] and
it was only very recently that the magnetic anistropy of a defect was calculated,
for an antisite defect in MoS2 [85]. Replacing some of the M atoms with Hund’srule coupled transition metal atoms like Mn or Fe gives rise to deep impurity levels
in the semiconductor gap. Where attempts have been made to estimate the Curie
temperature, the predicted values are either very low or the concentration of transition metal dopant is so high that the doped material is no longer a semiconductor
[89; 91; 92; 94; 95; 104]. Based upon the electronic structure shown in Fig. 3.1(b),
we explore a different approach to making MoS2 ferromagnetic in this manuscript
[106].
n
1
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𝚪
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Figure 3.2: Schematic of the effective mass acceptor states bound to the valence
band maxima (VBM): an e0 state bound to the K-K0 VBM and an a01 state to the Γ
VBM. n is the principal quantum number and only n = 1, 2, 3 levels of the Rydberg
series are sketched at the Γ point.
Group VIB Mo has a 4d5 5 s1 electronic configuration and, in a dichalcogenide
like MoS2 , is nominally Mo4+ with one up-spin and one down-spin d electron so it
is nonmagnetic as seen in Fig. 3.1(b). When a Mo atom is substituted by a group
VB atom like V, Nb or Ta, then the dopant atom e.g. V4+ , has a single unpaired
d electron and a single hole is thereby introduced into the narrow Mo 4d band;
substitution of a group IVB atom (Ti, Zr, Hf) will introduce two holes per dopant
atom. In the impurity limit, the asymptotic Coulomb potential leads to a series of
hydrogenic states bound to the top of the valence band; to the maxima at the K and
K0 points with mixed Mo d x2 −y2 and d xy character and to the slightly lower valence
band maximum at the Γ point with Mo d3z2 −r2 character and a large effective mass
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[107].
The aim of this Chapter is to determine if there are dopant atoms whose potential is sufficiently similar to that of the host Mo atom that only weakly bound,
effective-mass like states are formed above the valence band edge, Fig. 3.2. At low
concentrations these bound states should polarize and form impurity bands that
have such a high density of states that they remain exchange split [108]. At finite
temperatures these polarized bound holes will be excited into the valence band giving rise to a DMS. The key objectives of this Chapter are to determine (i) whether
single acceptor dopant atoms give rise to polarized effective-mass like states in the
MoS2 host system and to determine the position of these states with respect to
the valence band edge; (ii) whether the interaction between pairs of dopant atoms
favours ferromagnetic or antiferromagnetic alignment and to identify the nature
of the interaction, Zener p-d type, double exchange etc. [61; 62] and understand
the factors determining it; (iii) the magnetic anisotropy of single impurities, the
so-called single ion anisotropy (SIA); (iv) the ordering temperature and express it
in terms of parameterized models that describe the dopant-induced states and their
interactions in order to identify the most promising regions of parameter space to
realize a room temperature DMS.
To do this we use density functional theory total energy calculations to determine ground state energies of single acceptor impurities. We outline the methods
used and give some technical details specific to the present work in Sec. 3.2. Our
results are presented in Sec. 4.3 beginning with a study of the single impurity
limit of a substitutional vanadium atom in Sec. 3.3.1 including the effects of spin
polarization and local atomic relaxation. The binding of pairs of V dopants is considered in Sec. 3.3.2 and their magnetic “exchange” interaction in Sec. 3.3.3 with
special attention being devoted to understanding the quenching of the magnetic
moments of close pairs of impurity ions. In Sec. 3.3.4 we briefly compare V with
Nb and Ta. Sec. 3.4 is concerned with the question of magnetic ordering and begins with a study of the single ion anisotropy of V impurities in Sec. 3.4.1 to justify
using an Ising spin model with the exchange interactions from Sec. 3.3.3 and the
Monte Carlo techniques described in Sec. 3.4.2 to estimate ordering temperatures
in Sec. 3.4.3. A comparison of our findings with other calculations in Sec. 3.5 leads
us to consider how using the generalized gradient approximation (GGA) would
alter our local density approximation (LDA) results. After a brief discussion in
Sec. 3.6 some conclusions are drawn in Sec. 3.7.

3.2

Computational Details

Calculations of the total energy and structural optimizations were carried out within
the framework of density functional theory (DFT) using the projector augmented
wave (PAW) method [109] and a plane-wave basis set with a cut-off energy of 400
eV as implemented in the vasp code [110; 111; 112]. Monolayers of MX2 period25
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ically repeated in the c direction were separated by more than 20 Å of vacuum to
avoid spurious interaction.

3

Table 3.1: In-plane lattice constant a, distance between sulphur atoms dSS (thickness of an MoS2 monolayer), Mo-S bond length dMoS , energy gap ∆εg , and energy difference between the valence band maxima (VBM) at the K and Γ points
∆KΓ = εK − εΓ in LDA and GGA for bulk and monolayer (ML) MoS2 . A van der
Waals functional should be used to obtain a reasonable interlayer separation for
bulk layered MoS2 . Because we are only interested in monolayers of MoS2 in this
Chapter, we have used the experimental value of c to obtain the bulk results shown
here.

a(Å)
Bulk

ML

GGA
LDA
Exp
GGA
LDA
Exp

3.183
3.125
3.160a
3.185
3.120
3.160

dSS (Å)
3.127
3.115
3.172a
3.130
3.115
3.172

dMoS (Å)

∆εg (eV)

∆KΓ

2.42
2.38
2.41a
2.42
2.38
2.41

0.885
0.748
1.290c
1.650
1.860
1.900c

-0.640
-0.640
-0.600b
0.012
0.150
0.140b

a Ref.113, b Ref.114 c Ref.11

The equilibrium structural parameters for bulk and monolayer MoS2 were calculated in both the LDA [115] and GGA [116] and are given in Table 3.1. It can be
seen that the GGA slightly overestimates lattice constants and bond lengths compared to experiment [113]. The LDA underestimates them by more than the GGA
overestimates them, a result found for many materials. In the present case, the
agreement with experiment is still very reasonable for both LDA and GGA. However, we see that for an MoS2 monolayer the LDA gives a better description of the
energy levels near the valence band maximum (VBM) than does the GGA, in particular the important quantity ∆KΓ = εK − εΓ , the position of the VBM at the Γ
point, εΓ , relative to the top of the valence band at the K point, εK [114]. To describe acceptor states accurately, it is important to have a good description of the
host band structure in the vicinity of the VBM so we will describe exchange and
correlation effects in this Chapter using the local spin density approximation LSDA
as parameterized by Perdew and Zunger [115]. Results obtained with the GGA are
considered in Sec. 3.5.
We model substitutional impurities and impurity pairs in N × N in-plane supercells with N as large as 15 using the calculated equilibrium lattice constant for the
pure monolayer (ML) host, Fig. 3.3. Local geometries are first relaxed using N = 6
and only a small differential relaxation needs to be performed in the larger supercells. Interactions between pairs of impurities were studied in 12×12 supercells.
The atomic positions were relaxed using a 2×2×1 Γ-centered k-point mesh until
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3
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D2

B3

D3

E1
B4

Figure 3.3: Sketch of a 12×12 MoS2 supercell with a substitutional atom at the
origin, O. Shown is the more symmetric Wigner-Seitz cell. The potential on the
Mo atom indicated with a red circle that is furthest from this atom will be used
to identify the host valence band maximum (VBM). Mo atoms at various distances
from the central atom are labelled A1-A6, B1-B4, C1-C4, D1-D3 and E1 for later
reference.

the forces on each ion were smaller than 0.01 eV/Å. Spin-polarized calculations
were performed with a denser mesh corresponding to 4×4 k-points for a 12×12
unit cell.

3.3

Results

Impurity states in semiconductors are usually described in one of two limits: (i) in
effective mass theory (EMT) where the main emphasis is on the Rydberg series of
bound states tied to the conduction band minima or valence band maxima formed
in response to a Coulomb potential or (ii) in the tight-binding limit where the main
emphasis is on the local chemical binding, atomic relaxation and impurity states
formed deep in the fundamental bandgap associated with an impurity potential
very different to the host atomic potential [117; 118; 119]. Because there is no
consensus of how best to combine both aspects [120], we consider the behaviour
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Figure 3.4: The band structure of an MoS2 monolayer with a single Mo atom replaced by V without relaxation in 3×3, 6×6, 9×9,
12×12 and 15×15 supercells (a-e) aligned with respect to the valence band maximum determined with respect to semicore
level states on the Mo atom furthest from the origin (horizontal black dot-dashed line at energy zero) and of an undoped MoS2
monolayer (f). The Fermi energy is indicated by the horizontal green dot-dashed line. The contribution from vanadium d3z2 −r2
and {d x2 −y2 , d xy } orbitals are show as open red circles and half-filled blue circles, respectively in (a-c) where the symbol size is
proportional to the population of the corresponding state.
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of shallow acceptor states in a periodic supercell geometry in some detail in the
following section.

3.3.1

Single impurity limit: V in MoS2

We begin by replacing a single Mo atom in an N × N MoS2 supercell with a V atom
with one valence electron less, Fig. 3.3. To more easily identify the downfolded
host bands we choose N to be a multiple of three whereby the K and K0 points
fold down to the Γ point of the reduced BZ. The energy bands for this supercell
before relaxing the local geometry are shown in Fig. 3.4 for N = 3, 6, 9, 12 and
15. The repulsive (for electrons; attractive for holes) impurity potential is seen to
push not one but three impurity states out of the valence band to form localized
states labeled a01 and e0 under the local D3h symmetry, Fig. 3.2. By projecting the
corresponding wavefunctions at the Γ point onto spherical harmonics on the VMo
site, we find that the singly degenerate a01 state has V d3z2 −r2 character while the e0
state that is doubly degenerate at the center of the BZ has V {d x2 −y2 , d xy } character.
The corresponding partial charge density plots are shown on the left- respectively
right-hand sides (lhs, rhs) of Fig. 3.5. By fitting the wave functions of the impurity
states to a hydrogenic wave function ψ(r)=Aexp(−r/a∗0 ), we find effective Bohr
radii a∗0 of 4.2 Å and 8.0 Å for the a01 and e0 states, respectively in Fig. 3.5(c) and
Fig. 3.5(d).
We identify these a01 and e0 states with the most tightly bound (effective mass
like) acceptor states formed when a screened Coulomb potential is introduced by
substitution of a Mo atom by V (Nb or Ta). In the single impurity limit, intervalley scattering leads to a twofold orbitally degenerate effective mass like state
formed from Mo {d x2 −y2 , d xy } states bound to the K and K0 valence band maxima
in Fig. 3.1 and a singly degenerate state with Mo d3z2 −r2 character bound to the
slightly lower lying valence band maximum at Γ in Fig. 3.1. Within the accuracy
of our calculations, these e0 and a01 states are (accidentally) degenerate for MoS2
and accommodate the hole that we will see polarizes fully in the local spin density
approximation [121]. The shape of the dispersion of the impurity states is essentially independent of the supercell size so the bands can be described with a single
effective hopping parameter. The a01 state exhibits very little dispersion consistent
with the out-of-plane d3z2 −r2 orbital character at Γ where the weak dispersion of
the host MoS2 bands is described by a large effective mass [122]. In the language
of effective mass theory (EMT), the binding energy of the a01 state is dominated by
the central cell correction [117].
In the rightmost panel of Fig. 3.4, we show the band structure of an undoped
monolayer calculated in a 15 × 15 supercell so the K point VBM is downfolded onto
Γ. If we compare this with the impurity supercell bands on the left, we see that
even for N = 15, Fig. 3.4(e), the interaction of the impurity bands and the VBM
still suppresses the VBM quite noticeably, by more than 20 meV.
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Figure 3.5: Charge density plots for the a01 (lhs) and e0 (rhs) states at the Γ point in
Fig. 3.4(d) in the central [001] plane through the Mo atoms (top view) and [010]
3
plane (side view) for a 12×12 supercell. The isosurface levels are 0.001 e/Å . (c)
and (d): circularly averaged charge densities fitted with a Bohr model.
Screened impurity potential
Identifying the valence band maximum (VBM) in an impurity supercell calculation
is complicated by the Rydberg series of effective mass like states associated with
the single impurity whose wavefunctions will overlap with their periodic images
and form bands that overlap and hybridize with the “true” valence band states,
Fig. 3.2. To disentangle those effects, we first determine the position of the VBM
with respect to Mo 4 s semicore states, εMo
4s , for an undoped monolayer of MoS2 ;
ε denotes a Kohn-Sham eigenvalue. For a sufficiently large impurity supercell,
the position of εMo
4s for the Mo atom furthest from the impurity (indicated with a
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Figure 3.6: Dependence of the Mo 4s semicore level on the separation from the VMo
dopant ion. The Coulomb potential of the V dopant is screened by the host valence
electrons and by the a01 hole (upper panel) respectively by the e0 hole (lower panel).
The 18 data points refer to the 18 inequivalent Mo atoms labelled in Fig. 3.3. The
asymptotic value εcore (∞) was determined by fitting the calculated data points in
the insets to an exponential wave function and using this fit (red and blue curves)
to extrapolate to R = ∞.

red circle in Fig. 3.3) relative to the VBM should be asymptotically equal to the
corresponding energy separation for an undoped monolayer of MoS2 because the
impurity potential far from the dopant center will be completely screened by the
bound charge of the neutral impurity in an a01 or e0 bound state. To test this hypothesis quantitatively, we plot εMo
4s with respect to its asymptotic value as a function of
the separation of Mo from the impurity V ion in the insets of Fig. 3.6 for N = 12
supercells (symbols). The corresponding results for the S semicore 2 s state εS2p are
shown in Appendix 3.8.1 and yield similar conclusions.
In an impurity supercell calculation, a localized electron in a (semi)core level on
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a Mo atom a distance R from the impurity atom will see a screened 1/r R repulsive
potential that is partially compensated by the charge of the bound hole, nhole (r).
Here r is the relative static dielectric constant. We can “measure” this screened
Coulomb potential by studying how Mo (and S) semicore levels behave as a function
of their separation from the central V atom. The perturbing electrostatic potential
seen by the core electrons has the form

1 
εcore (R) − εcore (∞) =
1−
r R

3

R

Z

nhole (r)2πrdr


(3.1a)

0

−2R
∗

=
R∞

e a0 ( 2R
a∗ + 1)
0

r R

(3.1b)

where in (3.1a) nhole (r) = −∞ nhole (r, z)dz and nhole (r, z) is obtained by integrating
|ψi (r, θ, z)|2 over θ for i = a01 or e0 . In (3.1b), we assume that ψi (r, θ, z) is the solution
of a strictly two-dimensional hydrogenic problem [123]. If we take the natural
logarithm of (3.1b), the slope is −2/a∗0 for large values of R and we can extract a∗0
from Fig. 3.6.
In the supercell band structures shown in Fig. 3.4, the a01 and e0 derived states
overlap and nhole (r) is a mixture of these two states with different masses mh . To
circumvent this complication, we calculate the electronic structure at the K (or M)
point where the lowest unoccupied state has a01 character. By using a sufficiently
small temperature broadening we can obtain the corresponding charge density
and obtain the result shown in Fig. 3.6 (upper panel). Alternatively, we calculate
the electronic structure at the Γ point where the lowest unoccupied state has e0
character to obtain Fig. 3.6 (lower panel). The ab-initio values of εcore (R) and
ln[εcore (R) − εcore (∞)] are fit quite well with (3.1b) with an effective Bohr radius
of a∗0 ∼ 5.4 Å and r = 20 for the a01 hole and a∗0 ∼ 8.7 Å and r = 13 for the e0
hole. The values of r should be compared to recent calculations for the in-plane
“macroscopic” dielectric constant where r = 15 was found for monolayers of MoS2
as well as for bulk MoS2 with negligible ionic contribution to the screening [124].
The deviation of r = 20 from the macroscopic value is not very surprising in view
of the localization of the a01 hole that does not “see” many unit cells of MoS2 . The
value for the e0 hole is reasonable.
At large values of R in Fig. 3.6, the potential felt by the core states is seen not
to decay but to oscillate. We attribute this to the accumulation of the residual hole
charge at the supercell boundary that is a consequence of charge neutrality. The
data points in Fig. 3.6 that deviate from the trend line are to be found outside the
circle inscribed in the hexagonal WS cell.
In the effective mass approximation the effective Bohr radius a∗0 = r /mh ×0.529
Å and the ground state binding energy with respect to the appropriate VBM is
εb = mh /r2 × 13.606 eV. From the band structure in Fig. 3.1, the effective mass in
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units of the free electron mass m0 is mh ∼ 0.56 at the K point VBM and 3.42 at
the Γ point VBM, consistent with a previous calculation [125]. Combining these
masses with r = 15 [124] leads to values of a∗0 ∼ 14 Å and εb ∼ 34 meV for e0
holes and a∗0 ∼ 2.3 Å and εb ∼ 207 meV for a01 holes, respectively. At best the EMT
is indicative but is clearly not quantitative for the most strongly bound acceptor
states - a conclusion that is not especially surprising in view of the expected central
cell correction for ground states [117] as well as the strong localization of both
states.
The screening of the impurity potential by (i) the MoS2 valence electrons and
(ii) by the bound impurity hole means that the residual perturbation measured by
the core states decreases rapidly with R allowing us to estimate the position of the
reference core state far from the impurity and therefore of the VBM to an accuracy
of a few meV for N = 12. This procedure was used to estimate the position of the
VBM and of the impurity states with respect to it for each supercell size shown in
Fig. 3.4 (dot-dashed line).
The same results can be obtained more simply by noting that the repulsive
potential that binds a Rydberg series to the top of the valence band has little effect
on the conduction band edge. Since we know the value of the band gap, the VBM
can be determined from the conduction band minimum. We verified that this leads
to the same results as the more elaborate procedure discussed in the foregoing.
Hydrogenic perturbation model
Now that we have established procedures for determining the position of the VBM,
we see that the a01 and e0 impurity bands in Fig. 3.4 not only narrow as the supercell
size N is increased but rise with respect to the VBM. To make this clearer, we plot
their centers of gravity
P

ε̄i =

nk fin (k)εn (k)

P

nk fin (k)

(3.2)

with respect to the VBM in Fig. 3.7; both levels are seen to rise as a function of N .
The probability fin (k) is the i character of the wavefunction ψnk obtained by projecting ψnk onto site centered orbitals βi and i ≡ Rlm is a composite site, angular
momentum index. Here we have chosen i to be the d x2 −y2 and d xy Kubic harmonics on the VMo atom for the e0 state and d3z2 −r2 on VMo for the a01 state and the
summation is carried out over the entire Brillouin zone and over the three split off
impurity bands in Fig. 3.4. Since the position of the impurity levels introduced by
VMo atoms will play an important role in determining the magnetic moment and
exchange interaction between impurities, we wish to understand this increase.
A Coulomb potential in a semiconductor gives rise to a Rydberg series of bound
states. A finite supercell cannot describe the asymptotic form of the potential correctly but will truncate it on the supercell boundary. In a self-consistent calculation,
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Figure 3.7: Dependence on the supercell size N of the (spin-degenerate) a01 and e0
impurity levels induced by a substitutional vanadium atom VMo with respect to the
valence band maximum. The solid lines are fits to the data points using a model
that includes the tail of the Coulomb potential in first order perturbation theory.
(Inset) Truncation of the Coulomb potential in a supercell calculation.

the requirement of charge neutrality will lead to the charge in the tail of the hydrogenic state accumulating on the supercell boundary. As the supercell size is
increased, more of the “tail” of the (repulsive) Coulomb potential is described correctly, leading to the rise of the impurity levels seen in Figs. 3.4 and 3.7.
The effect of truncating the Coulomb potential can be estimated using a simple
two-dimensional (2D) hydrogenic [123] model and first order perturbation theory.
For simplicity we assume a circular geometry and replace the 2D Wigner-Seitz cell
with a circle of radius S with the same area πS 2 = AWS . The correction to the
ground state energy of a hydrogen atom in 2D is

Z

∞

R2 (r)
S

∗
e2
e2
2πr dr =
e−2S /a0
∗
4πr r
2πr a0

(3.3)

where a∗0 is the effective Bohr radius, r is the relative dielectric constant and R(r)
is the radial part of the 2D hydrogenic wave function [123] for a screened Coulomb
potential. Taking the top of the valence band εVBM of an ideal MoS2 monolayer, as
estimated in the previous subsection, to be zero, we fit the ab-initio calculated data
points with the solid curves shown in Fig. 3.7. The fit is very good and deviations
can be attributed to local screening effects in the “real” inhomogeneous crystal as
modelled in DFT.
The a01 and e0 impurity levels increase in energy with increasing supercell size
and converge to a (coincidentally) common value of ∼ 62 meV in the single impurity
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limit (N → ∞). From the fitting, we obtain another estimate of the effective Bohr
radius of 8.3 Å for the e0 state, of 5.5 Å for the a01 state and of r ∼ 10.0 for the inplane dielectric constant. These values should be compared to the EMT predictions
of a∗0 ∼ 14 Å and εb ∼ 34 meV with respect to the K point VBM for the e0 holes and
a∗0 ∼ 2.3 Å and εb ∼ 207 meV with respect to the Γ point VBM for the a01 holes.
Taking the LDA value of ∆KΓ ∼ 150 meV from Table 3.1 into account, we would
expect to find the a01 ground state at 207 − 150 = 57 meV above the K point VBM.
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Figure 3.8: Dependence of the band width of (spin-degenerate) impurity bands
induced by substitutional V impurities on the supercell size N . The data points
calculated using (3.4) are fit using the hydrogen model discussed in the text.
According to Fig. 3.7, the highest e0 impurity states emerge from the valence
band when the supercell size is larger than 5×5. This is consistent with the effective
Bohr radius of the impurity levels deduced in Fig. 3.5. For impurity states with
higher principal quantum numbers, the Bohr radii are at least twice as large. These
states are not sufficiently localized in the Coulomb potential to appear above the
valence band maximum for the largest supercells we have studied.
We can also determine effective Bohr radii from the dependence of the widths
of the impurity bands, shown in Fig. 3.4, on the supercell size N because of the
dependence of the bandwidth on the overlap of impurity wavefunctions in neighboring supercells. In Fig. 3.8 we plot the second moment of the impurity bands

sP

nk fin (k)(εn (k)

P

nk fin (k)

− ε̄i )2

∗

∝ e−R/a0

(3.4)

as a function of N where a∗0 is the effective Bohr radius and R is the distance between
dopants in neighboring supercells. From the fitting, we get effective Bohr radii of
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7.8 Å for the e0 state and 5.2 Å for the a01 state which are consistent with our earlier
results summarized in Table 3.2.
Table 3.2: Summary of the a01 and e0 bound state effective Bohr radii a∗0 (Å) derived
in different ways without relaxation.
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Figure 3.9: (color online). Schematic of the relaxation about a vanadium atom on
a substitutional Mo site, VMo , in MoS2 .
One of the most attractive and useful features of a plane wave basis is the ease
with which Hellmann-Feynman forces can be calculated. This makes it simple to
determine how the host MoS2 crystal relaxes locally in response to substituting a
Mo atom with V, Fig. 3.9. According to the electronic structure Fig. 3.4(d) for the
unrelaxed geometry, shown enlarged in Fig. 3.10(b), the Fermi level is essentially
pinned in the orbitally nondegenerate a01 state and the system does not undergo a
Jahn-Teller (JT) distortion; if we begin geometry optimisation from a JT distorted
configuration, the system relaxes back to a symmetric one. Consistent with this, we
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find only symmetry-conserving (“breathing mode”) relaxation about the vanadium
ion with the six nearest neighbour sulphur atoms relaxing towards the V atom and
the six in-plane neighbouring Mo atoms relaxing radially away, shown in Fig. 3.9.
The displacements converge rapidly with supercell size to ∆dV−S = 0.060 Å and
∆dV−Mo = 0.008 Å as seen in Table 3.3. The total energy gain from relaxation is
150 meV.
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Figure 3.10: Effect of relaxation and spin-polarization on the electronic structure
of a 12×12 supercell for an MoS2 monolayer with a single Mo atom replaced by
V. (a) Reference bands for an undoped MoS2 monolayer, energy bands for a single
substitutional V impurity (b) without relaxation, (c) with spin polarization (SP)
and without relaxation, (d) with relaxation, without spin polarization, (e) spin
polarized and relaxed. The a01 level is red, the e0 states are blue. In (c) and (e), the
solid (dashed) lines indicate minority (majority) spin states. The energy gain with
respect to the unrelaxed case is given in each panel in meV. The zero of energy is
the VBM and the Fermi level is indicated by a green dot-dashed line.
The band structures of the unrelaxed and relaxed 12×12 impurity supercells are
compared in panels (b) and (d) of Fig. 3.10. The band structures are aligned on the
VBM, located at the Γ point as seen in Fig. 3.10(a) for an undoped monolayer, using
the 4s semicore level shift of the “B4” Mo atom on the boundary of the Wigner-Seitz
cell furthest from the dopant V atom, see Fig. 3.3. The main effect of relaxation is to
lift the quasidegeneracy of the a01 and e0 impurity states, Fig. 3.10(d). The increased
V-Mo bond length leads to a lowering of the center of gravity of the e0 state with
respect to the a01 state that is antibonding with respect to the neighbouring S p
states. As a consequence, the hole state acquires essentially pure a01 character.
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Table 3.3: Relaxation of nearest neighbour S and Mo shells about a substitutional
vanadium atom as a function of the N × N supercell size N . Atomic displacmenents
in Å.

N
∆dV−S
∆dV−Mo

3

3
-0.060
0.003

6
-0.060
0.005

9
-0.060
0.008

12
-0.060
0.008

15
-0.060
0.008

Spin polarization
The electronic structure of an unpaired spin in an orbitally nondegenerate a01 impurity state resembles that of a free hydrogen-like atom and, like a free atom, its total
energy can be lowered by allowing the electron to polarize in the local spin density
approximation [121; 126]. The result of doing so in the dilute limit is shown in
Figs. 3.10(c) and (e). Without relaxation, the localized and dispersionless a01 state
splits by 91 meV leaving the hole with mixed a01 –e0 character and a magnetic moment of m = 1µB . Expressing the exchange splitting in terms of an effective Stoner
parameter Ixc as ∆ε = mIxc results in a value of Ixc of 91 meV that is substantially
less than the free atom value of Ixc ∼ 0.7 eV [127]. In the local density approximation, it is the local electron density that drives the exchange splitting and the small
exchange splitting can be understood in terms of the much lower spin density of
the impurity state compared to that of a free atom. Consistent with this picture
is the even smaller exchange splitting of the more delocalized e0 state that is only
∼ 25 meV. Before relaxation, the partial occupation of a01 and e0 states allows the
e0 state to “freeload” on the much more localized a01 electron density enhancing its
spin polarization and exchange splitting (24.7 meV) which decreases to 15.2 meV
after relaxation, Table 3.6. The mixing of the e0 impurity state with what will eventually become the top of the valence band is clearly seen in the 12×12 supercell
in terms of the large exchange splitting of the uppermost host valence band state
(black solid and dashed bands) at the Γ point. The total energy gain from spin
polarization of 13 meV without relaxation or 16 meV with relaxation is dwarfed
by the 150 meV energy gain from relaxation.
For smaller supercell sizes, the dispersion of the e0 state increases until it overlaps the unoccupied a01 level and begins to quench the spin polarization for N < 8,
Table 3.4. Reducing the supercell size further increases the quenching and when,
in addition, the impurity potential fails to pull the impurity levels above the VBM
for supercell sizes smaller than 5 × 5, the magnetic moment disappears. Relaxation
enhances the magnetic moment by reducing the overlap of the a01 and e0 states in
spite of the unfavourable increase of the e0 state dispersion. Even a very small value
of the Coulomb repulsion parameter U = 1 eV [128] can lead to a 3 × 3 supercell
becoming polarized. Most of the discrepancies in the literature can be explained

38

3.3 Results
Table 3.4: Calculated magnetic moment (in µB ) for an MoS2 monolayer supercell
doped with V, Nb and Ta as a function of the N × N supercell size without (Un) and
with (Re) relaxation. For V the effect of an onsite Coulomb repulsion parameter
U = 1 eV was examined for the relaxed case. The reciprocal space sampling density
is constant.

N
V

Nb
Ta

Un
Re
U
Un
Re
Un
Re

3

4

5

6

7

8

9

10

11

12

0.00
0.00
0.54
0.00
0.00
0.00
0.00

0.00
0.00
0.68
0.00
0.00
0.00
0.00

0.61
0.81
1.00
0.00
0.00
0.00
0.00

0.82
1.00
1.00
0.34
0.66
0.32
0.68

0.97
1.00
1.00
0.54
0.75
0.42
0.83

1.00
1.00
1.00
0.68
0.89
0.57
0.92

1.00
1.00
1.00
0.87
1.00
0.86
1.00

1.00
1.00
1.00
0.93
1.00
0.95
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00

in terms of the supercell size, k-point sampling, exchange-correlation potential, U
etc. [87; 90; 93; 96; 82; 98; 103; 104; 129]
Formation energies
Table 3.5: Formation energies in eV of substitutional V, Nb and Ta impurities in an
MoS2 monolayer for a 12×12 supercell.

Unrelaxed
Relaxed

V
0.40
0.25

Nb
0.01
-0.15

Ta
-0.12
-0.23

The formation energy of a substitutional dopant XMo is defined as

Eform [XMo ] = Etot [MoS2 : X] − Etot [MoS2 ] + µMo − µX

(3.5)

where Etot [MoS2 :X] is the total energy of an MoS2 monolayer with one Mo atom
replaced by one X atom, Etot [MoS2 ] is the total energy of a pristine MoS2 monolayer
and µMo and µX are the total energies per atom of Mo and X in their bulk metallic
bcc phases, respectively. Taking the (spin-polarized) S2 molecule as the reference
chemical potential for S, the heat of formation of a MoS2 monolayer, Eform [MoS2 ],
was calculated to be -5.31 eV/formula unit. The formation energy of VMo is small
and those of NbMo and TaMo actually become negative when relaxed indicating
that doping MoS2 with these group V elements should be experimentally feasible,
Table 3.5.
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3.3.2

Binding of V impurity pairs

Two substitutional dopant V atoms will have a negligible interaction energy when
sufficiently far apart. This energy can be calculated as follows. First define a referN for a single V dopant atom substituting a Mo atom in MoS as
ence energy EV
2
N
N
EVN = Etot
[VMo ] − Etot
[MoS2 ]

N [MoS ] is the total energy of an N × N supercell of MoS in equilibrium
where Etot
2
2
N [V ] is the total energy of the same supercell with one Mo atom replaced
and Etot
Mo
with a V atom. To calculate absolute formation energies, suitable chemical potentials would need to be included to take account of where the V atom came from
and where the Mo atom went to; we will not be concerned with those here. The
binding energy Eb is then
N
N
[V2 (R)] − Etot
[MoS2 ] − 2EVN
EbN (R) = Etot

(3.7)

N [V (R)] is the total energy of a supercell with two Mo atoms a distance R
where Etot
2
apart substituted with V atoms and the last two terms on the right do not depend
on R. We consider the two cases where relaxation is (Re) and is not (Un) included.
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Figure 3.11: EbN (Rmax ) as a function of the supercell size N for spin-polarized unrelaxed (open red circles) and relaxed (filled red squares) geometries. The red lines
are a guide for the eye.
For supercells containing two substitutional V atoms as far apart as possible
(Rmax ), with one V atom at the origin and the second at the corner site in Fig. 3.3,
the binding energy EbN (Rmax ) is shown as a function of the supercell size N in
Fig. 3.11 with spin polarization included. Although EbN (Rmax ) does not change
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much for N ≥ 12, there is still a surprisingly large binding energy of ∼ 8 meV for
N = 15 in the unrelaxed case. We can trace this to the near degeneracy of the
minority-spin e0 and a01 related bands shown in Fig. 3.10(c) for the unrelaxed VMo
as well as the relatively long range of the e0 holes. When relaxation is included, the
hole becomes localized in the dispersionless minority-spin a01 band, Fig. 3.10(e), it
becomes much easier to converge the total energy (with respect to BZ sampling and
self-consistency) and Eb12 (Rmax ) decreases fast to ∼ 2 meV for N = 12. In general,
when there is a gap between occupied and unoccupied states, total energies can be
converged better. Since the problem has to do with the (separation independent)
N , it turns out to be better to consider
reference energy EV
N
N
EbN (R) = Etot
[V2 (R)] − Etot
[V2 (R = ∞)]

(3.8)

N [V (R = ∞)] ∼ E N [V (R
and approximate Etot
2
2 max) ]
tot
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Figure 3.12: Red symbols: interaction energies of dopant VMo atoms in a 12×12
MoS2 supercell as a function of their separation. The binding energy was calculated using (3.8) for unrelaxed (open red circles) and relaxed (filled red squares)
geometries. The lines are a guide to the eye. Black symbols: total energy differences between parallel and antiparallel aligned spins on the V dopant atoms
without (open black circles) and with (filled black squares) relaxation. The lines
are fits to an exponentially decaying function. The dashed black line extrapolates
the relaxed exchange interaction to separations where it is found to be quenched.
The labels along the top of the figure indicate the sites in Fig. 3.3 and the large
symbols refer to the A3 configuration discussed in the text and Fig. 3.16.
Using a 12×12 supercell and (3.8) we explore the pair binding energy Eb12 (R) for
VMo dopants as a function of their separation R in Fig. 3.12 where one dopant atom
is assumed at the site marked 0 in Fig. 3.3. Without relaxation, the (absolute value
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3

of the) binding energy decreases monotonically from a value of ∼ 220 meV for V
atoms on neighbouring Mo sites to a value of ∼ 0 meV at the maximum separation
in a 12×12 supercell (open red circles, left axis). Because these energies are so
small, we will later assume that dopant atoms are randomly distributed in real
materials that are not in full thermodynamic equilibrium.
With relaxation (filled symbols), the magnitude of the binding energy increases
for separations R smaller than a critical separation, Rc ∼ 8.5 Å, and does not change
for separations larger than this. This behaviour is intimately related to quenching of
the magnetic moments for V dopant atoms closer than Rc and for these separations,
R < Rc , an exchange interaction cannot be determined. We proceed to consider
the magnetic interactions.

3.3.3

Magnetic Interaction of impurity pairs

We estimate the exchange interaction ∆E(R) between pairs of dopant atoms as the
energy difference between configurations with the V magnetic moments aligned
parallel (“ferromagnetically”, FM) and antiparallel (“antiferromagnetically”, AFM)

h
i
h
i
∆E(R) = Etot VAFM
(R) − Etot VFM
2
2 (R)

(3.9)

in 12×12 supercells so that the interaction between periodic images is acceptably
small. Because the spin-polarized calculations are computationally expensive, care
is taken to construct suitable starting VFM
2 configurations using “superpositions” of
relaxed, spin-polarized local atomic configurations for single VMo . Starting VAFM
2
configurations are constructed from relaxed VFM
configurations
so
only
the
much
2
smaller differential relaxation needs to be calculated.
The energy difference between antiferromagnetic and ferromagnetic ordering
without (open black circles) and with (filled black squares) relaxation is shown on
the right axis of Fig. 3.12. Before relaxation, neighbouring V dopant atoms show
FM coupling with a total moment of 2 µB or 1 µB per V for all separations. The interaction decreases monotonically and exponentially from a maximum of ∼ 33 meV
for nearest neighbours with a decay length of ∼ 5.3 Å. With relaxation included
the magnetic moments are quenched for separations R smaller than a critical separation, Rc ∼ 8.5 Å, and for these separations an exchange interaction cannot be
determined. For separations R > Rc , the coupling remains ferromagnetic and is
enhanced. Because the maximum value of the magnetic ordering temperature will
depend strongly on this relaxation-induced behaviour, we need to understand its
origin.
Quenching of moments for R < Rc
To do so, we consider a 12×12 supercell for an MoS2 monolayer with a pair of Mo
atoms on neighbouring sites substituted with V. The unpolarized supercell elec42
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Figure 3.13: Spin unpolarized electronic structure (bands and DoS) for a 12×12
MoS2 supercell with two V atoms in an A1 configuration on nearest neighbour Mo
sites (b,c,e,f) and, for comparision, for a single VMo atom (a,d) corresponding to
Fig. 3.10((b,d). Without (a,b,c,g) and with (d,e,f,h) atomic relaxation. Schematic
of the coupling mechanism between two V dopants with two holes without (g) and
with (h) atomic relaxation. Impurity bands are highlighted in red and blue. The K
point VBM is set to be zero (dot-dashed black line) and the Fermi level is shown as
a dashed green line.

tronic structures and DoS are shown in Fig. 3.13 without (left) and with relaxation
(right). The corresponding band structures for a single V impurity are included in
the left panels for reference. In the spirit of a defect molecule model, Fig. 3.13(a-c)
suggests that the e0 orbitals form σ bonding-antibonding e-e∗ pairs scarcely lifting
the degeneracy of the e states while the a01 states interact less strongly to form a
π bonding-antibonding a-a∗ pair. Without relaxation, the strength of the π bond
between the a01 orbitals is not strong enough to raise the a∗ level above the e∗ level
and the two holes reside on the fourfold orbitally and spin degenerate e∗ states as
sketched in Fig. 3.13(g). This leads to a DoS peak at the Fermi level that is unstable
with respect to exchange splitting.
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(a) unrelaxed structure: π bond

(b) unrelaxed structure: σ bond
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Figure 3.14: Side view of the partial charge distributions of the π bond (left panels)
and top view of the σ bond (right panels) without (a, b) and with (c, d) atomic
relaxation. The corresponding atomic structures are shown in (e,f).

Relaxation results in a structure where the neighbouring S atoms move closer
to the V atoms, the two V atoms move apart and the a01 levels on individual VMo
atoms are lifted clear of the e0 levels. The reduced V-S separation strengthens the π
bond [Fig. 3.14(a) versus Fig. 3.14(c)] through hybridization between vanadium
d3z2 −r2 and sulphur p x and py orbitals, while the σ bonds formed by vanadium
{d xy , d x2 −y2 } orbitals are weakened by the increased V-V separation [Fig. 3.14(b)
versus Fig. 3.14(d)]. This makes the π bond the dominant bonding interaction
between dopants. The a-a∗ splitting is increased so much by relaxation that the a∗
level is lifted well above the e∗ level and the two holes are accommodated in an
orbitally nondegenerate state (rhs of Fig. 3.13).
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To demonstrate how competition between bonding and exchange interactions
of the V d3z2 −r2 orbitals leads to the quenching of the magnetic moments, we examine how these interactions depend on the separation between the dopant atoms.
We define the bond strength ∆π of the π bond to be the a∗ –a bonding-antibonding
splitting. Fig. 3.15 shows how ∆π depends on the impurity separation R with (filled
black squares) and without (open black circles) structural relaxation. As R increases, ∆π decreases because of the decreasing wavefunction overlap. Without
relaxation (open circles), ∆π is smaller than the exchange splitting (red triangles,
dashed red line) for all separations and a triplet state would form as indicated in
the rhs inset of Fig. 3.15. With relaxation (filled squares), ∆π is larger and exceeds
the exchange splitting at distances smaller than ∼ 7 Å. A singlet state is formed to
gain bonding energy, as sketched in the lhs inset of Fig. 3.15, and this leads to the
quenching of the magnetic moment. The critical quenching separation is twice the
effective Bohr radius a∗0 = 4.2 Å for the a01 state, implying the formation of a π bond.
In general, to quench the magnetic moment, the π bonding interaction should be
strong enough to make the a∗ state the highest lying state.
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Figure 3.15: Unpolarized a − a∗ level separation with (filled black squares) and
without (open black circles) atomic relaxation plotted as a function of the separation between the substitutional dopant atoms in a 12×12 MoS2 supercell. The a∗
exchange splitting for different (unrelaxed) configurations is indicated by red triangles. The insets show the energy level schemes with spin polarization included
for relaxed configurations with impurity separations below (lhs) and above (rhs)
the critical separation of 8.5 Å, respectively.
Lastly, we note a significant enhancement of the exchange splitting when two
vanadium atoms are close, Fig. 3.15. From a value of 92 meV for single V dopants,
the increase in hole density at short separations doubles the exchange splitting to
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∼ 180 meV for (unrelaxed) V dopants on neighbouring Mo sites.
Enhancement of Exchange Interaction for R > Rc

3

For separations greater than Rc , the exchange interaction is strongly enhanced by
relaxation before decaying more strongly than the unrelaxed case till it eventually
becomes smaller when R ∼ 13Å, Fig. 3.12. We can understand the enhancement
by considering in Fig. 3.16 the defect levels associated with the A3 configuration,
Fig. 3.3. For the unrelaxed structure (lhs), the breaking of the local D3h symmetry is
negligible and the bonding e and antibonding e∗ states remain doubly degenerate.
At this separation of 9.55 Å, the bonding interaction of the a01 states is much less
that of the e0 states so that the e∗ level is the lowest unoccupied level to which both
holes gravitate. Because it is degenerate, the e∗ level can exchange split with both
holes aligned to form a triplet spin state. The exchange splitting is weak because
of the delocalisation of the e levels.
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Figure 3.16: Defect level structure calculated without spin polarisation for an A3
configuration of two VMo atoms. (lhs) unrelaxed and (rhs) relaxed. The levels are
calculated from the appropriate weighted average of the Γ, K/K0 and M eigenvalues
of the corresponding bands. a and a∗ (red), e and e∗ (blue) levels originate in the a01
and e0 levels for single VMo dopants. The zero of energy is the Fermi level indicated
by a black dashed horizontal line.
Relaxation reduces the V-S bond length while increasing the V-V bond length
and breaks the local D3h symmetry leading to a significant splitting of the degenerate e and e∗ levels as well as a small increase in the bonding interaction between
the a01 levels (Fig. 3.16, rhs). The net result is that the a∗ level and highest e∗ level
become degenerate and accommodate the two holes. Because of the greater localization of the a levels, this leads to an enhancement of the exchange splitting for
the parallel (FM) configuration of the two VMo dopants (compared to the unrelaxed
case) and a reduction for the antiparallel (AFM) configuration with a correspond46
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ing increase of the EAFM − EFM energy difference (large symbols in Fig. 3.12). To
a good approximation the interaction strength only depends on the separation and
decays exponentially more rapidly than the unrelaxed case with a much reduced
decay length of 3.6 Å reflecting the greater localization of the a01 holes.

3.3.4

Nb and Ta in MoS2

We expect Nb and Ta to more closely resemble Mo than V with a weaker central
cell potential leading to less localized impurity states than in the case of V. Nb and
Ta will turn out to have very similar effective Bohr radii and binding energies that
lead to virtually indistinguishable magnetic properties.
Single impurity limit: Nb and Ta in MoS2
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Figure 3.17: Same as Fig. 3.7 but for Nb instead of V. The corresponding results
for Ta are virtually indistinguishable.
For an unrelaxed Nb (Ta) substitutional impurity, we find an effective Bohr radius of 10.0 (10.3) Å for the e0 state and 5.3 (5.2) Å for the a01 state by fitting the
circularly averaged wave function in a 12×12 supercell to be compared to values of
8 Å and 4.2 Å, respectively, for V found in Sec. 3.3.1, Table 3.2. The binding energies of these e0 and a01 states converge to a common value of ∼ 45 meV in the large
supercell, single impurity limit Fig. 3.17; the results for Nb and Ta are virtually
indistinguishable and only those for Nb are shown. The smaller binding energies
and larger effective Bohr radii make the Nb (Ta) impurity states more sensitive to
the supercell truncation of the impurity potential compared to V. Increasing delocalization of the holes from V→Ta leads to a reduction of the exchange splittings,
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Table 3.6, and a magnetic moment is found to develop only when N > 5. Total
polarization only occurs for N > 10, see Table 3.4.
After relaxation, the Nb-Mo (Ta-Mo) bond length increases by 0.040 (0.036) Å,
leading to a lowering of the e0 state. The hole then goes into the a01 state whose
exchange splitting increases while that of the e0 state decreases because of the
reduced overlap in space of the e0 and a01 partial electron densities. As we already
saw for V in Table 3.4, relaxation enhances the magnetic moments.
Table 3.6: Summary of the exchange splitting ∆ex in meV of a01 and e0 bound states
in unrelaxed (Un) and relaxed (Re) structures in 12×12 supercells.
V

Nb

Ta

∆ex

a01 (Γ)

e0 (K)

a01 (Γ)

e0 (K)

a01 (Γ)

e0 (K)

Un
Re

91.3
96.1

24.7
15.2

32.4
53.2

10.9
9.8

35.6
52.0

10.8
9.7

Interaction of Nb (Ta) impurity pairs
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Figure 3.18: Same as Fig. 3.12 but for Nb instead of V. The corresponding results
for Ta are virtually indistinguishable.
Because of the smaller bound state energies and weaker spin polarization, the
exchange interaction between pairs of Nb (Ta) dopant atoms is weaker than that
between pairs of V atoms, Fig. 3.12, and decays more slowly with increasing separation, Fig. 3.18. To a good approximation the interaction strength only depends
on the separation R and decays exponentially with R with a decay length of 5.2
(5.8) Å versus 3.6 for V when relaxation is included.
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The exchange splitting of the a01 and e0 levels and their relative hole occupations
determine the strength of their different exchange interactions. Relaxation raises
the a∗ level to become degenerate with the upper e∗ level, enhancing the exchange
splitting of the a level while reducing that of the e level (see Table 3.6) and changes
the character of the holes from e-like to a+e-like. This increases the strength of the
exchange interaction but leads to a faster decay as we saw in Figs 3.12 and 3.18
for vanadium.
In summary, before relaxation, the long-range weak e0 ferromagnetic interaction
dominates while the strong short-range a01 interaction dominates after relaxation,
the near-degeneracy of the upper e∗ and a∗ levels making it possible to form a triplet
without violating the Pauli exclusion principle.

3.4

Magnetic Ordering

The Ising spin model in two dimensions undergoes a phase transition to long-range
magnetic order at a finite temperature [130; 131]. For a Heisenberg model with
isotropic exchange interactions, thermal fluctuations destroy long-range magnetic
ordering in two dimensions at any finite temperature [63; 64]. The Ising spin
model, with spin dimensionality n = 1, is recovered by assuming a generalized
Heisenberg spin Hamiltonian with isotropic exchange and strong perpendicular
anisotropy. Though the predictions of such generalized Heisenberg models are not
identical to those of the Ising spin model, the consensus is that for ferromagnetism
to exist in two-dimensional systems, magnetic anisotropy is essential. We therefore
begin this section on magnetic ordering by studying the magnetic anisotropy of a
single substitutional dopant, the so-called single ion anisotropy (SIA).

3.4.1

Single ion anisotropy

Microscopically, magnetic anisotropy arises when spin and orbital degrees of freedom are coupled by the spin-orbit interaction so that the total energy depends on
the spatial orientation of the magnetic moment. According to the “force theorem”
[132; 133], changes to the total energy, δE , that result from a small perturbation
can be related to changes in the sum of the single-particle eigenstates of the KohnP
Sham equations [16] of DFT, δE ∼ δ occ
i εi , which should not be iterated to self
consistency. The force theorem has been applied to the calculation of the magnetic
anisotropy energy (MAE) where the perturbation is the spin-orbit coupling (SOC)
[134] and comparison with explicit total energy calculations yields essentially perfect agreement for Fe, Co and Ni [135]. The advantage of the force-theorem approach is that it allows the MAE to be directly related to (changes to) the electronic
structure [136; 137] which are shown for the relaxed configuration of a single V
atom in a 6 × 6 supercell of MoS2 in Fig. 3.19.
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Figure 3.19: The band structure of a single V dopant in a 6 × 6 supercell including
relaxation. (a) non-spin polarized (NSP), (b) spin polarized (SP), (c) only spin orbit
coupling (SOC). Including SOC and SP with the magnetization in-plane (M k a) (d)
and perpendicular to the monolayer plane (M k c) (e). Because SOC does not mix
the e0 (ml = ±2) and a01 (ml = 0) states strongly, we can continue to label these blue
and red. In (b), the solid and dashed lines represent spin-up and spin-down states,
respectively. The Fermi level shown as a horizontal green dashed line is chosen to
be zero.

In the context of Fig. 3.10(e), we already discussed the exchange splitting of
the a01 and e0 levels. In a 6 × 6 supercell, the increased band dispersion leads to
a smaller exchange splitting. With (without) relaxation, these splittings averaged
over the Brillouin zone are, respectively, 66 (64) meV and 20 (22) meV (Fig. 3.19b).
Because MX2 monolayers do not have inversion symmetry, SOC leads to a substantial splitting of the spin degenerate states at K and K0 with {d xy , d x2 −y2 } character
(l = 2, m = ±2) [138]. In Fig. 3.19(c), we see that SOC splits the e0 level at Γ by
130 meV while the a01 level with d3z2 −r2 character (l = 2, m = 0) is not affected. For
a larger (12×12) supercell, the effect of SOC on the bands shown in Fig. 3.10(d)
is to split the upper e0 level so that it lies above the unaffected a01 level and accommodates the hole.
To understand the energy levels obtained with SOC and spin polarization (exchange splitting) in the single impurity limit, it is instructive to consider the model
Hamiltonian
H = H0 + ∆m.s + ξl · s
(3.10)
where H0 is the spin-independent part of the Hamiltonian, ∆m is the exchange
field that leads to an exchange splitting ∆, and m is a unit vector in the direction
of the magnetization, m ≡ M/|M|. In the subspace of the l = 2, ml = ±2 orbitals

ξl · s =
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where we use Hartree atomic units with ~ = 1. For M k c,

∆m.s =

∆
2

!
0
.
− ∆2

0

(3.12)

and the SOC Hamiltonian can be written as
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(3.14)

Diagonalizing H results in the energy level scheme sketched in Fig. 3.20. The
magnetic anisotropy energy is EMAE = Ea − Ec , where Ea and Ec are the total energies when M k a and M k c, respectively. Using the force theorem, the energy change
on including SOC is given by the change in the sum of single-particle eigenvalues.
The reference energy (without SOC) cancels when the difference is taken for the
two magnetization directions and, for occupancy with a single hole, EMAE can be
estimated to be

EMAE

∆
= Ea − Ec = ξ + −
2

r
ξ2 +

∆2
4

(3.15)

where we make use of the fact that the sum over all single particle eigenvalues is
zero to express the sum over occupied states in terms of the sum over unoccupied
states that is simply the energy of the hole. In this simple model, it is clear that for
single acceptors the energy is lower when the magnetization is out of plane. In the
∆
).
limit that ∆  ξ , EMAE ∼ ∆2 (1 − 4ξ
To determine the MAE using the vasp code † , we adopt a two step procedure.
We first perform a well-converged self-consistent spin-polarized calculation for the
minimum energy geometry without SOC. The output from that calculation is used
as input to the second step where SOC is added and the Kohn-Sham equation is
solved non self-consistently yielding a new eigenvalue spectrum, Fermi energy and
wavefunctions from which a total energy can be determined; to use the force theorem, we will just make use of the eigenvalue-sum part of the total-energy output.
When adding the SOC, an orientation for the exchange field (magnetization direction) needs to be chosen and this will yield an orientation dependent eigenvalue
†

The vasp guide, https://cms.mpi.univie.ac.at/vasp/vasp.pdf
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Figure 3.20: Schematic of the e0 energy levels with spin orientation in-plane (Mka)
and out of plane (Mkc). The solid blue lines are spin degenerate.

spectrum, Fermi energy etc. To determine the MAE, we need to perform two calculations with the magnetization chosen (i) perpendicular to the plane and (ii) in
plane. The MAE will be expressed as the difference. To calculate the single particle
eigenvalue sum for the electronic structure shown in Fig. 3.19 requires a careful BZ
summation [134; 139; 136] for which we use the improved tetrahedron method
[140]. The results obtained using the force theorem for a 6×6 supercell and 4, 8
and 12 divisions of the reciprocal lattice vectors are shown in Fig. 3.21 as a function of the BZ area element (2 s) normalized to the area, S BZ , of the BZ for a 1×1
primitive unit cell (black squares). An integral is defined as the limit where s → 0
for an infinite number of sampling k points and from the figure we expect a value
of ∼ 0.8 ± 0.2 meV.
When the supercell size is increased and the dispersion of the e0 and a01 states
becomes smaller, we might expect the BZ summation to converge faster but the
situation is complicated by the near-degeneracy of the e0 and a01 bands. Fig. 3.21
includes results for 9×9 and 12×12 supercells indicating a strong increase in the
size of the EMAE in the single impurity limit. The strong dependence of the MAE
on the supercell size can be understood in terms of the reduced dispersion of the
impurity levels and the contribution to the MAE from states near the Fermi level
whose degeneracy is lifted when the magnetization direction is rotated from inplane with M k a to out-of-plane with M k c as illustrated by Fig. 3.19(d,e) and
Fig. 3.20. For a 12×12 supercell, we can extrapolate the results obtained using
a 2×2 and 4×4 k-point sampling to estimate a converged MAE of 4.2 meV. The
exchange-splitting ∆ is 15.2 meV for the e0 level and using this value of ∆ and
2ξ = 130 meV in (3.15) yields a value of EMAE ∼ 7.2 meV that is still larger than
the 4.2 meV estimate from the full calculation. We can extrapolate the results for
the three sizes of supercell to s = 0 and then plot the results as a function of the
inverse supercell size (inset) to estimate the SIA in the infinite supercell limit to be
52

3.4 Magnetic Ordering

12 ×12 supercell

5
4 ×4

4
3
2

MAE (meV/V atom)

MAE (meV/V atom)

6

9×9 supercell
8 ×8

4 ×4

6×6 supercell

1

12×12

5

12×12 9×9

6×6

4
3
2
1
0

8 ×8

0.000

2 ×2

1
2
Concentration (%)

3

3

4 ×4

0.001
2s/SBZ

0.002

Figure 3.21: (color online). Convergence of the anisotropy energy of a relaxed
substitutional VMo atom in a monolayer of MoS2 for 6×6 (black), 9×9 (blue) and
12×12 (red) supercells as a function of the area, s, of the triangular surface element used to perform the two-dimensional BZ integral, given as a fraction of the
total area of the 2D BZ, S BZ , for a 1×1 unit cell. The number of divisions of the reciprocal lattice vectors corresponding to each surface element is indicated for each
supercell.

4.5 ± 0.5 meV per V ion. This is much larger than the value reported for 2D CrI3
[141] that exhibits Ising behavior [67]. The dipole-dipole interactions that play an
important role in determining whether or not the magnetization of thin magnetic
layers and magnetic multilayers is in-plane or out-of-plane are orders of magnitude
smaller in the present case and can be safely neglected [134; 139; 136].

3.4.2

Monte Carlo calculations

Very strong single-ion anisotropy combined with isotropic Heisenberg exchange
results in Ising-like behaviour [142] which automatically gives a magnetically ordered phase at finite temperature [130; 131]. We map the energy differences calculated between FM and AFM oriented spins onto an isotropic Heisenberg exchange
interaction and then model the V-doped MoS2 monolayer as an Ising spin system
for which all odd moments disappear in zero field by symmetry. Monte Carlo calculations are used to determine the Curie temperature TC using Binder’s cumulant
method [143; 144] where the fourth order cumulant of the magnetization M simplifies to U4 (T, L) = 1 − hM 4 i/3hM 2 i2 . As the system size L → ∞, U4 → 0 for
T > TC and U4 → 2/3 for T < TC . For large enough lattice size, U4 (T, L) curves
for different values of L cross as a function of temperature at a “fixed point” value
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U ∗ and the location of the crossing fixed point is the critical point [144].
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Figure 3.22: Variation of the fourth order cumulant for three different supercell
sizes L = 50, 75, 100 as a function of temperature.
At a given temperature and doping concentration, we establish thermodynamic
equilibrium in 105 Monte Carlo (MC) thermalization steps and then average over
48 different random dopant configurations to obtain hM 2 i and hM 4 i. Three different lattice sizes with L = 50, 75, 100 are used to calculate U4 as a function of
the temperature T with doping concentrations from 1% to 11%. An example of
the results is shown in Fig. 3.22 where the fitting curve for the unrelaxed case in
Fig. 3.12 is used to describe the exchange interactions for a doping concentration of
9%. The temperature corresponding to the size independent universal fixed point
U ∗ where the U4 (L, T ) curves for different lattice sizes L intersect yields an estimate for TC . For the largest supercell size L = 100, we calculated the magnetic
susceptibility χ = [hM 2 i − h|M|i2 ]/Nkb T which diverges at the critical temperature
in the thermodynamic limit [144]. An example is shown in Fig. 3.23 in which the
Curie temperature obtained from the position of the magnetic susceptibility peak
is in good agreement with that obtained from the fourth order cumulant.

3.4.3

Curie temperature

The ordering temperatures we calculate are shown in Fig. 3.24 for V doping concentrations x in the range from 1% to 11%. Without relaxation, TC (x) increases
monotonically with doping concentration and reaches room temperature for a concentration of ∼ 11%. With relaxation, the ferromagnetic exchange interaction is
quenched for close dopant pairs and TC (x) exhibits a maximum of ∼ 165 K for 9%
doping. If we extrapolate the exchange interaction for relaxed dopant pairs to sep54
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shown in Fig. 3.12 for an MoS2 monolayer doped with V. The dashed curve was
calculated by extrapolating the exchange interaction for relaxed dopant pairs to
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Table 3.7: Computational studies of single acceptor dopants in MoS2 . SC: Supercell. XC: Exchange-Correlation functional. MAE: Magnetic Anisotropy Energy.
US-PP: Ultrasoft pseudopotential [145]. NC-PP: Norm-conserving pseudopotential
[146]. PAW: Projector Augmented-Wave [109]. LDA: Local Density Approximation [115]. CA: Ceperley-Alder [147]. GGA: Generalized Gradient Approximation.
PBE: Perdew-Burke-Ernzerhof [116]. HSE: Heyd-Scuseria-Ernzerhof [148]. QE:
quantum espresso [149]. vasp: Vienna Ab-initio Simulation Package [111; 112].
wien2k [150]. siesta [151].

3

SC size (# atoms)
Default Max/test

4×4
4×4
5×5
5×5
8×8
5×5
4×4
5×5
6×6
4×4
6×6
3×3
12 × 12

6×6

7×7

4×4
8×5
4×4
15 × 15

Dopant
V, Nb, Ta
V
Nb
Nb
V
V
V, Nb, Ta
V
V
Cr, V
V, Cr
V
Nb, Ta
V
V, Nb, Ta

Method
US-PP
PAW
NC-PP
PAW
PAW
PAW
US-PP
PAW
PAW
PAW
FLAPW
PAW
PAW
US-PP
PAW

XC
GGA/PBE
GGA/PBE
LDA/CA
HSE
GGA/PBE
GGA/PBE
GGA/PBE
GGA/PBE
GGA/PBE
GGA/PBE
GGA
GGA/PBE
HSE
GGA
LDA(GGA)

U(eV)
0
0
0
0
0
5.5
0
0
3
0
2.5
0
0
3
—

Vac.
(Å)
10
12
15
15
12
15
15
20
15
16
17
20
20

Code
QE
VASP
SIESTA
VASP
VASP
VASP
QE
VASP
VASP
VASP
WIEN2K
VASP
VASP
QE
VASP

MAE
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes

Exchange
Int. J(d)
No
No
No
No
No
No
No
No
Yes
No
No
Yes
No
Yes
Yes

Reference
Cheng PRB13 [89]
Yue PLA13 [90]
Dolui PRB13 [87]
"
"
Yun PCCP14 [93]
Andriotis PRB14 [96]
Lu NRL14 [82]
Miao JMS16 [98]
Fan NRL16 [101]
Robertson ACSN16 [102]
Singh AM17 [103]
Miao ASS18 [104]
Choi PRAP [152]
Mekonnen IJMPB18 [105]
This work

arations smaller than the critical separation where quenching occurs (dashed line
in Fig. 3.12), the Curie temperature increases rapidly and monotonically with doping concentration and exceeds room temperature for dopant concentrations larger
than 9%. Because the maximum value of TC (x) we obtain would be higher but
for the quenching of the magnetic moments of closely separated relaxed dopants,
it becomes important to consider how to suppress the quenching to obtain higher
Curie temperatures. This will be discussed in Sec. 3.6.

3.5

Comparison with other work

Table 3.7 summarizes earlier computational work on doping MoS2 monolayers with
V, Nb or Ta. Because much of it was concerned with doping rather than with magnetic ordering, no attempts were made to calculate the magnetic anisotropy. Most
of the calculations were done using small supercells and the separation dependence
of the exchange interaction was not studied systematically, if at all. We noted in
Sec. 3.2 that the GGA positions the Γ-point VBM too high with respect to the K-point
VBM by comparison with experiment [114] and we therefore used the LDA that
yields better agreement with experiment in this regard. Because most of the calculations referred to in Table 3.7 were performed with the GGA exchange-correlation
potential, we examine the effect of using the GGA rather than the LDA.
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Figure 3.25: Dependence on the supercell size N of the a01 and e0 impurity levels
induced by an unrelaxed substitutional vanadium atom VMo with respect to the
valence band maximum in the GGA.
GGA versus LDA
If we use atomic configurations whose geometry was optimized using the LDA and
repeat the electronic structure calculations using the GGA, we qualitatively reproduce the LDA results for the exchange interaction between V dopant atoms. The
significant differences that will be documented below therefore have their origin
in the only slightly different minimum-energy geometries predicted by the GGA.
Our starting point is an MoS2 monolayer whose lattice constant aGGA = 3.185 Å
minimizes the GGA total energy, Table 3.1. The GGA overestimate of the position
of the Γ-point VBM with respect to the K/K0 VBM makes the a01 level much higher
than the e0 levels as shown in Fig. 3.25 where these levels are plotted as a function
of supercell size. The asymptotic values are ∼ 76 and ∼ 20 meV for the a01 and
e0 states, respectively compared to ∼ 62 meV for both in the LDA case, Fig. 3.7.
Compared to the LDA estimate of a Bohr radius of 4.2Å from the radial extent of
the partial charge density in Fig. 3.5, with the GGA we find a slightly larger value
of 4.7Å for the a01 state. By analogy with a hydrogen atom where the extent of
the 1 s orbital increases greatly for the H− ion compared to the neutral atom, we
attribute the slightly larger radial extent for the more strongly bound hole in the
GGA case to its greater a01 (hole) occupancy. In the GGA, the doped system is fully
spin-polarized for the smallest 3×3 supercell we considered and the a01 exchange
splitting of 142 meV is much larger than the 91 meV we found in the unrelaxed LDA
case. (The LDA predicts an exchange splitting of ∆ε1s = ε↑1s − ε↓1s = 0.35 Rydberg
for a hydrogen atom compared to 0.55 Rydberg for the GGA; see Sec. 3.8.2).
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Figure 3.26: The total energy difference between parallel and antiparallel aligned
spins on the V dopants without relaxation within GGA.

Fig. 3.26 shows the exchange interaction calculated with the GGA for pairs of
unrelaxed VMo dopants as a function of the distance between them. We observe an
oscillatory behavior with FM coupling for neighbouring pairs (“A1” configuration,
see Fig. 3.3) that switches to AFM for B1, A2, C1 and A3 configurations after which
it is essentially zero reflecting the small effective Bohr radius of the a01 level (a∗0 ∼
4.7 Å). The relatively large separation in energy of the a01 and e0 levels means that
for separations larger than ∼ 9Å, both holes are to be found in the anti-bonding
a∗ level because the bonding-antibonding interaction is too weak to lead to hole
occupancy of the e∗ level. Because both holes must of necessity occupy the a∗ level,
their spins must be opposite and FM ordering is energetically unfavourable (though
the energy difference is very small).
To understand the oscillation for small separations, we consider the electronic
structures of the a01 and e0 derived a–a∗ and e–e∗ bonding and antibonding states
for the A1 and A2 configurations in Fig. 3.27 with and without spin polarization.
We begin with the A1 configuration. Compared to the LDA case that was shown in
Fig. 3.13(b), we see that the unpolarized a and a∗ levels (lhs of Fig. 3.27) are higher
than the e–e∗ levels reflecting the corresponding feature for a single substitutional
dopant and that the a–a∗ bonding-antibonding interaction is larger because the
Bohr radius of the a01 states is larger in the GGA. On the rhs of the A1 panel, we see
that the exchange splitting of the a∗ levels is approximately doubled to ∼ 300 meV
for the A1 configuration compared to the single VMo case because of the overlapping
hole densities; the same doubling occurs in the LSDA, where the exchange splitting
of 92 meV for a single substitutional V is enhanced to 180 meV for neighbouring
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Figure 3.27: Energy diagrams for unrelaxed dopant pairs in A1 and A2 configurations (Fig. 3.3) with and without spin polarization calculated in GGA. The levels
are calculated from the appropriate weighted average of the Γ, K/K0 and M eigenvalues as in figures 3.13 and 3.16. The Fermi level is indicated as a black dashed
horizontal line. The spin up and spin down states are represented as dashed and
solid lines, respectively.
V pairs, see Fig. 3.15. The exchange splitting is so large that the down-spin a∗
level moves below the (approximately doubly) degenerate up-spin e∗ level with the
result that the hole can flip its spin and the Fermi level is pinned in the half-filled
up-spin e∗ state. By having one hole in an a∗ state and the other in an e∗ state it is
possible for their spins to be parallel and to simultaneously gain spin-polarization
and bonding energy.
As the separation between the VMo atoms is increased, the exchange splitting
and bonding interaction decrease rapidly for the a states and a FM triplet state is
only formed at the expense of having one hole occupying a bonding a state (rhs
of A2 panel); spin-polarization energy gain is offset by loss of bonding energy. Antiparallel alignment of the holes allowing gain of both spin-polarization and bonding energy becomes more favourable.
The effect of relaxation is to push the a01 level up in energy and increase the
a–a∗ bonding-antibonding splitting so that the unpolarized electronic structure resembles that of Fig. 3.13(e) with both holes in the a∗ level. For dopant separations
less than ∼ 10 Å this leads to quenching of the magnetism. For separations larger
than this, the a01 levels (a∗0 ∼ 4.7 Å) interact only weakly with each other leading
to very small energy differences EAFM − EFM and negligible exchange interaction
because the e0 related levels are too low in energy to be occupied.
As anticipated at the beginning of this section, we can trace the large difference
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between the GGA and LDA descriptions of the exchange interaction between pairs
of VMo dopants to the 2% difference between the LDA and GGA lattice constants.
If we use the experimental lattice parameters listed in Table 3.1, the differences
between LDA and GGA disappear and we find that near-degenerate e0 and a01 impurity levels with binding energies of 56 meV in a direct band gap of 1.78 eV couple
ferromagnetically for all separations. The different orbital character of the e0 and
a01 levels means that they are very sensitive to the in-plane lattice constant a and
out-of-plane dSS , respectively, whose ratio determines their relative positions. From
Table 3.1, we see that the LDA ratio of 1.001 is much closer to the experimental
value of 0.996 than the GGA ratio of 1.018 and argue that the LDA provides a more
reasonable description of the relative position of the impurity levels.
When SOC is taken into consideration, the energy difference ∆KΓ between the
K/K0 and Γ-point valence band maxima increases from 150 to 216 meV for LDA and
from 12 to 88 meV for GGA, respectively, because of the large spin-orbit splitting
at the K/K0 point, Table 3.8. The experimental value, 140 meV, is just in between
making it unclear what will actually happen. To resolve this issue, experiment
should focus on determining the position of the a01 level with respect to the top of
the valence band in the single impurity limit.
Because the relative position of the impurity states determines the exchange
interaction between dopant atoms, we have performed exploratory calculations to
tune the relative positions of the K/K0 and Γ valence band maxima and consequently
of the a01 and e0 levels with strain. For GGA, a 1% compressive strain (∆a < 0) is
found to lower the a01 levels to be degenerate with the e0 levels and we find FM coupling for all separations. 2% tensile strain (∆a > 0) lifts the a01 levels far above the
e0 levels stabilizing the magnetic moment of single impurities but favouring singlet
formation of impurity pairs and AFM coupling. So while tensile strain reduces the
formation energies of NbMo and TaMo and facilitates p doping of MoS2 [152], it is
detrimental for ferromagnetic ordering.
Table 3.8: Effect of SOC on the band gap ∆εg and valence band alignment for an
MoS2 monolayer in the LDA and GGA. ∆KΓ = εK − εΓ is the energy difference
between the valence band maximum (VBM) at the K and Γ points.

∆εg (eV)
GGA
LDA
Exp

1.650
1.860

No SOC

Including SOC

∆KΓ

∆εg (eV)

∆KΓ

0.012
0.150

1.586
1.787
1.900a

0.088
0.216
0.140b

a Ref.11 b Ref.114

If the exchange interactions are so sensitive to the lattice constant and the ratio
of a to dSS , it might be useful to consider tuning this ratio by modifying ∆KΓ either
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using strain or by alloying, Mo(S/Se/Te)2 . In the MoSe2 , MoTe2 and WSe2 systems,
the a01 level lies so much lower than the e0 level that using GGA or LDA with their
different lattice parameters has little effect; the coupling is dominated by the long
range of the e0 levels.
LDA + U
Two of the studies cited in Table 3.7 use a finite value of U to better describe onsite
Coulomb repulsion between electrons in localized d orbitals [96; 103]. We find
that LDA+U [128] with modest values of U makes the local magnetic moment
more localized and enhances it. The (more localized) a01 level is more sensitive to
U than the e0 level.
A small value of U (less than 1 eV) increases the exchange splitting of the a01
level and increases the FM exchange interaction which would yield a larger T C compared to calculations without U . A larger value of U (larger than 3 eV) causes the
hole to become even more localized and fully polarized even at very high concentrations (25%). As a consequence, the exchange interaction decays more rapidly and
the separation below which quenching occurs decreases because the bonding interaction decays more rapidly. Compared to LDA calculations, the Curie temperature
would be lower at low dopant concentration but enhanced at high concentration.
In our LDA calculations, we find that the shallow vanadium 3d orbitals hybridize strongly with S-3 p and Mo-4d orbitals delocalizing the holes. We expect
the Coulomb U in our system to be small and with a small U , the Curie temperature should be enhanced. Our LDA results should thus represent a lower bound on
the exchange interaction and ordering temperature.

3.6

Discussion

According to the Zener p–d model used to interpret magnetic coupling in Ga(Mn)As
dilute magnetic semiconductors [60], holes in As ( p) bonding states mediate the
exchange interaction between strong local (d5 ) magnetic moments on Mn2+ dopant
ions. In the present case, the magnetic moments that we find come from unpaired
(d1 ) spins in gap states that are only weakly bound by the Coulomb potential of the
dopant ions, Fig. 3.2. The large Bohr radii we find for these states, Table 3.2, allows
them to overlap to form narrow bands and suggests that on-site Coulomb interactions may play a minor role and a model of itinerant ferromagnetism may be more
appropriate than the various localized models used to study the Ga(Mn)As and related systems [61; 62]. When the holes are in orbitally nondegenerate a01 levels,
AFM coupling is favoured to satisfy Pauli’s exclusion principle; when they are in the
degenerate e0 levels, FM coupling is preferred to minimize the Coulomb interaction. For MoS2 , the (accidental) near-degeneracy of the a01 and e0 hole states leads
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to them competing to determine the magnetic properties whereby the strength of
the exchange interaction is related to the exchange splitting of the impurity band
and will be affected by the band dispersion for high doping concentrations.
In the low doping limit, the impurity states have no dispersion and are fully
polarized. As the impurity concentration is increased, the impurity levels overlap
to form narrow bands that broaden and eventually overlap the narrow Mo band
that forms the top of the valence band. As seen in Fig. 3.8, the impurity bandwidth increases exponentially with increasing doping concentration. For the 9%
V dopant concentration for which we find T C to be a maximum, the e0 impurity
bandwidth is ∼ 400 meV. The a01 band is narrower, only about a third as wide. Both
bandwidths exceed the 91 meV exchange splitting we find for single V impurities
in Fig. 3.10 that would imply partial quenching of the magnetic moments. For the
ordered V dopants studied in Table 3.4, this quenching occurs as the concentration
is increased above 3% and is complete by 6%. For itinerant electrons occupying
narrow bands, it has been argued that the effective interaction predicted by the
Stoner criterion will not be reduced by correlation effects or spin wave excitations
[108]. In contrast to traditional dilute magnetic semiconductors with large local
moments that do not contribute to the spin stiffness, the completely spin polarized carriers in narrow impurity bands lead to a large spin stiffness and develop
ferromagnetic ordering by their mutual interaction.
The quenching of ferromagnetic pairing for close impurity pairs can be avoided
by considering instead of MoS2 as host semiconductor, MoSe2 or MoTe2 (WSe2 or
WTe2 ) for which the Γ point VBM drops with respect to the K/K0 VBM as S→Se→Te
(sketched in Fig. 3.28). Preliminary calculations show that the a01 defect levels do
indeed follow the Γ point VBM leaving the holes in the orbitally degenerate e0
derived impurity bands. The increased lattice constant makes the e0 states more
localized and enhances the spin polarization in MoSe2 and MoTe2 . Very recently
there have been reports of long-range and/or room temperature ferromagnetism
occurring in V doped WSe2 monolayers [153], in MoSe2 and MoTe2 [154], in V
and Ta doped MoTe2 [155; 156] and in MoS2 [157] whereby the interaction with
anion vacancies would appear to play an important role. These systems clearly
warrant closer study.
We might expect double acceptors to have larger magnetic moments and exchange interactions. However, when MoS2 is doped with Ti, Zr, Hf on the Mo site,
the a01 level is lifted far above the e0 levels and accommodates both holes so such
substitutional impurities are nonmagnetic in the single impurity limit. Only when
dopant pairs are sufficiently close (∼ 6 Å) does strong π bonding lift the e∗ antibonding level above the a bonding level so all four holes occupy antibonding states.
The two holes in the e∗ states can become ferromagnetic with a total magnetic moment of 2 µB but this is not an improvement on the single acceptor case.
In MoSe2 or MoTe2 (WSe2 or WTe2 ) monolayers where the Γ point VBM lies
well below the K/K0 VBM, the two holes introduced by double acceptors occupy e0
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states that can acccomodate four holes. Half-filling of these degenerate levels leads
to a competition between Jahn-Teller distortion and exchange splitting. If the JahnTeller distortion is sufficiently strong, the magnetic moment will be quenched and
we do not expect double acceptors to be magnetic for low doping concentrations.
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MoS2

K/K'

Γ

Γ
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a'1

MoSe2

MoTe2

Γ
Figure 3.28: Schematic of the relative position of VBM at K and Gamma points and
corresponding impurity levels for MX2.

3.7

Summary & Conclusions

We have used ab initio calculations to explore the possibility of inducing ferromagnetism in an MoS2 monolayer by substitutionally doping it with V, Nb or Ta on Mo
sites. In the single impurity limit, the resulting repulsive Coulomb potential leads
to a doubly degenerate {d xy , d x2 −y2 } state with e0 symmetry bound to the K/K0 valence band maxima and a singly degenerate a01 state with d3z2 −r2 character bound
to the slightly lower-lying Γ valence band maximum that are accidentally degenerate. The exchange interaction between two such hole states depends on whether
the holes have a01 or e0 character, the former being quite localized, the latter quite
extended in space. The magnetic moments of the spin 21 acceptor states couple
ferromagnetically at low concentrations but if the dopants are closer than the effective Bohr radius of the d3z2 −r2 orbital, the magnetic moments quench in order to
profit from the bonding interaction. The details of the exchange interaction depend
sensitively on the equilibrium structure of the undoped monolayer that in turn depends on the (approximate) exchange-correlation functional used. We argue that
the LDA is preferable to the GGA because it describes the ordering of the K/K0 and
Γ valence band maxima better compared to experiment.
When spin-orbit coupling is included, we calculate a large magnetic anisotropy
energy for acceptors with a preference for out of plane orientation and argue that
this large single ion anisotropy justifies using an Ising spin model to study the
ferromagnetic ordering. We estimate the ordering temperature by combining our
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(isotropic) separation-dependent exchange interactions with Monte Carlo calculations using Binder’s cumulant method. For an MoS2 monolayer doped with V (Nb
or Ta), we estimate ferromagnetic Curie temperatures as a function of the dopant
concentration and find a maximum TC of ∼170 K (∼100 K) at around 9% dopant
concentration. At sufficiently high concentrations of impurity states, the acceptor
states form bands and magnetism is quenched when this band width exceeds a
critical value that depends sensitively on the exchange-correlation functional used.
Although the maximum calculated TC is below room temperature, our work
demonstrates that shallow impurities in MX2 monolayers that bind weakly but have
long range interactions are promising dopants to explore with a view to realizing
room temperature ferromagnetism.

3.8
3.8.1

Appendices
Sulphur reference atom

The impurity potential of a vanadium acceptor screened by a hole in the a01 and e0
states as felt by S atoms is plotted in the insets to Fig. 3.29. The effective Bohr radii
of these impurity states determined by fitting to Eq. (3.1b) are 8.8 Å for screening
by the e0 state and 6.5 Å for screening by the a01 state. For the e0 level, this effective
Bohr radius is consistent with the other estimates summarized in Table 3.2. For the
a01 level, however, the value of 6.5 Å yielded by the S atom probes is larger than the
value of 5.4 Å yielded by using Mo atoms as probes. We already saw more scatter in
the estimate of the a01 radius and in view of its very small value and the importance
of the central cell potential and local screening effects on this length scale, it is
not surprising to see this type of variation measured by probes at different radial
distances.

3.8.2

Hydrogen atom in LDA/GGA

In the local density approximation (LDA), the total energy of a neutral hydrogen
atom is not −1 Rydberg but its absolute value is about 10% smaller, ∼ −0.89 Rydberg and the Kohn-Sham eigenvalue for the 1 s state is ε1s = −0.46 [121]. It has
been shown that the discrepancy can be substantially reduced by using the spinpolarized (SP) version of the LDA, the local spin density approximation (LSDA)
[121]. Using the Perdew-Zunger [115] parameterization of L(S)DA (Table 3.9),
we obtain total energies (E ) and KS eigenvalues (ε) of E = −0.89 Ry, ε = −0.46Ry
(LDA) and E = −0.97 Ry (LSDA) and an exchange splitting of the Kohn-Sham
1s eigenvalues of -0.35 Ry. If instead of the L(S)DA, we use the Perdew-BurkeErnzerhof [116] GGA, we obtain energies of -0.92 Ry (GGA) and -0.99 Ry (SP-GGA)
and an exchange splitting of -0.55 Ry.
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Figure 3.29: Dependence of the S 2s semicore levels on the separation from the
VMo dopant ion. The (screened) Coulomb potential of the V dopant is screened by
the a01 hole (upper panel) respectively by the e0 hole (lower panel). The asymptotic
value εcore (∞) was determined by fitting the calculated data points in the insets
to an exponential wave function and using this fit (red curves) to extrapolate to
R = ∞.
Table 3.9: Comparison of total energies (E ) and Kohn-Sham (KS) eigenvalues (ε)
for a hydrogen atom as described by the LDA and the LSDA, the non-spin polarized
(NSP)-GGA and spin-polarized (SP)-GGA in Rydberg units (13.606 eV).
LDA

E
ε↑1s
ε↓1s
∆ε1s

NSP
-0.89
-0.46
-0.46
0.00

GGA
SP
-0.97
-0.18
-0.53
0.35

NSP
-0.92
-0.47
-0.47
0.00

SP
-0.99
0.00
-0.55
0.55

65

3. High temperature itinerant ferromagnetism in p-doped monolayers of MoS2

3

66

4

Systematic DFT study of structural and
electronic properties in p-doped
Monolayers of MX2
We use density functional theory calculations to systematically investigate the structural and electronic properties of MX2 transition metal dichalcogenide monolayers with
M = Cr, Mo, W and X = S, Se, Te that are doped with single (V, Nb, Ta) and double
(Ti, Zr, Hf) acceptor dopants on the M site in the dilute limit. Three impurity levels
are found above the valence band maxima (VBM). Under the local D3h symmetry an
orbitally doubly degenerate e0 level is bound to the K/K 0 VBM and a singly degenerate
a01 level is bound to the Γ-point VBM. The relative positions of these impurity levels
determines the different structural and electronic properties in p-doped MX2 monolayers and can be tuned by replacing S with Se or Te for which the Γ point VBM is
substantially lower, bringing the a01 level down with it.
For single acceptors, the near-degeneracy of the a01 and e0 levels in sulphur compounds is lifted for X = Se and Te. As a result, the ground state of close impurity pairs is
a triplet and the quenching of ferromagnetic coupling found for X = S is avoided. Large
out-of-plane magnetic anisotropy energies (as large as 10 meV/dopant) are found in
the single acceptor doped MX2 systems, which is essential for long-range ferromagnetic
ordering in two dimensions. However, when X= Se and Te, a Jahn-Teller distortion
lifts the degeneracy of the e0 levels lowering the local symmetry of V, Nb and Ta single
acceptors and decreases the magnetic anisotropy energies.
For Ti, Zr and Hf double acceptors, both holes occupy the high lying a01 level and so
are not magnetic in MS2 monolayers. In MSe2 and MTe2 monolayers, the Jahn-Teller
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distortion competes with the exchange splitting and quenches the magnetic moment
as it is large enough. Moreover, the double acceptors have a large in-plane magnetic
anisotropy energy, which can not develop long-range magnetic ordering in 2D.
The existence of deep intrinsic vacancy and antisite defects would localize the holes
and enhance the magnetization in p-doped MX2 monolayers. Our systematic study on
the p-doped MX2 systems offers a guide to search for the most promising solution that
realizes the room temperature ferromagnetic semiconductor in p-doped monolayers of
MX2 .

4.1

4

Introduction

After ferromagnetism was observed in (In,Mn)As [57] and (Ga,Mn)As [58], predictions were made for achieving room temperature ordering [59] that sparked
a huge effort to realize such a dilute magnetic semiconductor (DMS). In spite of
twenty-five years of intensive research, the maximum ordering temperature has
stagnated at values well below room temperature [60]. The number of material
systems considered has proliferated but it is not clear what the fundamental limits
are to the ordering temperature achievable in any particular material system, so
research proceeds largely empirically. There are many reasons for the low ordering
temperatures [61; 62] but the essential dilemma is that the open d shell states of
magnetic impurities like Mn are quite localized. While this favours the onsite exchange interaction that is the origin of the Hund’s-rule spin alignment and makes
the ionic moment insensitive to temperature, it leads to weaker exchange interactions between pairs of impurity ions that determine the Curie temperature TC ,
the ferromagnetic ordering temperature. TC can be increased by increasing the
concentration of impurity atoms but this is accompanied by adverse effects such as
the clustering of magnetic impurities or the formation of antisite defects that are
electron donors which counter the intended increase in the concentration of holes.
In many semiconductors, transition metal ions like Mn, Fe or Co introduce “deep
levels”, tightly bound partially occupied states, in the fundamental gap of the semiconductor. At high dopant concentrations, these form deep impurity bands that
dominate the (transport) properties of a material that from the electronic structure
point of view is no longer a semiconductor but an entirely new material.
We recently explored a different approach to realizing a high temperature magnetic semiconductor [106; 158]. In a tight-binding approach, the transition metal
(TM) d bandwidth is 2zt where z is the number of neighbouring TM atoms and t is
the nearest neighbour hopping matrix element. Because of the reduced coordination number z, a two-dimensional material like the TM dichalcogenide MoS2 has a
substantially reduced d bandwidth Wd ; this is favourable for the occurrence of itinerant ferromagnetism as the Stoner criterion D(E F )Ixc > 1 is more easily satisfied
where D(E F ) is the density of states (DoS) at the Fermi level and Ixc is the Stoner
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parameter. Ixc is essentially an atomic property and in the local spin density approximation (LSDA) [159; 126] it contains contributions from both exchange and
correlation [160; 161; 127].
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Figure 4.1: (color online). Band structures of monolayer MoX2 (X=S, Se, Te) without (a-c) and with (d-f) a single substitutional vanadium dopant atom on a Mo site
in a 6×6 supercell. The zero of energy is the Fermi level. In (a-c), the blue and red
horizontal lines represent, respectively, the e0 impurity levels bound to the K/K 0
valence band maxima (VBM) and the a01 impurity level bound to the Γ VBM. In
(d-f) the blue and red lines are the corresponding bands formed from these impurity levels because of the finite size of the unit cell and the periodic boundary
conditions. Note the different energy scales used in the top and bottom panels.
A monolayer of MoS2 is a direct gap semiconductor with a very narrow nonbonding Mo d band, the bold black band in Fig. 4.1(a), forming the top of the
valence band in a gap formed by bonding and antibonding combinations of Mo-d
and S- p states. To probe the enhanced DoS, we considered hole-doping MoS2 by
replacing some of the Mo atoms with group VB acceptor atoms in Ref.106; 158. Mo
has a 4d5 5 s1 electronic configuration and in MoS2 it is nominally Mo4+ with one
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up-spin and one down-spin d electron so it is nonmagnetic. When a group VIB Mo
is replaced by a group VB atom like V, Nb or Ta, then the dopant atom e.g. V4+ , has
a single unpaired d electron and a single hole is thereby introduced into the narrow
Mo 4d band; substitution of a group IVB atom (Ti, Zr, Hf) will introduce two holes
per dopant atom. In the single impurity limit, the asymptotic Coulomb potential
leads to a series of hydrogenic states bound to the top of the valence band. At the K
and K 0 VBM, the highest doubly degenerate state with e0 symmetry in the local D3h
symmetry has mixed Mo d x2 −y2 and d xy character. At the slightly lower Γ-point VBM
the highest a01 state has Mo d3z2 −r2 character and a large effective mass [107]. At
finite concentrations of dopant atoms, these impurity states form impurity bands
and at finite temperatures, the holes in these impurity bands are thermally excited
into the top of the narrow nonbonding Mo d band.
In Ref. 106; 158 we found that pairs of V, Nb and Ta substitutional dopants in
an MoS2 monolayer coupled ferromagnetically for all dopant separations but the
shortest. In the single impurity limit, a large out-of-plane magnetic anisotropy of
∼ 5 meV per dopant ion was found that allows violation of the Mermin-Wagner
theorem according to which thermal fluctuations destroy ordering in two dimensions for isotropic Heisenberg exchange [63; 64]. Large single ion anisotropy (SIA)
combined with isotropic exchange coupling leads to effective Ising-spin behaviour
[142] and long-range magnetic ordering [130; 131] at finite ordering temperatures
that can be estimated using Monte-Carlo calculations [143; 144]. For V, Nb and
Ta, we estimated values of TC of about 100K for Nb and Ta and as high as 160K
for V for doping concentrations of order 9%. Very recent reports of long-range
and/or room temperature ferromagnetism occurring in V doped WSe2 monolayers
[153], in MoSe2 and MoTe2 [154], in V and Ta doped MoTe2 [155; 156] and in
MoS2 [157] (whereby the interaction with anion vacancies would appear to play
an important role) provide the motivation for a closer study of these systems.
In our study of MoS2 , we identified the formation of singlet states for dopant
pairs closer than a critical separation (∼ 9Å) as the most important factor limiting
the ordering temperature to below room temperature in p-doped MoS2 monolayers [106; 158]. For close dopant pairs, the π interaction of a01 states with d3z2 −r2
character is stronger than the σ interaction between e0 states with d x2 −y2 and d xy
character so the highest lying level occupied by the two holes is an antibonding a∗
state. It is orbitally nondegenerate so the holes are forced to have opposite spins
i.e., the net magnetic moment is zero. Because of their d3z2 −r2 character, the a01
states are very localized in the xy plane and the interaction between a01 states decays more rapidly than that between e0 states with d x2 −y2 and d xy character. For
separations larger than the critical distance, the orbitally degenerate antibonding
e∗ state can accomodate two holes with parallel spins corresponding to a ferromagnetic exchange interaction. Because the Γ-point VBM is so much lower for MoSe2
and MoTe2 , compare Fig. 4.1(a)-(c), we expect the a01 levels will lie correspondingly
low in energy and be fully occupied so quenching of the ferromagnetic interaction
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will not occur. However, there is a downside. Because of its spatial localization, the
exchange splitting of the a01 levels is substantially larger than that of the e0 levels
making it much less sensitive to electronic thermal excitation. Because it is not a
priori clear where the optimum interatomic exchange coupling and ordering temperature will occur, the purpose of this manuscript is to perform a systematic study
of dopant acceptor levels in MX2 monolayers with M = Cr, Mo, W; X = S, Se, Te in
the single impurity limit. Because of the Mermin-Wagner theorem we will also evaluate the magnetic anisotropy in this same limit. Intrinsic defects such as vacancies
and antisite defects are commonly observed in various van der Waals materials. Because the interplay between substitutional M dopants and intrinsic defects could
have significant influence on the Curie temperature, we will also consider some
representative examples of these.
This Chapter is organized as follows. After a short summary of some computational details in Sec. 4.2, we begin Sec. 4.3 with a brief comparison of the calculated
structural and electronic properties of pristine MX2 monolayers in Sec. 4.3.1. Next
we report the structural and electronic properties in p-doped MX2 monolayers, including dopant binding energy, John-Teller distortion, magnetic anisotropy energy.
Finally, the effect of intrinsic defects and the solution for room temperature ferromagnetic semiconductor are discussed.

4.2

Computational Method

First-principles density functional theory (DFT) calculations were performed with
a plane-wave basis and the projector augmented wave (PAW) formalism [109] as
implemented in the vasp code [110; 111; 112]. An energy cut-off of 400 eV was
used and atomic structures were fully relaxed until all forces were less than 0.01
eV/Å. Monolayers of MX2 periodically repeated in the c direction were separated
by more than 20 Å of vacuum to avoid spurious interaction. Because we only consider free-standing monolayers, there was no need to take van der Waals interactions into account. The local (spin) density approximation, L(S)DA, underestimates equilibrium atomic separations more than generalized gradient approximations (GGA) overestimate them. However, by comparison with experiment, the
LDA describes the relative positions of the valence band maxima better than does
the GGA [106; 158]. Since this will play an important role in our study of shallow impurity levels, we used the LSDA as parameterized by Perdew and Zunger
[115]. A 12×12 supercell was used to reduce the interaction between neighboring
supercells to an acceptable degree when modelling dopants in the single impurity
limit. A 2×2 k-point sampling was used for structure relaxation and 4×4 for the
calculations with spin-polarization and spin orbit coupling. For intrinsic defects,
a smaller 6×6 supercell was found to be sufficient to reliably describe the defect
potential inside the supercell because of the greater localization of the gap states.
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Table 4.1: Structural and electronic properties of MX2 monolayers. Shown are
the lattice constant a(Å), the separation of two chalcogen X layers cX , band gap
∆εg (eV), energy difference at K and Γ valley ∆KΓ (eV), and the bandwidth W of the
“nonbonding” band forming the top of the valence band.
X
M
Cr
Calc Mo
W
Cr
Expt Mo
W
a

4

S

Se

Te

a

cX

∆εg

∆KΓ

W

a

cX

∆εg

∆KΓ

W

a

cX

∆εg

∆KΓ

2.97
3.12
3.12
3.16a
3.15h

2.92
3.11
3.12
3.17a
3.14h

1.07
1.87
2.01
1.90b
2.01i

0.22
0.15
0.17
0.14c
0.24 j

0.95
1.06
1.30
-

3.12
3.25
3.25
3.29a
3.28h

3.11
3.31
3.31
3.34a
3.34h

0.87
1.62
1.72
1.58d
1.66k

0.32
0.38
0.43
0.44e
0.50e

0.86
1.02
1.22
0.90e
1.24e

3.37
3.47
3.52 f
-

3.38
3.59
3.60 f
-

0.62
1.22
1.10g
-

0.45 0.70
0.58 0.86
-

W

Ref.162 b Ref.11 c Ref.114 d Ref.163 e Ref.164 f Ref.165 g Ref.166 h Ref.167 i Ref.168 j Ref.169 k Ref.170

4.3
4.3.1

Results
MX2 Monolayers

We start by considering the structural and electronic properties of pristine MX2
monolayers with M = Cr, Mo, W and X = S, Se, Te. As sketched in Fig. 4.2, monolayers of these MX2 compounds have hexagonal lattices with honeycomb structures
in which a one atomic thick layer of transition metal atoms is sandwiched between
atomic layers of chalcogen atoms. The M atoms sit at the center of a triangular
prism of X atoms in a so-called “H” structure. In metallic MX2 compounds, the
M atoms sit at the center of an octahedron of X atoms in a so-called “T” struc-

cX

a

M = Cr, Mo, W
X = S, Se, Te

Figure 4.2: (color online). Side view and top view of the atomic structure of MX2
(M=Cr, Mo, W; X=S, Se, Te) monolayer. The unit cell is enclosed by the dotted
lines.
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ture. Under ambient conditions, all group VI TMDs are reported to have H phase
structure. Even though the stable structure of CrX2 is still the subject of discussion
[171; 172; 173; 174], the CrS2 and CrSe2 1H phases can be stabilized by choosing
appropriate growth conditions [175]. WTe2 is found to be semi-metallic with a T d
polytype structure [176] and will not be considered further in this manuscript.
The equilibrium structural and electronic parameters for 1H-MX2 monolayers
as calculated in the LDA [115] are listed in Table 4.1. 1H corresponds to one layer
per hexagonal unit cell as in monolayers of MX2 . For bulk MX2 , the hexagonal unit
cell has two layers indicated by 2H. In the MoX2 monolayers, the lattice constant
a is seen to increase as X goes from S to Se to Te. This leads to a reduction in the
overlap of Mo d orbitals and consequently of the bandwidth W of the “nonbonding”
d band that forms the topmost valence band in Fig. 4.1(a)-(c). The direct band gap
∆εg at the K point decreases from MoS2 to MoTe2 , while the energy difference ∆KΓ
between the K/K 0 and Γ VBM associated with the ratio a/cX increases in the same
sequence. The eigenstates at the K/K 0 VBM have mixed in-plane d x2 −y2 and d xy
character which is sensitive to the in-plane lattice constant a. As a increases, the
reduced overlap of Mo in-plane d x2 −y2 and d xy orbitals lowers the eigenvalues at
the K/K 0 VBM. For the eigenstates at the Γ point that have d3z2 −r2 character, the
separation cX of the two chalcogen X layers determines the overlap between the
X p orbitals and the M d3z2 −r2 orbital. The eigenvalues at the Γ point would also
be lowered with increasing cX . The ratio a/cX can qualitatively indicate the size of
∆KΓ .
As X goes from S → Te, CrX2 and WX2 monolayers exhibit similar trends. Compared to MoX2 , CrX2 has a smaller lattice constant a and that of WX2 is similar
because of the similar radii of Mo and W atoms. The bandwidth W increases as M
goes from Cr to W, which is attributed to the significant increase of electronegativity from Cr to W that increases the overlap of M d orbitals. It should be noted that
the overlap of M d orbitals that determines the bandwidth W is not only related to
the M-M bond length but also largely attributed to the electronegativity of metal
atoms that determines the total charge attracted around M d orbitals. The band
gap ∆εg also increases with increasing atomic number of M and ∆KΓ exhibits a similar trend except for CrS2 . The properties of the dopant are largely determined by
their host. In the next section, we will investigate how dopant properties depend
on their host material.

4.3.2

Structural and electronic properties of p-doped MX2 monolayers

Formation energy
The formation energy of an impurity determines how easily doping is achieved and
is here defined as

Eform = Etot [MX2 : dopant] − Etot [MX2 ] +

X

ni µi

(4.1)

i
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where Etot [MX2 : dopant] is the total energy of a relaxed supercell of an MX2 monolayer with a single M atom replaced with a dopant atom, Etot [MX2 ] is the total
energy of a pristine MX2 monolayer and µi is the bulk chemical potential of the
added (ni = +1) or removed (ni = −1) atom.
The negative formation energies listed in Table 4.2 indicate that substitutional
doping of group IVB and VB elements in monolayers of MX2 is energetically favorable. For MoX2 , the formation energy increases from V to Ta, reaches the peak
for Ti and then is reduced for Zr and Hf. In general, the double acceptors have
larger formation energy than the single acceptors. CrX2 and WX2 exhibit similar
trends. Compared to MoX2 and WX2 , the single acceptors in CrX2 have much larger
formation energies.
Table 4.2: Calculated formation energy (eV) of various dopant in MX2 monolayer
with relaxation.

4
V
Nb
Ta
Ti
Zr
Hf

CrS2
-0.26
-0.25
-0.36
-0.32
-0.25
-0.42

MoS2
0.25
-0.15
-0.23
-0.58
-0.25
-0.32

WS2
0.24
-0.10
-0.02
-0.64
-0.21
-0.39

CrSe2
-0.37
-0.55
-0.43
-0.74
-0.46
-0.52

MoSe2
0.32
-0.14
-0.10
-0.57
-0.27
-0.31

WSe2
-0.07
-0.49
-0.39
-0.72
-0.55
-0.84

CrTe2
-0.45
-0.62
-0.57
-0.62
-0.56
-0.59

MoTe2
0.22
0.03
0.07
-0.33
-0.21
-0.42

Binding energy
On substituting an M atom (M = Cr, Mo, W) in an MX2 monolayer with a single
(V, Nb, Ta) or a double (Ti, Zr, Hf) acceptor in the single impurity limit, intervalley
scattering leads to orbitally twofold degenerate e0 and singly degenerate a01 levels
bound to the K/K 0 valley and Γ valley maxima, respectively. In effective mass
theory (EMT), a Coulomb potential leads to the formation of a Rydberg series of
(shallow impurity) levels bound to the valence band maxima [117; 118; 119]. The
impurity binding energy is defined as the position of the level with respect to the
VBM and determines the degree of localization of the impurity wavefunction.
To determine the position of impurity levels with respect to the VBM, we first
need to be able to identify the VBM in a doped systems, something which is not
trivial in a supercell calculation because of the interaction of Coulomb bound states
with their periodic images over all length scales [158]. Because the binding energy
of both single and double acceptors in MX2 monolayers is much smaller than the
sizeable bandgap, see Fig. 4.3, and a repulsive Coulomb potential does not affect
the conduction band states, in particular the states forming the conduction band
minima (CBM), we can determine the bulk VBM in a doped system from its position
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Figure 4.3: (color online). Impurity levels for single (V, Nb, Ta) and double (Ti,
Zr, Hf) acceptors in MX2 monolayers including atomic relaxation but without spin
polarization. The red lines represent a01 levels, the blue lines represent degenerate
e0 levels. The dashed blue lines indicate the degeneracy lifted e0 levels due to the
Jahn Teller distortion. Holes represented by open circles occupy the highest levels
in each system.
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relative to the CBM in the pristine case (εVBM = εCBM − εg ). Alternatively, we can
align the VBM to a core level of an atom far from the dopant site, e.g., the Mo 4 s
level, extrapolating to infinite separation and relating that to the corresponding
energy separation of the core level and VBM in a pristine MX2 monolayer. The
two methods give consistent results [158]. For convenience, we use the first to
extract the position of the VBM. The position of single (V, Nb, Ta) and double (Ti,
Zr, Hf) acceptor impurity levels with respect to the VBM in doped MX2 monolayer
determined in this way are shown in Fig. 4.3. Because of the finite dispersion of
the impurity “bands” in a supercell calculation, what is shown is the appropriate
weighted average over the Brillouin-zone of the impurity band.
As already shown in Chapter 3 for monolayers of MoS2 where the a01 and e0 levels
are almost degenerate, the binding energy of single acceptor levels decreases from
V to Ta as shown in Fig. 4.3. The energy difference ∆KΓ between the K/K 0 and Γ
VBM in pristine MX2 monolayers determines the relative position of the impurity
levels bound to these VBM. As tabulated in Table 4.1, ∆KΓ increases as X goes from
S to Te, so the a01 levels (red lines) drop fast with respect to the e0 levels (blue lines)
going from MoS2 to MoTe2 as documented in Fig. 4.3. The e0 levels drop slightly
from MoS2 to MoTe2 . In MoTe2 , a Jahn-Teller distortion splits the degenerate e0
levels; we return to this below. The impurity binding energy in single acceptor
doped CrX2 monolayers shows a similar trend to that in MoX2 but with a shallower
binding energy, while in WX2 the impurity binding energy is almost the same as in
MoX2 . For the double acceptors, the main trends of a01 and e0 levels in MX2 are the
same as the case with single acceptors. The main difference is that the a01 levels in
MS2 that accommodate both holes lie well above the e0 levels.
Spin polarization
The result of calculating the magnetic moments of MX2 monolayers with different
dopants with full structural relaxation in 12×12 supercells is given in Table 4.3.
In the single impurity limit, the magnetic moments are expected to be an integer
number of Bohr magnetons, µB . For all three single acceptors V, Nb, and Ta, this
is true and MoS2 is fully polarized. The same is true for MoSe2 and MoTe2 . Single
acceptor doped CrX2 monolayers also have a magnetic moment of 1µB for all three
single acceptors. Even though the defect levels of Nb and Ta acceptors in WX2 are
as deep as in MoX2 and deeper than in CrX2 , see Fig. 4.3, their magnetic moments
are less than 1µB . Since the impurities must be fully polarized in the single impurity limit, we must attribute this partial polarization to the finite 12×12 supercell
size not being sufficiently large to avoid significant interaction between dopants in
neighbouring cells. Even if dopants in WX2 are fully polarized in the single impurity limit, their exchange splitting may be smaller. As we discussed above, the
large electronegativity of W leads to enhanced hybridization between W d orbitals.
Similarly, the hybridization between impurity states and W d orbitals makes the
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Table 4.3: Calculated magnetic moments in µB for monolayers of MX2 (12 × 12
supercell) doped with various transition metal atoms substituting a single Mo. The
structures are fully relaxed.

V
Nb
Ta
Ti
Zr
Hf

CrS2
1.00
1.00
1.00
0.00
0.00
0.00

MoS2
1.00
1.00
1.00
0.00
0.00
0.00

WS2
1.00
0.91
0.90
0.00
0.00
0.00

CrSe2
1.00
1.00
1.00
2.00
2.00
2.00

MoSe2
1.00
1.00
1.00
2.00
2.00
2.00

WSe2
1.00
0.71
0.70
2.00
2.00
2.00

CrTe2
1.00
1.00
1.00
2.00
2.00
2.00

MoTe2
1.00
1.00
1.00
2.00
2.00
2.00

impurity states more delocalized.
The double acceptor impurities are all fully polarized with magnetic moments
of 2µB except for the MS2 monolayers with M = Cr, Mo, W. In these systems, the
a01 level lies well above the e0 levels, as seen in Fig. 4.3, leaving two holes on the
singly degenerate a01 level that quenches the magnetic moment. In the MSe2 and
MTe2 monolayers, the holes are accommodated in the doubly degenerate e0 levels
that need not and does not quench the magnetic moment. However, the half-filled
orbitally degenerate state is susceptible to a Jahn-Teller (JT) distortion leading to
a competition between exchange interaction and JT distortion. If the JT distortion
is strong enough, the magnetic moment will be quenched. We discuss this in the
next section.
The exchange splittings listed in Table 4.4 depend on the (relative) positions of
the a01 and e0 levels and on the localization of these states. The exchange splitting of
the a01 level is relatively large because of the spatial localization of this state while
a much smaller exchange splitting is associated with the much more delocalized
e0 levels. The relative position of a01 and e0 levels determines the hole occupation
of these two impurity levels and so the total spin polarization. The high-lying
localized a01 level enhances the exchange splitting of dopants in MS2 systems, while
Table 4.4: Calculated exchange splitting ∆ in meV for monolayers of MX2 (12 × 12
supercell) doped with V and Ti substituting a single Cr/Mo/W.
M
X
V
Ti

Cr

a01
e0
a01
e0

80.5
21.5
0.00
0.00

Mo
S
96.1
15.2
0.00
0.00

W

Cr

91.2
9.3
0.00
0.00

21.7
24.2
83.3
13.3

Mo
Se
37.4
26.7
86.5
84.8

W

Cr

12.0
12.0
93.8
64.4

24.1
71.4

Mo
Te
44.0
90.2
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the delocalized e0 levels in MSe2 and MTe2 systems lead to weak exchange splitting.
Jahn Teller distortions

4

When a metal atom in an MX2 monolayer is substituted with a group IVB or VB element, the difference between the atomic radii of the dopant and host M atoms leads
to a change in the bond length of the dopant and chalcogen atoms. For an MoS2
monolayer doped with V, we saw that its small atomic radius makes the surrounding S atoms move towards the V impurity atom, which enhances the hybridization
between the V d3z2 −r2 orbital and the S p orbitals. The relaxation was found to
be symmetric, maintaining the local D3h symmetry with the dopant atom on the
high symmetry host site and the chalcogen atoms relaxing towards it (see Fig 3.9).
As a consequence, the a01 level was lifted (slightly) above the e0 level as seen in
Fig. 4.3. The energy gain from the symmetric relaxation was ∼ 0.15 eV. Nb and Ta
displayed a similar behaviour, the important difference being that the chalcogen
atoms moved away from them because of their larger atomic radii. Explicit tests
found that symmetry-lowering distortions were energetically unfavourable [158].

Figure 4.4: (color online). Top view of the dopant-induced Jahn-Teller distortion in
an MX2 monolayer. The purple ball is the dopant atom and the red arrow indicates
its displacement. Because of the threefold symmetry of the unrelaxed structure,
the symmetry-lowering dopant displacement can be in any one of three equivalent
directions.
In single-acceptor doped MoSe2 and MoTe2 monolayers, the increased value of
∆KΓ resulting from the lowering of the Γ point VBM with respect to the K/K 0 VBM
leads to the a01 level lying much lower than the e0 levels. The hole is accommodated
in the doubly degenerate e0 levels, see Fig. 4.3 and Fig. 4.5, and the system is
susceptible to a “Jahn-Teller” (JT) distortion; a symmetry lowering displacement
of the dopant atom [177] that lifts the orbital degeneracy. The splitting δ of the
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only partly filled e0 level that is linear in the displacement x leads to an energy
gain that is also linear in x. In equilibrium, where the energy is quadratic in the
displacement, this gain of “electronic” energy is balanced by an “elastic” restoring
force. As sketched in Fig. 4.4, the displacement of the dopant atom from the center
of the trigonal prism MX6 with point group symmetry D3h lowers the symmetry
to C2v ; because the dopant atom moves in the metal plane, mirror symmetry with
respect to this metal plane is preserved.
The energy surface of a JT system [178] as a function of the displacement x
[177] can be simply modelled as

1
EJT (x) = −FJT x + K x2
2

(4.2)

where the force driving the JT distortion, F JT , is the energy gained by lowering
the electronic degeneracy. The elastic restoring force measured by K depends on
the strength of the bond between the dopant atom and the neighbouring chalcogen atoms. In equilibrium, x0 = F JT /K and E(x0 ) = −F 2JT /2K . If the harmonic
response of the bonds to the displacement is stiff (large elastic constant K ) and
the e0 orbitals are very delocalized (small F JT ), the JT distortion may be very weak
with a negligibly small displacement x0 .
Although a JT distortion ought to be observed for single-acceptor doped MoSe2
and MoTe2 monolayers, a significant distortion was only found for V, Nb and Ta
doped MoTe2 monolayers. For a V-doped MoTe2 monolayer, the large bond length
of V-Te indicates a weak elastic restoring force. An elastic constant K ∼ 101 N/m is
reported [179], which corresponds to 6.3 eV/Å2 . The JT displacement is 0.04 Å,
leading to a splitting of 40 meV for the degenerate e0 levels (see Fig. 4.3). To estimate the net energy gain of JT displacement, we move the Te atom to the original
site and compare its total energy with that of JT displacement. The structure with
JT displacement has a net energy gain of 7 meV. The elastic energy and electronic
energy gain from JT distortion can be estimated to be 5 meV and 12 meV, respectively. For the V-doped MoSe2 monolayer, the strong V-Se bond with a significant
hybridization of the V d xy/x2 −y2 and Se p orbitals leads to a large elastic restoring
force with K ∼ 130 N/m (8.2 eV/Å2 ) [179]. On the other hand, the driving force of
JT distortion originates from the Coulomb interactions among electrons and nuclei
associated with the localization of the degenerate e0 states. The energy gain from
the JT distortion decreases strongly with increasing spatial extent of the wavefunction of e0 states (effective Bohr radius a∗0 ) [180]. V-doped MoSe2 has a relative more
delocalized e0 states (a∗0 ∼ 6.9 Å) than that in V-doped MoTe2 monolayer (a∗0 ∼ 5.7
Å), indicating a smaller F JT . As a result, the gain of electronic energy from the JT
distortion fails to compensate the cost of elastic energy and no JT distortions are
found for single-acceptor doped MoSe2 monolayers.
In CrS2 and WS2 , a symmetric relaxation appears as in MoS2 . For CrSe2 , CrTe2
and WSe2 systems, no JT distortions are found. In general, the large elastic con79
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Figure 4.5: (color online). Schematic of the energy gain with and without JahnTeller distortion for (a) single and (b) double acceptors. The solid and dashed
blue lines represent spin-degenerate and spin-resolved energy levels, respectively.
δ denotes the energy splitting of the degenerate e0 levels caused by JT distortion
and ∆ is the exchange splitting.

stant and delocalized degenerate orbitals prevent the JT distortion in some systems.
For single acceptors, the Jahn Teller distortion does not quench the magnetic moment, Fig. 4.5(a), but the symmetry breaking of the local structure does affect the
exchange interaction between dopant pairs. This will be discussed in Sec. 4.4.
For double acceptors, the symmetric relaxation increases the distance between
the dopant and nearest neighbour M atoms, which lowers the e0 levels far below
the a01 level in MS2 monolayers (see Fig. 4.3). Two holes occupy the single a01 level,
resulting in a non-polarized ground state. There is no JT distortion. In MSe2 and
MTe2 monolayers, in addition to the symmetric relaxation there is competition between JT distortion and exchange splitting as sketched in Fig. 4.5(b). In the single
impurity limit, the double acceptors can be allowed to relax symmetrically with
spin polarization in which case they polarize fully (rhs). Or symmetry-lowering
distortion can be allowed in which case the JT distortion quenches the magnetic
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moment (lhs). i.e. there are two local minima that are close in energy, a JT state
without spin polarization and a spin-polarized state without JT distortion.
Structural relaxations with spin polarization do not break the local symmetry
or lead to the dopant atom moving. Except for the position of the dopant atom,
the rest atomic position relaxed with spin polarization (spin-polarized state) is
almost identical to that relaxed without spin polarization (JT state). We can assume
the symmetric relaxation around dopant for these two cases are equal and so the
corresponding energy gain. The total energy for these two cases can be represented
as
E spin = E0 − E symmetric − E∆
(4.3)

1
E JT (x0 ) = E0 − E symmetric − FJT x0 + K x02
(4.4)
2
in which E symmetric and E∆ represent the energy gain from the symmetric relaxation
and exchange splitting, respectively; E0 denotes the total energy without relaxation
or spin polarization, x0 denotes the equilibrium displacement of the dopant atom.
The energy gain of the JT state with respect to the spin-polarized state

1
∆E = E spin − EJT (x0 ) = FJT x0 − K x02 − E∆ .
2

(4.5)

In MSe2 and MTe2 monolayers, ∆E decreases from Ti to Hf, while the exchange
splitting ∆ decreases a bit in the same sequence. From Ti to Hf, the impurity states
become more shallow and delocalized, which leads to a weaker JT force FJT and
smaller ∆E . In MoSe2 monolayer, ∆E decreases from Ti:45 meV (0.09Å) to Hf:12
meV (0.14Å). As discussed above, MoTe2 monolayer has a relative small K and
large FJT with respect to MoSe2 monolayer. As a result, ∆E is quiet large for MoTe2
monolayer; Ti:90 meV (0.11Å) and Hf:80 meV (0.11Å).
In CrSe2 and CrTe2 , the shallow e0 states (see Fig. 4.3) are pretty delocalized,
which indicates a very weak JT driving force. The a01 levels that are close to the e0
levels accommodate part of the holes. This increases the E∆ for the large exchange
splitting of the a01 levels. For Ti-doped CrSe2 and CrTe2 monolayers, the states with
spin polarization gains more energy than the JT state, about 54 meV and 42 meV,
respectively. WSe2 has a large elastic constant K ∼147 N/m[179] (9.2 eV/Å2 ). ∆E
are pretty small; 10 meV (0.14Å) for Ti and 5 meV(0.12Å) for Hf.

4.3.3

Single ion anisotropy

In the isotropic 2D Heisenberg model with a gapless spin-wave spectrum, thermal
fluctuations at any finite temperature will destroy long-range magnetic ordering
while the magnetic anisotropy implicit in the 2D Ising model makes the system
undergo a phase transition at a finite temperature to a magnetically ordered state
[63; 64]; magnetic anisotropy is essential for long-range ferromagnetic ordering
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Figure 4.6: (color online). Schematic diagram of the energy gain with spin orientation in-plane (M//a) and out of plane (M//c) for single and double acceptors.
The solid and dashed blue lines represent spin degenerate and spin resolved levels,
respectively.

in two dimensions. Though not constraining the direction of the spin as strictly
as in the Ising model, magnetocrystalline anisotropy from exchange interactions or
single ion anisotropy (SIA) may lead to an “easy axis” for the orientation of the spins
to reduce their energy. In the recently reported ferromagnetic CrI3 and Fe2 GeTe3
monolayers, single ion anisotropy plays an important role in stabilizing the longrange order [141; 181]. We can expect the same to hold for MX2 monolayers
doped to make them magnetic making it important to determine their magnetic
anisotropy. We will study this in the single impurity limit where it is called the SIA.
First let us consider the low energy Hamiltonian of the doped system including
spin orbit coupling (SOC) and spin polarization

H = H0 + ∆m.s + ξl · s

(4.6)

in which H0 is the spin-independent part of the Hamiltonian, ∆m is the exchange
field that leads to an exchange splitting ∆, m is a unit vector in the direction of the
magnetization, m ≡ M/|M|, and ξ is the conventional spin-orbit coupling parameter. In the subspace of the l = 2, ml = ±2 orbitals

!
!
ξ lz l−
ξ 0
ξl · s =
=
0 −ξ
2 l+ −lz

(4.7)

where we use Hartree atomic units with ~ = 1. For M k c,

∆m.s =
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and the SOC Hamiltonian can be written as
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Rotating the spin quantization direction from c to a we get for M k a,
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(4.10)

Then we can estimate the single ion anisotropy to be

EMAE


q

2
∆


−
ξ2 + ∆4
ξ
+


2


=



p


2ξ − 4ξ2 + ∆2

4

for V, Nb, Ta
(4.11)
for Ti, Zr, Hf

where positive values favour an out-of-plane spin orientation and negative values
in-plane. Equation (4.11) shows how the SIA depends on both the SOC and exchange interaction. It is clear that single acceptors give positive values, while double acceptors give negative values if the magnetic moment is not quenched by a JT
distortion.
We calculated the SIA numerically from first principles using the force theorem
[132; 133] which expresses the difference between two total energies as the difference in the sum of Kohn-Sham eigenvalues [16] for M k a and M k c [134; 139; 136].
Table 4.5 compares the SIA from (4.11) with the first principles results. We note
that the SOC for the e0 levels of the V-doped MoS2 monolayer is similar (130 meV)
to that for the K/K 0 valley of pristine MoS2 monolayer, while the a01 level has no
SOC just as the Γ valley of the MoS2 monolayer has none. The exchange splitting
is 15.2 meV and 96 meV for the e0 and a01 levels, respectively. In Table 4.5, we
see an estimate of 7.2 meV using (4.11), larger than what we calculate from first
principles, 4.5 meV. We note that the a01 level may accommodate some of the hole
but does not contribute to the SIA leading to the first-principles SIA being smaller
than that estimated using (4.11) that does not take this factor into consideration.
In addition, because a finite size supercell (12×12) was used in the first-principles
calculation, the e0 level has become a band with a finite dispersion and this will
reduce the energy gain from the exchange splitting ∆ and therefore also reduce the
SIA. The values from (4.11) are a simple estimate of the SIA in the single impurity
limit with all holes in e0 states. For all of the systems in Table 4.5 there is reasonable
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Table 4.5: Calculated spin orbit splitting, exchange splitting, and SIA in meV for
the degenerate e0 levels in monolayers of MX2 (12 × 12 supercell) doped with V
and Ti substituting a single Mo. The SIA estimated from (4.11) is also shown for
comparison. The atomic structures are fully relaxed with spin polarization.
M
X
V

Cr

2ξ
∆
SIA: (4.11)
SIA:DFT

Ti

2ξ
∆
SIA: (4.11)
SIA:DFT

4

66
21.5
9.0
4.7
0.0
0.0
0.0
0.0

Mo
S
130
15.2
7.2
4.5
0.0
0.0
0.0
0.0

W

Cr

187
9.3
4.5
3.2
0.0
0.0
0.0
0.0

78
24.2
10.3
7.2
78
13.3
-1.1
-0.3

Mo
Se
107
26.7
11.0
10.0
87
84.8
-34.4
-24.1

W

Cr

181
12.0
5.8
4.7
148
64.4
-13.4
-5.2

91
24.1
10.5
7.7
83
71.4
-26.4
-23.4

Mo
Te
110
44.0
17.8
11.2
105
90.2
-31.1
-25.5

qualitative agreement between the DFT supercell calculations and the SIA estimate
of equation (4.11).
∆
In the limit ∆  ξ, ESIA ∼ ∆(1 − 2ξ
) for single acceptors and the SIA depends mainly on the exchange splitting ∆. In MoSe2 , the SIA can be as high as
10 meV/dopant, larger than the 4.5 meV/dopant in MoS2 . V in MoTe2 has a very
large exchange splitting, but because of the JT distortion the SIA is not as high
as the value estimated from (4.11). Pristine WS2 and WSe2 monolayers have a
large spin-orbit splitting of the K/K 0 valley (∼ 0.4-0.6 eV), but the splitting of the
impurity levels in these systems is only half of these values. For the delocalized
holes, ∆ is small and determines the SIA. The impurity states have a large ∆ in
CrX2 monolayers, but the small SOC leads to SIA values between those for MoX2
and WX2 .
Table 4.5 shows that the exchange splitting can become very large for double
acceptors because of the increased hole density and the SIA can be as large as 25.5 meV in magnitude for Ti doped MoTe2 . The negative values favour in-plane
magnetization to be described by an XY spin model. In the 2D XY spin model,
there is no conventional transition to long-range magnetic ordering. As discussed
in Sec. 4.3.2 for double acceptors, there is competition between JT distortion and
exchange splitting and the JT distortion will quench the magnetic moment if it is
sufficiently strong. Doping MX2 monolayers with double acceptors is therefore not
a viable route to realizing ferromagnetic semiconductors.
When the doping concentration is increased, the MAE decreases because of the
reduced exchange splitting. For 100% V doping (VX2 monolayers), we calculate
an MAE of ∼ −0.2 meV/atom from first principles with the spin rotating from the
Z axis to the XY plane. This may explain the inconsistent experimental results on
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Table 4.6: Calculated formation energy (eV) of a chalcogen vacancy ∅ X , a transition metal vacancy ∅ M , and an MX antisite (one transition metal atom occupying
a chalcogen atom site) in MX2 monolayer with relaxation.

∅X
∅M
MX

CrS2
2.47
6.31
4.72

MoS2
3.15
7.87
6.71

WS2
3.01
7.27
7.12

CrSe2
2.46
4.80
4.44

MoSe2
2.77
6.04
5.51

WSe2
2.72
5.85
6.48

CrTe2
2.26
2.44
3.31

MoTe2
2.89
4.60
4.61

the ferromagnetism of VSe2 monolayers [75; 182] where a charge density wave
is normally blamed for destroying the ferromagnetic ordering. Recently reported
VSe2 /Co and VSe2 /Fe heterostructures have a magnetic transition at finite temperature [183; 184]. This might be related to the interface anisotropy or hybridization between V d orbitals and Co or Fe d orbitals, which leads to an out-of-plane
anisotropy in VSe2 monolayer and opens a gap in the spin-wave spectrum of the
system.

4.3.4

Interaction with intrinsic defects

Intrinsic defects like vacancies and antisite defects are ubiquitous in van der Waals
materials and have been investigated in much experimental [83; 185; 186] and
computational [187; 84; 188] work. We denote M and X vacancies as ∅ M and ∅ X ,
respectively. Similarly, antisite defects are denoted AB for an A atom on a B site;
thus in the present case we will be concerned with MX . We will focus on the magnetism introduced or affected by these intrinsic defects in p-doped systems. The
formation energies of various intrinsic defects are listed in Table 4.6. The formation
∅X ] of a chalcogen X atom vacancy is about half that of a transition metal
energy E[∅
∅M ], or half that of an antisite defect with a metal atom on an X site,
vacancy, E[∅
E[MX ], indicating that chalcogen vacancies are more likely to be formed in thermodynamic equilibrium than the other two defects. The formation energies ∅ M and
MX are close and decrease from MS2 to MTe2 . Compared to the formation energy
of acceptors (see Table 4.2), much more energy is required for the formation of intrinsic defects indicating that acceptors may be incorporated into MX2 monolayers
at low temperature to suppress the formation of intrinsic defects.
As in the case of substitutionally doped MX2 monolayers, Fig. 4.7(e), defect
states associated with intrinsic defects can appear in the band gap and interplay
with those introduced by p doping. Taking an MoS2 monolayer as prototype, we
plot the non spin-polarized band structures for a number of intrinsic defects and
intrinsic defects combined with V dopants, VMo . For simplicity, the structures are
not relaxed and the effect of relaxation is discussed in the text.
A Mo vacancy ∅ M with a formation energy of 7.87 eV introduces five mid-gap
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Figure 4.7: (color online). Band structures for (a) a defect-free MoS2 monolayer, (b)
a vacancy on a Mo site, ∅Mo , (c) a vacancy on a sulfur site, ∅Mo , (d) a MoS antisite
defect consisting of a Mo atom on a S site, (e) a vanadium atom on a Mo site, VMo ,
(f) two neighbouring Mo sites, one occupied by a substitutional vanadium atom,
the other with a Mo vacancy, ∅ Mo +VMo (g) a sulfur vacancy with a vanadium atom
on one of the neighbouring Mo sites, ∅ Mo +VMo , (h) a MoS antisite defect with a
vanadium atom on one of the neighbouring Mo sites, MoS +VMo . All modelled for
MoS2 with a 6×6 supercell. The electronic structures are aligned on the top of the
valence band and the Fermi level is indicated by a dashed black line. The inset in
(d) is zoom in band structure near the Fermi level.
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states, one singly degenerate state and two doubly degenerate states under local
D3h symmetry as shown in Fig. 4.7(b). Six holes are hereby introduced into the system that occupy the three defect states above the Fermi level. Structural relaxation
preserves the D3h symmetry as expected from the absence of partially occupied orbitally degenerate states. However, the relative position of the deep defect states
depends on the particular system under consideration. For example, in a MoTe2
monolayer with a Mo vacancy, the singly degenerate state goes far below the doubly
degenerate states and the Fermi level lies in the doubly degenerate states, which
leads to a JT distortion.
A sulfur vacancy, ∅ S , with a formation energy of 3.15 eV, introduces three gap
states with an orbitally doubly degenerate unoccupied state in the middle of the gap
and a single occupied state close to the VBM, Fig. 4.7(c). Usually a sulfur vacancy
is considered to be an electron donor but for that to be true, the occupied state
would have to be close to the CBM which is not the case. There are no partially
filled defect states so that structural relaxation preserves the C3v site symmetry.
The relaxation makes the Mo atoms surrounding the S vacancy come close, which
lifts a bit the occupied singly degenerate S vacancy defect state. This is true for all
MX2 monolayers and chalcogen vacancies do not introduce magnetism or induce
JT distortions.
A MoS antisite consists of a sulfur vacancy occupied by an extra Mo atom. The S
vacancy removes two holes while the Mo atom contributes six electrons, Fig. 4.7(d).
Four of these electrons are accommodated in the sulfur vacancy mid-gap states that
are pulled down into the valence band by the attractive Mo potential leaving two
electrons in a deep doubly degenerate e state under the local C3v symmetry that is
quasi degenerate with an a1 singlet and giving rise to a magnetic moment of 2µB .
The inset of Fig. 4.7(d) shows a zoom-in of the band structure near the Fermi level.
For the partially occupied degenerate e levels, JT distortion could lift the degeneracy but is not strong enough to do so and spin polarization prevails. For the much
deep antisite states, the doubly degenerate states have an exchange splitting of 0.33
eV. In a MoTe2 monolayer, relaxation lowers the a1 level well below the e levels.
The a1 level accommodates both electrons and a MoTe antisite is nonmagnetic.
As discussed at length in Chapter 3, a vanadium atom on a Mo site, VMo , induces three shallow impurity like levels above the VBM which are shown unrelaxed
in Fig. 4.7(e). With relaxation, we see these levels with binding energies of about
60 meV in Fig. 4.3. The intrinsic defect states shown in Fig. 4.7(b-d) have very
deep gap states (> 0.5 eV), indicating that the defect potential is effectively more
attractive for holes than the substitutional V dopant. If we introduce a Mo vacancy
next to a V dopant (∅ Mo +VMo ), the VMo hole will transfer to the S atoms surrounding the Mo vacancy. As shown in Fig. 4.7(f), the hole goes into the lowest
lying doubly degenerate ∅ Mo defect state and polarizes fully; this might suppress
the quenching of the magnetic moment we found for close V dopant pairs.
A sulfur vacancy, ∅ S , has one fully occupied defect state that is very close to the
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VBM, Fig. 4.7(c). For neighbouring ∅ S +VMo defects, the shallow quasidegenerate
defect states hybridize leading to a spatial redistribution of the hole, see Fig. 4.7(g).
It should be noted that the defect states of ∅ S mainly consist of Mo d states on
the three Mo atoms that surround the S vacancy. The hybridization between V
and Mo d orbitals enhances the magnetism as evidenced by an increased exchange
splitting. Under relaxation, the Mo atoms surrounding the S vacancy move towards
the V dopant atom, which further enhances the hybridization of the V dopant states
with S vacancy states and so the magnetism.
For a vanadium atom on a Mo site next to a Mo atom on a S site, a MoS +VMo
defect pair, the hole introduced by VMo moves to the partially filled MoS mid-gap
states, resulting in a net magnetic moment of 1µB on the antisite Mo atom. the
V dopant atom gets one extra electron from the antisite that quenches the magnetic moment on the dopant atom. With relaxation, a JT distortion appears for the
partially filled degenerate defect states of the antisite and the system keeps spin
polarized.
In general, all of the intrinsic defects we have examined are quite localized. Even
though the magnetization can be enhanced by the hybridization between intrinsic
defects and dopant states in the sense that the exchange splitting is increased, this is
unlikely to extend the range of the exchange interaction between magnetic defects.
It has been reported that the existence of S vacancies might reduce the barrier for
dopant diffusion [189], which can decrease the percolation threshold. This could
increase the Curie temperature at low doping concentration, where dopant can
form pairs in the presence of S vacancies.

4.3.5

Electron doping: Rhenium

So far we have only considered the case of hole doping. Here we briefly consider the
case of electron doping by the 5d element rhenium that gives rise to an attractive
Coulomb potential in the single impurity limit. We expect the electron-doping case
to be more complex because according to Fig. 4.1 the conduction band minima
(CBM) at K/K 0 will give rise to two degenerate states while the six Q point minima
between K and Γ will give rise to an additional six degenerate states that will be
coupled in degenerate perturbation theory by the Coulomb potential in the effective
mass approximation. The intervalley scattering between the K and K 0 valleys and
the sixfold Q valleys leaves a single a01 level with d3z2 −r2 character and a doubly
degenerate e0 level with mixed {d x2 −y2 , d xy } character below the CBM as indicated
in Fig. 4.8 with a binding energy of 92 meV. The lowest lying a01 state polarizes fully
in the single impurity limit. In spite of its d3z2 −r2 character, the exchange splitting
is weak (46 meV). This can also be seen from the large dispersion of the a01 level
shown in Fig. 4.8. The small SOC in the conduction band leads to a negligible SIA.
As we found for pairs of substitutional V atoms in a MoS2 monolayer in Chapter 3,
below a critical separation the magnetic moment is quenched by a strong π bond
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Figure 4.8: (color online). The orbital resolved band structure of MoS2 monolayer
with one Re substitutionally doping (6 × 6 supercell) at Mo site. The open red
circles and half-filled blue circles represent the contribution from Re d3z2 −r2 and
d x2 −y2 , d xy , respectively. The Fermi level is indicated by black dashed line.
being formed between Re pairs.

4.4

Discussion

The behaviour of substitutional dopants in TMD monolayers has its origin in the
electronic properties of the host. In MoS2 and WS2 monolayers, the small energy
difference ∆KΓ between the K/K 0 and Γ maxima leads to the hole occupying the
a01 level from the Γ valley. For pairs of dopant atoms that are sufficiently close, the
magnetic moment is quenched by the formation of singlet bonding states. This can
be avoided by increasing ∆KΓ as happens for MSe2 and MTe2 (X=Cr, Mo, W, see
Table 4.1). Even the slightly larger value of ∆KΓ for CrS2 is enough to suppress
the quenching. Nevertheless, in order to realize long range and strong exchange
interactions at high temperature, the impurity states should have large effective
Bohr radii as well as large exchange splitting. In addition, the SIA of single acceptors also requires a large exchange splitting, while double acceptors are excluded
because of their in-plane SIA.
Comparing the exchange splitting parameter ∆ for V-doped MX2 monolayers
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in Table 4.5, p-doped CrS2 , CrSe2 , CrTe2 , MoSe2 , and MoTe2 are seen to have
reasonably large values of ∆ while WSe2 can be excluded because its ∆ is so small.
The JT distortion will lift the degeneracy of the partially filled e0 levels in MoTe2
monolayers making this system prefer singlet states. The effective Bohr radii for Vdoped CrS2 , CrSe2 , CrTe2 , and MoSe2 are 8.3Å, 8.9Å, 9.3Å, and 6.9Å, respectively,
indicating the expected range of the exchange interaction.
As in Chapter 3, we can map the exchange interactions onto a Heisenberg
model and calculate the total energy difference between ferromagnetic and antiferromagnetic states for V pairs. These energy differences are plotted in Fig. 4.9
and Fig. 4.10. Even though the Bohr radii of e0 levels in V-doped CrS2 is 8.3 Å,
the exchange interaction drops faster with dopant separation than in MoSe2 which
has a smaller effective Bohr radius. This is because the a01 level in V-doped CrS2 is
so close to the e0 levels (see Fig. 4.3) that are partially polarized, as we originally
found for V-doped MoS2 . The difference is that the a01 level is not high enough to
quench the magnetic moment for even the closest separation. It should be noted
that in CrS2 , CrSe2 , CrTe2 and MoSe2 the JT distortions are negligible. So the doubly degenerate impurity levels remain degenerate and the exchange interactions
do not change much with relaxation. According to Fig. 4.9, V-doped CrTe2 exhibits
the longest range exchange interaction of all the systems we have studied. We use
Monte Carlo calculations to estimate the Curie temperature (TC ) and plot it for
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Figure 4.9: (color online). The difference between the total energies of antiferromagnetic and ferromagnetic states for pairs of V substitutional impurities plotted as
a function of their separation for MX2 (M=Cr, Mo; X= S, Se) monolayer in relaxed
12 × 12 supercell. The inset plots the Curie temperature as a function of doping
concentration for V-doped MoSe2 . The solid and dash lines are a guide to the eyes.
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Figure 4.10: (color online). The same as Fig. 4.9 but for V-doped MoTe2 monolayer
with (red dots) and without (black squares) relaxation. The inset plots the Curie
temperature as a function of doping concentration for unrelaxed V-doped MoTe2 .

V-doped MoSe2 as a function of vanadium concentration in the inset to Fig. 4.9.
For a 9% concentration of V dopant, a room temperature value of TC is predicted.
Of all the TMD monolayers we have considered, V-doped MoTe2 has the largest
exchange splitting. Before relaxation the V pairs show a large and long-range exchange FM coupling with very high Curie temperatures as shown in the inset to
Fig. 4.10. However, when relaxation is considered, the JT distortion splits the degenerate levels and leads to a reduced MAE as we found in Sec. 4.3.2. The exchange
interaction then decreases very significantly with dopant separation, see Fig. 4.10.
One possibility to circumvent this would be to consider doping a Mo(Se x Te1−x )2
substitutional alloy with V.
Monte Carlo calculations show that 9% of V doped in MoSe2 monolayer can
have Curie temperature as high as 300K. For itinerant electrons occupying narrow
bands, it has been argued that the effective interaction predicted by the Stoner
criterion will not be reduced by correlation effects or spin wave excitations [108].
The completely spin polarized carriers in narrow impurity bands lead to a large
spin stiffness and develop ferromagnetic ordering by their mutual interaction.

4.5

Conclusions

We have used ab initio calculations to systematically investigate the structural and
electronic properties of MX2 monolayers doped with group IVB and VB transition
metals. Three impurity levels are identified above the VBM that determine the
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structural and electronic properties of the doped systems. To avoid the magnetic
moment quenching by singlet formation for close dopant pairs, the holes should reside on the degenerate e0 levels. This also gives rise to large single ion anisotropies
for the strong spin-orbit coupling in MX2 monolayers. The partially occupied degenerate levels might, however, lead to Jahn-Teller distortions and quenching of
the magnetic moments. Double acceptors have an in-plane single ion anisotropy
and can not develop long-range ordering. Intrinsic defects may localize the holes
and enhance the exchange splittings in p-doped MX2 monolayers. Considering the
exchange splitting and effective Bohr radii of V, Nb and Ta dopants, four candidates (CrS2 , CrSe2 , CrTe2 , and MoSe2 monolayers) are promising to realize room
temperature ferromagnetic semiconductors.
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5

Edge reconstruction of 2D-Xene (X=Si,
Ge, Sn) nanoribbons
5
By performing first principles calculations, we investigate the zigzag edge reconstruction in free-standing 2D-Xene (X=Si, Ge, Sn) nanoribbons. Three different kinds of
edge reconstructions (2a, 3a, 4a) are found, in which the reconstruction with 3a periodicity has the lowest energy that opens a gap and shows non-magnetic state. The edge
reconstruction can be understood by the band filling of dangling bond states which is
affected by the buckling of the structures. From tight binding model, the reduced buckling at the edge after reconstruction decouples sp2 and pz orbitals accompanied with
a charge transfer from sp2 orbitals to pz orbitals.

5.1

Introduction

In the wake of graphene, the single-element, monoatomic honeycomb lattices of 2D
X-enes, where X = Si, Ge, or Sn (silicene, germanene, stannene), have attracted
great attention. Whereas these 2D layers may be interesting for applications in
electronics, scientific interest has also focused on the electronic properties of the
1D edges of such layers. The reduced symmetry at edges can lead to special electronic edge states. On silicon surfaces, magnetically ordered edge states have been
observed, for instance [190].
Calculations on silicene and germanene nanoribbons also predict more exotic
electronic states, such as topological edge states, which can be tuned by the ribbon
width [191], edge functionalization [192], the substrate [193], and external elec-

93

5. Edge reconstruction of 2D-Xene (X=Si, Ge, Sn) nanoribbons

5

tric [194] or magnetic fields [195]. Edge reconstructions can dramatically alter the
electronic properties of the edges. In graphene, edge structures containing StoneWales defects and Klein edges have been observed [196; 197]. Little has been done
to systematically map out the edge structures of other Xenens.
The most prominently different edge orientations of honeycomb lattices are
called armchair and zigzag edges respectively, see Fig. 5.1. The armchair edge is
typically insulating, and thus mostly harmless. The zigzag edge is more interesting, as in its pristine form it is metallic, and as such, it is prone to electronic and
structural instabilities [198]. This is best understood for graphene, where the carbon atoms are in-plane σ-bonded by sp2 orbitals, and π-bonded by out-of-plane pz
orbitals. For each carbon atom at the zigzag edge, one σ-bond is missing, leading
to an in-plane sp2 dangling bond state. In addition, each such carbon atom carries
a non-bonding pz state.
These two states each give a relatively flat edge band containing an unpaired
electron, which yields a high density of states (DOS) at the Fermi level. Such
a 1D metallic structure is susceptible to structural instabilities. For instance, an
edge reconstruction that includes Stone-Wales defects, lifts the dangling bond state
away from the Fermi level [199]. Alternatively, if the zigzag edge is passivated by
hydrogen atoms, the dangling bond state can be removed completely. This still
leaves the pz edge band giving a non-trivial (magnetic) electronic structure, however [200; 201].
The atoms in the honeycomb lattice of silicene, germanene and stanene do
not all lie in the same plane. Instead, one has a buckling between the A and B
sublattices[202], decreasing the symmetry from D6h to D3d . This is consistent with
the bonding between the atoms being closer to sp3 σ-bonds, which promotes a nonplanar structure. The two states at a zigzag edge discussed above, are still present,
but they can now hybridize because of the broken symmetry. The reconstructions
of X-ene edges are therefore potentially more diverse than those of graphene.
Computationally, X-ene zigzag edges have been studied with hydrogen passivation of the edge atoms, leaving edge states that might be topological because of
the significant spin-orbit coupling in these materials. Such edges are treated as being unreconstructed [203]. Pristine, reconstructed silicene and germanene zigzag
edges with 2a periodicity have also been considered [203; 204; 191], where it is believed that these are metallic and show anti-ferromagnetic ground states. Recently,
Zhang et al. [205] have studied a germanene layer on top of a Ge2 Pt substrate by
scanning tunneling microscopy and spectroscopy (STM and STS) and have identified reconstructed zigzag edges with a 4a periodicity. The differential conductivity
at the edges has a parabolic shape, and indicates that there are no pronounced
metallic edge states.
To clarify these inconsistencies, we systematically investigate the zigzag edge
reconstruction of pristine silicene, germanene and stanene nano ribbons. Surpisingly, we find that all these edges reconstruct with a 3a periodicity. The 3a peri94
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odicity can in fact be predicted from the band filling of the edge states associated
with the buckled pristine edge. The reconstruction opens a gap and leads to nonmagnetic ground states. The change in electronic structure can be analyzed in
detail with the help of a tight-binding model.

5.2

Computational Method

We performed first principles calculations with density functional theory (DFT) using the all-electron projector augmented wave (PAW) method [109] and a planewave basis set with a cut-off energy of 400 eV as implemented in VASP package
[110; 111; 112]. The equilibrium structural and electronic properties for silicene,
germanene, and stanene were calculated in the generalized gradient approximation (GGA) [115] as listed in Table 5.1, which agree well with previous work [206].
Zigzag nanoribbons were periodically repeated in the x direction with 9 ribbon
chains in y direction to avoid edge interaction and separated by more than 20 Å of
vacuum in y and z direction to avoid spurious interaction. We fix the width of nano
ribbons to 9 and construct different size of unit cells labelled as 9 × n (n=1,2,3,4)
as shown in Fig. 5.1. For the nano ribbons, 3 ribbon chains in the middle are fixed
to mimic the corresponding bulk material and the rest atomic structures are fully
relaxed until the force less than 0.001 eV/Å. 45 × 1 × 1 k-point sampling is used.

Figure 5.1: (color online). Geometric structures of Germanene nanoribbon nanoribbons. Zigzag edges and armchair edges are along x and y direction, respectively.
The dashed rectangle represents 9 × 1 unit cell with zigzag edges repeated in x
direction.
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Table 5.1: Calculated structural parameters for 2D-Xene. a, dX−X , and δ represent
the lattice constant, bond length, and buckling, respectively.
Xene
Silicene
Germanene
Stanene

E - EF (eV)

5.3

a (Å)

dX−X (Å)

δ (Å)

3.86
4.05
4.67

2.27
2.44
2.89

0.45
0.69
0.85

Electronic properties

1.0

1.0
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0.0

0.0
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Figure 5.2: (color online). Band structures of 9 × 1 zigzag Germanene ribbon with
non-spin polarization (a), anti-ferromagnetic polarization (b), ferromagnetic polarization (c). The projected DOS on edge atoms is shown in (a). K point denotes
1
3 π.
When 2D nano sheets are cut into 1D ribbons, one missing bond at the zigzag
edge atoms gives rise to edge states ( pz orbital) and also the dangling bond states
( sp2 orbital) in the gap. The buckling of the atomic lattice would lead to hybridization between the edge states and the dangling states. The band structures and
density of states (DOS) of 9 × 1 zigzag Germanene ribbon are plotted in Fig. 5.2.
In Fig. 5.2(a), two bands introduced by the two edges are formed in the gap, leaving a DOS peak at the Fermi level. The dispersion of the dangling states (Γ − K )
indicates the hybridization with the edge states because of the buckling. The orbital resolved DOS on edge atoms in Fig. 5.2(a) shows that the dangling states
near the Fermi level mainly consist of py orbitals, while the edge states formed by
pz orbitals are pushed up at 0.5 eV. The electronic instability induced by the DOS
peak at the Fermi level leads to spin polarized edges. The two edges are coupled
antiferromagnetically (AFM) (Fig. 5.2(b)) but only 5 meV/edge atom lower than
the ferromagnetic (FM) state (Fig. 5.2(c)) and 25 meV/edge atom lower than the
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non-magnetic (NM) state. The small difference in energy for AFM and FM states
indicates the large ribbon width is sufficient to decouple the two edges.
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Figure 5.3: (color online). Projected band structures of 9 × 1 zigzag silicene (b),
germanene (c), and stanene (c) ribbons with hydrogen passivation on edge atom
"2".
To have a better understanding of the states introduced by the edges, we compensate the dangling bond on one side of the nano ribbon (edge atom "2" in Fig. 5.3(a))
by hydrogen atoms. From the projected band structure Fig. 5.3(b-d), the dangling
bond states of edge atom "1" with py orbital character lie from Γ to K and pull
up the edge states (K − X ) with pz orbital character by 0.5 eV, while the dangling
states of the edge atom "2" are passivated by hydrogen and only the flat edge states
with pz orbital character lying from K to X are left. If we can further remove the
edges states of edge atom "2", we can see that the filling of the edge band that are
composed of dangling states and edge states is 1/3, indicating a 3a periodicity.

5.4

Edge reconstruction

Table 5.2: Edge energy (eV) for relaxed silicence, germanene, and stanene zigzag
ribbons with different periodicity.
n

Eedge (Silicene)
Eedge (Germanene)
Eedge (Stanene)

2
-0.37
-0.43
-0.22

3
-0.43
-0.51
-0.35

4
-0.33
-0.43
-0.23

The electronic instability at the zigzag of 2D-Xene not only lead to breaking
of the time reversal symmetry but also the spatial symmetry, namely, the edge re97
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Figure 5.4: (color online). Band structures and atomic structures of relaxed zigzag
ribbon with 2a and 3a periodicity for silicene (a,b), germanene (c,d), and stanene
(e,f), respectively. A, B, C label the edge atoms in structures with 3a periodicity.
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construction. We relaxed the structures of germanene nanoribbons with different
periodicity 9 × n (n=2,3,4). The structure reconstruction greatly decreases the total energy with respect to the small energy difference of different states shown in
Fig. 4.1. Therefore, we first relax the structure with NM state, and then start from
the pre-relaxed structure, we do further relaxation with FM or AFM state to find
the ground-state structure. We define the edge energy as

Eedge = (Erelaxed − Eunrelaxed )/n

(5.1)

in which Erelaxed and Eunrelaxed are the total energy for the relaxed and unrelaxed
germanene ribbon, respectively, and n is the size of the unit cell defined above. The
relaxation generates three different kinds of periodicity: 2a, 3a and 4a. Comparing
the edge energies with different periodicity in Table 5.2, structures with 3a periodicity have the lowest edge energies, which is consistent with the band filling in
Fig. 5.3. For comparison, the relaxed atomic and electronic structures with 2a and
3a periodicity are plotted in Fig. 5.4. With 2a periodicity, two degenerate states
near the Fermi level give rise to a DOS peak at Fermi level, leading to an electronic
instability. Two edges show anti-ferromagnetic coupling as reported in previous
work [203; 204; 191]. For relaxed structures with 3a periodicity, a gap opens near
Fermi level which further lowers the energy with respect to the structures with 2a
periodicity. The ground states are insulating and non-magnetic.
In 1D atom chain, 1/3 filled band would lead to a Peierls distortion in which
three atoms come close and form trimer to open a gap. However, we have a 1D
nano ribbon with finite ribbon width. As two edge atoms (A,B) come close, the
bonds between edge atoms and inner atoms would push the third edge atom (C)
down. This is also happened on many crystal surface, such as Si (100) surface
[207]. With reconstruction, edge atom A and B move towards each other with
mainly py orbital. Edge atom C has an increased occupation of p x orbital. It is
easy to understand that edge atom C move inwards and prefer to occupy p x orbital
which can form σ bonds with its neighbours. Actually, there has not too much
meaning to discuss the individual orbitals on each atoms. Because the sp2 or sp3
hybridization makes the behaviour of electrons more complicated.

5.5

Tight binding model

To understand the 3a periodicity of edge reconstruction, we constructed a tight
binding model based on the maximally localized wannier function. The bloch wavefunction are projected onto atom-centered pz orbitals on each site for the π and π∗
bands and atom-centered sp2 orbitals for the σ bonding. We just focus on germanene monolayer, the 8 × 8 tight binding Hamiltonian is constructed with one pz
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Figure 5.5: (color online). Comparision of bands structures of germanene monolayer from DFT calculation and TB model based on Wannier function basis. Surface
plot for the maximally localized sp2 and pz orbital Wannier functions. The yellow
and blue regions indicate positive and negative values of the real part of the wavefunction amplitudes.
orbitals and three sp2 on each Ge atom in primitive cell:

H (k) HAB (k)
H(k) = AA
HBA (k) HBB (k)

!
(5.2)

The Bloch wave functions resulting from VASP calculation are transformed to an
orthogonal set of wannier functions by

1 X ik·(R+τα )
|ψkα i = √
e
|R + τα i
N R

(5.3)

in which index α represents the A or B sublattice and |R + τα i denotes the Wannier
function for different orbitals at site R + τα . In the tight binding Hamiltonian, the
hopping parameters can be expressed in the form of Wannier function by

Hαβ (k) = hψkα |H|ψkβ i
1 X ik·(R+τα −R0 −τβ )
=
e
hR + τα |H|R0 + τβ i
N
0

(5.4)

RR

in which hR+τα |H|R0 +τβ i = tαβ (R−R0 ). The bandstructure for germanene monolayer based on wannier function basis fit quite well with that from DFT calculations
in the energy range we are interested at as shown in Fig. 5.5.
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5.6 Discussion

The hopping parameters for the nearest neighbours in the unit cell are listed
in Table 5.3. We can see that the buckling in gemanene introduces the hopping
between sp2 and pz orbitals (tσπ ), leading to a mix of sp2 and pz orbitals. On the
unrelaxed edge, the appearance of dangling bond increases the hopping between
sp2 orbitals (tσσ ). After the edge reconstruction, two edge atoms (Ge A and B)
move together and one (Ge C) moves down to the inner part. The reduced buckling
of the edge atoms result in a decrease of tσπ accompanied with an increase of tππ
and a decrease of tσσ . This indicates a reduced hybridization between sp2 and pz
orbitals and a charge transfer from sp2 to pz orbitals. The relative large hopping
between different sp2 orbitals on edge atoms (numbers in the parenthesis) indicate
enhanced σ bonds between edge atoms and their nearest neighbours. This can also
be seen from the reduced bond length between Ge C and its nearest neighbours
(2.40 Å). As a result, this Peierls-like edge reconstruction opens a gap near the
Fermi level as seen in Fig. 5.4. The buckling of the Ge atoms determines the hopping
between sp2 and pz orbitals and affects the bonding interaction between Ge atoms.
Table 5.3: Hopping integrals t (eV) and buckling δ (Å) of monolayer germanene,
unrelaxed zigzag edge, relaxed 8 × 3 zigzag edge with three edge atoms (A, B, C).
The numbers in the parenthesis indicate the hopping between different sp2 orbitals
on edge atoms. Only the nearest hopping parameters are shown in the table.

germanene
unrelaxed edge
Ge A
Ge B
Ge C

5.6

 sp2

 pz

-1.06
-1.19
-1.21
-1.22
-1.73

1.00
0.78
0.83
0.84
0.49

tσσ
-3.20
-3.74
-3.61(-1.88)
-3.61(-1.82)
-3.43(-2.62)

tππ
-0.68
-0.66
-0.94
-0.97
-0.78

tσπ
±1.11
±1.11
±0.47
±0.39
±0.94

δ
0.69
0.69
0.46
0.42
0.58

Discussion

The periodicity of the edge reconstruction is a result of the perels-like distortion
associated with the band filling of dangling bond states near the Fermi level. And
the band filling of dangling bond states is determined by the interaction between
dangling states and edge states, resulting from the buckling of the structure. In flat
graphene edges, the 50% band filling of dangling states (one unpaired electron in
the dangling bond state) leads to a Stone-Wales reconstruction, in which two edge
atom come together and form a bond to passivate the dangling bond. In 2D-Xene
(X=Si, Ge, Sn), due to the buckling, dangling states pull up the edge states and
has a small band filling. Especially, in germanene ribbons, 1/3 band occupation
leads to a edge reconstruction with 3a periodicity. We noticed that the sillicene
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ribbons with a small buckling (0.45 Å) have a band filling of 0.40 indicated from
Fig. 5.3(b). To passivate the extra electrons on the edges, the edge atom C forms
an extra bond with inner atoms (see Fig. 5.4(b)) and gives rise to a 3a periodicity
at the zigzag edge. In Fig. 5.3(d), the band filling of stanene edge states is slightly
less than 1/3 for its large buckling (0.85 Å). A charge transfer from the inner Sn
atoms to the edges were found, which makes the zigzag edges fulfill the one-third
band filling. By applying strain, we can tune the buckling of the structures. In
germanene zigzag edges, 3.5% compressive strain changes the band filling from
1/3 to 1/4 and leads to a 4a periodicity with a significant enhanced hybridization
of sp2 and pz orbitals, while 8.5% tensile strain gives rise to to a 2a periodicity.
The substrate material can also influence the buckling within the 2D layer, resulting from the Van der Waals interaction between them. Zhang et al. reported
the germanene grown on the Ge2 Pt substrate with a lattice constant of 4.3 Å and a
relative small buckling of 0.2 Å[205]. However, they found a 4a periodicity at the
zigzag edge of germanene. It should be noted that our calculations are performed
at zero Kelvin, while most of the experiment are done at room temperature. We
see that the edge energy difference between the relaxed structures with different
periodicity is on the scale of a few tens meV. At room temperature, the thermal
energy (∼ 25 meV) can affect the periodicity of the zigzag edges. In addition,
possible charge transfer between the substrate and the material would change the
edge band filling and so the edge reconstruction.

5.7

Conclusion

In this Chapter, by performing first principles calculations, we investigate the zigzag
edge reconstruction in 2D-Xene (X=Si, Ge, Sn) nanoribbons. Three different kinds
of edge reconstruction are found. The ground-state structures have 3a periodicity, which opens a gap at the Fermi level and shows non-magnetic ground states.
The edge reconstruction is determined by the band filling of the dangling states
associated with the buckling of the atomic lattice.
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Summary
The first isolation of graphene in 2004 opened a new area of 2D Van der Waals materials with one or several elements arranged in one plane with atomic thin thickness,
which attracts great attention for the potential in the miniaturization of electronic
devices. Various spectacular properties that do not exist in their 3D bulk form also
provide opportunities for the design of novel electronic devices. In this thesis, by
first principle calculations, I investigate the electronic properties of several typical 2D systems including the LaAlO3 /SrTiO3 (LAO/STO) (001) n-type interface,
monolayer of transition metal dichalcogenides (TMDs) and 2D-Xene (X=Si,Ge,Sn)
and explore the possibility to tune them for practical application.
In chapter 2, I tune the two-dimensional electron gas at the n-type LAO/STO
(001) interface through ferroelectric substrate BaTiO3 (BTO). First, I evaluate the
carrier density at the interface to show the existence of polar distortions in LAO and
STO. Then the BTO substrate is polarized perpendicular to the interface and it is
found that the carrier density at the LAO/STO interface can be reversely tuned by
the ferroelectric field of the substrate accompanied with a metal to insulator transition. Through potential analysis, we further confirm that the ferroelectric field
control of the intrinsic electric field and therefore the electronic reconstructions at
the interface originate from the screening of polarization charges.
In chapter 3, I explore the possibility of realizing long-range ferromagnetism in
MoS2 monolayer by substitutionally doped single acceptor (V,Nb,Ta). Using the periodic supercell approach, we identify three impurity levels originating from K/K 0
and Γ valley and get the dependence of their binding energy on the supercell size.
With a simple hydrogen model, the effective Bohr radius and dielectric constant are
extracted by fitting the impurity Coulomb potential curve. The exchange interaction between dopants are evaluated by calculating the energy difference between
spin antiparallel alignment (AFM) and parallel alignment (FM). Taking account of
spin orbit coupling, a formula is derived to determine the single ion anisotropy in
V-doped monolayer of MoS2 . With the extracted exchange parameter, I perform
Monte Carlo calculations by using Binder’s cumulant method to evaluate the Curie
temperature for V-doped monolayer of MoS2 . A Curie temperature of 165 K is found
at 9% V-doped MoS2 monolayer. The magnetic moment is found to be quenched by
the formation of strong π bond as the dopants pair is close enough, which limits the
Curie temperature. Finally, possible solutions to avoid the quenching are proposed
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by considering other TMD system such as monolayers of MoSe2 or MoTe2 .
In chapter 4, I do a systematic study of the structural and electronic properties
of single acceptor and double acceptor (V, Nb, Ta, Ti, Zr, Hf) doped MX2 monolayers to find the general trend of the impurity behaviour. I first examine the bulk
properties of MX2 monolayers, which determines the behaviour of the impurity levels bound to their band edges. The binding energy, formation energy, Jahn-Teller
distortion, and single ion anisotropy of the single and double acceptors in MX2
monolayers are systematically calculated in single doping limit. In systems with
double acceptors, the Jahn-Teller distortion competes with exchange splitting and
may quench the magnetic moment as it is strong enough. In addition, double acceptors give rise to an in-plane single ion anisotropy. In systems with single acceptors,
the Jahn-Teller distortion is detrimental to the long-range exchange interaction. In
the end, possible effects of intrinsic defects on the dopant and systems promising
for realizing the room temperature ferromagnetism are discussed.
In chapter 5, the zigzag edge reconstructions of 2D-Xene (X=Si, Ge, Sn) nano
ribbons are investigated by first principles calculations. Different size of unit cells
of zigzag nanoribbon 9 × n(n = 1, 2, 3, 4, 6, 8) are constructed to include all possible
edge reconstructions. Three different kinds of edge reconstructions (2a, 3a, 4a)
are found. By comparing the edge energies of each system, edge reconstruction
with 3a periodicity has the lowest edge energy and opens a gap at the Fermi level.
The band filling of the dangling states near the Fermi level associated with the
buckling is found to be the main factor that determines the periodicity of the edge
reconstruction. Furthermore, the wavefunction resulting from DFT calculations are
projected on wannier function basis and the hopping parameters between different
orbitals are obtained. The buckling of the atomic lattice determines the hopping
between sp2 and pz orbitals and so the bonding interaction.
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