
Theoretical studies of 2D 
systems

Nithaya Chetty

University of Pretoria, South Africa



To the students

• Material science is arguably the most important discipline that needs to be 
developed in Africa
• Many initiatives are already underway

• Science is foremost an empirical endeavor
• Experimental equipment intensive
• Governments/institutions need to invest more in equipment
• Need more access to international laboratories
• Need more scientific and technical training

• Theoretical and Computational studies are accessible and cheap
• All you need are smart students (of which there are aplenty in Africa)
• Access to moderate to good computing facilities



iron ore

rough diamond

cut and polished diamond



Hierarchy of disciplines

Mining/Mineralogist

Material scientist/Engineer

Solid State Physicist/Condensed Matter Physicist/Chemist

cm to m length scale 
Continuum models

mm to micron length scale 
Classical models

Micron to nanometre length scale 
Quantum models
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Nuclear physics, particle physics, string theory, etc. 



Why only 110 
elements? 

Atomistic basis for vast complexity of 
real material systems

(Dmitri Ivanovich Mendeleev)



 Electronic or magnetic properties, e.g. metals, semiconductors, insulators, semimetals, superconductors (conventional, high temperature), heavy fermions,
magnetic materials (ferrimagnetism, ferromagnetism, antiferromagnetism, Curie paramagetism, Paul paramagnetism, diamagnetism)

 Crystal structures, e.g. BCC, FCC, diamond, hexagonal, etc.

 Groups of the periodic table, e.g. lanthanides, actinides, alkali metals, alkali earth metals, transition metals, noble gases, noble metals

 Alloys and compound systems, e.g. GaAs, NaCl

 Defective systems often with useful new properties, e.g. point defects (vacancies, substitutional impurities, interstitial impurities, defect complexes), line defects
(stacking faults, dislocations); Doped materials are critically important for semiconductor devices

 Amorphous, polycrystalline and ceramic systems, although not periodic, have useful properties and applications, e.g. lighter and harder materials, polycrystalline Si
for photovoltaic cells

 Surfaces, e.g. (111) surface, which enables one to consider catalysis and surface reactivity

 Interfaces, e.g. in quantum well structures, transistors, solid state lasers

 Thin films and multi-layers e.g., photovoltaic cells, giant magneto-resistance for recording

 Nanostructures e.g. quantum wells, quantum dots, quantum wires exhibit new phenomena compared with the bulk

 Nanosystems often straddle classical and quantum mechanics, and this is giving rise to new phenomena with exciting new applications; At this length scale, the
theoretical and experimental methodologies and instrumentation are applicable also to biological systems.

 Variety of properties, e.g. transport properties (electrical and thermal conductivity), crystal phase structure and transitions especially under conditions of
temperature and pressure, hardness (brittle, ductile, malleable), elastic properties (bulk modulus, shear modulus, Young’s modulus, Poisson ratio), lustre, optical
properties (refractive index, absorption coefficient, reflectivity, transmission coefficient, dielectric function)

 Various probes, e.g. light (UV, IR), x-rays, electric fields and magnetic fields, temperature and pressure, neutrons, electrons, positrons to create a variety of
excitations and collective excitations, such as spinons (spin waves), phonons (lattice waves), magnons (magnetic waves), polarons (electron-hole excitations), etc.

 Various experimental techniques, e.g. x-ray diffraction, nuclear magnetic imaging, photoemission spectroscopy, scanning electronic microscopy, mass spectroscopy,
etc., etc. Techniques applicable to other disciplines and to mainstream society, e.g. magnetic resonance imaging

Much complexity in Solid State Physics

Unifying theory is Quantum 
Mechanics



x

y

z

R

ZR

electronic wavefunction

r

𝐻𝜓 = 𝐸𝜓 (𝜓 = many-body wave function)

Electrons are fermions, therefore the Pauli Exclusion Principle applies

𝜓 …𝑟𝑛, 𝑟𝑝, … = −𝜓 …𝑟𝑝, 𝑟𝑛, …

ie : wavefunction is anti-symmetric in the exchange of electron coordinates

ion



The energy is central 

• Why is graphite the more stable form of solid carbon?

• 𝑝 = −
𝜕𝐸

𝜕𝑉
basis for pressure induced phase transitions 

• 𝐹 = −
𝜕𝐸

𝜕𝑅
basis for calculation of equilibrium structures, molecular dynamics

Elastic constants, phonon frequencies, electrical conductivity, etc, etc etc

Calculate charge density from wavefunction, basis for understanding bonding

Single particle energy spectrum basis for understanding electronic properties of 
solids (e.g. metals, semiconductors, magnetism, etc., etc.) 



Density Functional Theory

• Energy is a unique functional of the density

• Recasts the many electron problem into an effective non-interacting 
problem

Many body formulation
Hamiltonian exactly known
Wavefunction difficult to compute

Single particle formulation
Hamiltonian not exactly known
Wavefunction computable using numerical techniques

n(r)

Energies are the same

< 𝛹 𝐻 𝛹 > = 𝐸 = 𝑇𝑠 + 𝐸𝐶 + 𝐸𝑒−𝑖𝑜𝑛 + 𝐸𝑖𝑜𝑛−𝑖𝑜𝑛 + 𝐸𝑥𝑐
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Theoretical and Computational Solid State Physics 
Research Group @ Univ. Pretoria

• Density functional methods

• VASP, Quantum Espresso

• University cluster, CHPC

• Currently focussed on 2D materials

• Developmental work on local energy density within DFT

• New work at Centre for Functional Nanomaterials at Brookhaven



Li states on C-H pair vacancy in Graphane

Edwin Mapasha, University of Pretoria
Mahlaga Molepo, University of South Africa

2010 Nobel prize Geim and Novosolov





Overview of graphane

● High volumetric hydrogen density 
● Wide energy band gap
● Graphane is thermodynamically stable at room 

temperature
● Excellent candidate for energy storage devices 
● Suitable for room temperature nano-technological 

devices



VH defects in graphane

● Hydrogen vacancies (VH) simplest defects

● DFT studies VH introduces magnetism in graphene
● localized magnetic moment 1 μB per VH 

● Experiment reveals the magnetic features in a nearly full 
hydrogenated graphene 

● We have investigated the effect of charge doping on the electronic 
properties of VH

● Charge doping fine tunes the electronic structure

● Alters the localised magnetic moments

● V H defect can be used to design spintronic devices (spin dependent electron 
transport)



VCH defects in graphane
● Experimentally reported carbon-hydrogen pair VCH vacancies 

● achieved using high-energy ion beam pathways

● DFT studies VCH defect induces the mid-gap states with a magnetic 
moment of 1 μB in a graphane monolayer. 

● magnetic moment arises from the dangling bonds on the three C atoms 
surrounding the VCH vacancy

● mainly contributed by C 2p orbitals

● Controlling the induced magnetism in a VCH defected graphane could be 
essential for technological devices



VCH defects in graphane
● We study interaction of a Li atom with a VCH vacancy also considering the 

effect of charge states using HSE06 functional

● Vienna ab initio simulation packages (VASP) code

● The Heyd, Scuseria, and Ernzerhof functional (HSE06 functional)

● Projector augmented wave (PAW) method

● The energy cut-off was set to 500 eV

● The 10×10×1 k-mesh generated using Monkhorst-Pack scheme was used

● For large supercell systems, a 4×4×1 k-mesh was used

● The interlayer spacing along the z-axis was set to 15 Å to reduce the periodic image interactions



C-H vacancy pair (VCH)

● The C atoms surrounding the VCH vacancy undergo structural distortions
● The graphane monolayer threefold symmetry breaks due to Jahn-Teller effect
● The three C atoms surrounding VCH defect form an asymmetric  triangular 
arrangement 



Thermodynamic stability of VCH

● Formation energy 6.05 eV (HSE06) for V
CH

● Agrees well with the GGA value [1]

● The high formation is needed to first break the C-C bonds

● V
CH 

is realizable experimentally, can be stable at room temperature [2]

[1]   Pujari et al J. Phys. Chem. C,  113, 21063-21067 (2009).

[2]  Elias et al. Science. 323, 610 (2009).



● V CH defect induces spin up mid-gap states within the graphane band gap (half metallic 
behaviour)

● This is mainly contributed by the C 2p states as shown by PDOS
● As a consequence, the system becomes magnetic with the magnetic moment of 1 μB [1]

[1]   Pujari et al J. Phys. Chem. C,  113, 21063-21067 (2009).

Electronic properties of VCH



Different Li adsorption sites on a V
CH

graphane.

The binding energy EB (eV), charge transfer q(e) and 
Li height d (Å) for various Li configurations.

Li above V
CH

graphane

● Li-VCH configuration gives the most thermodynamic stable structure
● Li-VCH has the shortest value of d(Å) 
● Li-VCH  bond strongly with the graphane substrate although ionically



Electronic properties of Li-VCH

Charge density difference (∆ρ)

(a)

Density of states

● The electronic charge densities are depleted from the C atoms, accumulated in C-C bonds
● Li atom at global minimum region
● Li mid-gap states are noted in Fig (b)
● Hybdridization mainly contributed by Li 2s and C 2p

(b) (c)



Themodynamic stability of Li-VCH

● At 0 charges state, the formation energy of Li-VCH is 
2.46 eV

● This is lower than that  of VCH defect of  6.05 eV

● The donor transition level ε(0/+1) is at 2.70 eV relative 
to VBM in the band gap

● Li-VCH configuration may act as deep donor



Dependant of DOS for Li-VCH on Charge states

● The Li ion enhances the VCH induced magnetism
● The -1 charge doping shift the Fermi level toward the CBM further increasing magnetism.
● The +1 charge doping shifts the Fermi level toward the VBM reducing  magnetism.
● Charge doping fine tunes the electronic and magnetic properties of Li-VCH













ASESMA CCP 2017

30

Ghana - 2016

Nigeria – 2014
Canceled and held in 
Johannesburg - 2015

Kenya - 2012

Capetown – 2010

“Mini-ASESMAs”
in Frencophone region
Congo, Brazzaville

Sudan – 2015  Support “KWAMS” school

African School for 

Electronic Structure Methods and Applications



What has ASESMA accomplished

Total number of participations 194  (~39 in each school)

(counting multiple times for some participants)

Total number of individual participants 171

Number of women 22

Number who participated more than once 21

Number of African countries 18

Number of Lecturers 35 (13 from Africa)

Number of Mentors 24 (10 from Africa)

Publications in refereed journals 124  

by participants after attending ASESMA

(7 with multiple ASESMA authors)

Statistics for 2008-2016 (5 schools)




