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Computational material science
WHAT WE WANT TO ACHIEVE

Electronic properties

Structure

Vibrational propertiesMagnetic properties
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Basic Definitions
Wavefunction  

Describes the quantum state of a system of particles and
contains all measurable information.

Electron density   
Probability density of finding electrons in space; central
quantity in DFT.

Operator
A mathematical object that acts on a function to produce
another function.

Quantum mechanical operator:
Physical observables (e.g. energy, momentum) are represented
by operators.

Ground state:
The lowest-energy state of a system (most stable configuration).

e.g. a derivative 𝜕/𝜕𝑥
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Part I
The Framework 

of DFT

1. Density Functional Theory (DFT)
The many-body Schrödinger equation
Hohenberg–Kohn theorems
Kohn–Sham formalism

2. Elements of Solid-State Physics for DFT
Crystal structures and periodicity
Reciprocal space
Plane-wave basis sets

3. Common Software in CC
Electronic structure calculations
Analysis and specialised tools

Outline
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Part II
Using DFT 
in Practice

Outline 1. Practical Aspects of DFT Calculations
Input files
Output files

2. Key Parameters and Choices
k-point sampling
Pseudopotentials
Exchange–correlation functional (LDA/GGA)
Control parameters and convergence settings

3. Typical Applications
Isolated systems (molecules, clusters)
Bulk materials
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The many-body problem

“If we have N electrons, the
wavefunction depends on 3N
spatial variables. This quickly
becomes impossible to solve

exactly.”
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Schrödinger’s Equation

2

            Kinetic E       Potential E   Energy levels     Wave function

Hamiltonian operator

(Coloumbic interactions +
External Fields)
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Many-Body Problem in solids

Example 1: CO₂ molecule > 22 electrons

            – Each electron → 3 spatial coordinates 

                                      66-dimensional Schrödinger equation

The dimensionality grows linearly with the number of electrons → the problem becomes
intractable very quickly

Example 2: Pb nanocluster > 100 atoms

             – 82 electrons/atom → 8200 electrons

                                         24,600-dimensional problem
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Direct solution of the many-electron Schrödinger equation 
is impossible for realistic materials.



First Approximations
> Born–Oppenheimer (adiabatic) approximation

Electrons are much lighter → move much faster than nuclei

Separation of electronic and nuclear motion:

Ψ(Ri​,ri​) ≈ χ(Ri​)ψ(ri​;Ri​)

Electrons are solved for fixed nuclear positions

> Treatment of nuclei

Nuclei are treated as “classical point particles” (to first approximation)
They enter the Hamiltonian as an external potential for the electrons
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Density Functional Theory
From wavefunct ions to electron density
Hohenberg–Kohn Theorems
Theorem 1
      
   The ground-state energy is a unique functional of the electron density:

Theorem 2

     The ground-state electron density minimises the energy functional:

The electron density n(r) fully determines the ground-state
properties of the system
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Density Functional Theory
From wavefunct ions to electron density

The Kohn Sham scheme
      
Replace the interacting many-electron problem  with an auxiliary     
system of non-interacting electrons   

: electron–nucleus potential
: Hartree (electron–electron) term
: exchange–correlation potential
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STEP 2
Solve KS equation with n(r) to obtain single electron wave
function   i(r)

STEP 3
Calculate the electron density based on the single electron
wave functions

STEP 4
Compare: 
  1. If different, then process begins from STEP 2 with new n(r)
  2. If identical, true ground state density is obtained.

Self consistent
loop

STEP 1
Trial n(r)
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Summary: Key Ideas of DFT

The ground-state energy is
uniquely determined by the
electron density

The interacting many-electron
problem can be mapped onto
a set of single-particle
equations

KOHN–SHAM (KS)

Simple approximations are
often sufficient:
LDA · GGA

PRACTICAL SOLUTIONHOHENBERG–KOHN (HK)

All many-body effects are contained in the exchange–correlation functional 
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Crystalline Solids and Plane-Wave DFT
Crystal: Periodic arrangement of atoms

                       → Leads to a periodic potential

Free electrons: described by plane waves

Electrons in a crystal: Move in a periodic potential

                       → Solutions are Bloch functions

: periodic with the lattice
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Plane-Wave Basis: Cutoff Energy
Fourier representation

Any periodic function can be written as a sum of plane waves (Fourier series)

                                                                                             “Wavefunction expanded in plane waves”

Kinetic energy of plane waves

Cutoff energy: only plane waves with                   are included  → Finite basis set for calculations

Practical requirement: 

Converge results with respect to ​

Larger cutoff → higher accuracy (and computational cost)

MORE PLANE WAVES 
= 

BETTER DESCRIPTION OF
THE WAVEFUNCTION
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Plane-Wave Basis: k-Point Sampling in Crystals
Reciprocal space:

Wavevectors k describe electronic states in periodic systems
The primitive cell in reciprocal space is the 1st Brillouin Zone
(BZ)

Bloch periodicity:
k and k+G are equivalent. G: reciprocal lattice vector
→ Only the 1st Brillouin Zone needs to be sampled

Integration in the BZ:
Physical quantities involve integrals over k
In practice → replace integrals by a finite set of k-points

k-point sampling
Choose a mesh of k-points (e.g. Monkhorst–Pack grid)
Accuracy depends on the number of k-points

CONVERGENCE
MUST BE
TESTED
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Obtaining Reliable Total Energies

Convergence with numerical parameters

Total energy depends on:

k-point sampling

plane-wave cutoff energy

These parameters must be converged

 → Results should not change significantly with further increase

Absolute total energies are not meaningful in DFT
Only energy differences are physically relevant
Typical accuracy: ~1 meV / atom

XIII ESCUELA ALTAS PRESIONES - MIERES June 2026



Plane-Wave Basis: Pseudopotentials
Physical idea

Chemical properties are mainly determined by valence electrons
Core electrons are tightly bound and relatively inert

Pseudopotential approximation
Core electrons are replaced by an effective potential
Valence electrons interact with a smoothed potential: 

                                                                Frozen core approximation
Why use pseudopotentials?

Reduces the number of electrons treated explicitly
Smoothes the wavefunctions → fewer plane waves needed
Improves computational efficiency

In practice
DFT codes provide libraries of pseudopotentials
Choose appropriate potential for each element

Smooth
wavefunctions →

fewer plane waves
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Common Software in
Computational

Chemistry
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Molecular modelling and visualisation
VESTA

3D visualisation software for crystal structures and volumetric data. Visualise:

            → crystal structures

            → electron density, 

            → charge density

            → isosurfaces
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Electronic structure (Quantum Chemistry / DFT)
Gaussian: Quantum chemistry package → Electronic structure (HF, DFT, post-HF),

energies, spectra. 

GAMESS: Ab initio quantum chemistry code  → Hartree–Fock, DFT, molecular properties

Molpro: High-accuracy quantum chemistry software → Advanced correlated methods

(CI, CC, multireference)

Quantum ESPRESSO: Plane-wave DFT code for periodic systems → Solids, surfaces, materials

properties

VASP: Plane-wave DFT code (commercial) → Electronic structure, geometry optimisation,

molecular dynamics in solids
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Analysis and specialised tools

CRITIC2:  Topological analysis of electron density  → Bonding analysis, critical

points, charge density

AutoDock: Molecular docking software  → Ligand–receptor binding, drug design
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Doing DFT calculations
— PRACTICAL ASPECTS



Vienna Ab initio
Simulation
Package
(VASP)

WHAT IS VASP?
Widly used software for DFT calculations. It is designed for
periodic systems (solids, surfaces, interfaces). 

USES
It uses plane-waves basis set, pseudopotentials (PAW
method), and periodic boundary conditions.

CAPABILITIES
Electronic structure - geometry optimisation - molecular
dynamics in solids. (Typical system size ~ 100-2000 atoms

RELATED DFT PACKAGES (OPEN-SOURCE)
Quantum ESPRESSO (https://www.quantum-espresso.org)
ABINIT (https://www.abinit.org)
SIESTA (http://icmab.cat/leem/siesta/)
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VASP Input Files

INACR POSCAR

POTCAR KPOINTS
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VASP Input Files

INACR POSCAR

POTCAR KPOINTS

INCAR – Calculation parameters
Defines the simulation settings

Energy cutoff
Convergence criteria (electronic/ionic)
Relaxation settings (ions, cell)

Many more tags can be set
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VASP Input Files

INACR POSCAR

POTCAR KPOINTS

POSCAR – Structure definition
Defines the simulation cell. Contains:

Lattice vectors
Atomic positions
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VASP Input Files

INACR POSCAR

POTCAR KPOINTS

POTCAR – Pseudopotentials
Contains pseudopotential data for each element

Core–valence interaction
Exchange–correlation functional

Library of pseudopotentials

XIII ESCUELA ALTAS PRESIONES - MIERES June 2026



VASP Input Files

INACR POSCAR

POTCAR KPOINTS

KPOINTS – Brillouin zone sampling
Defines the k-point mesh
Controls integration in reciprocal space

Subject for convergence testing
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VASP Output Files

CONTCAR OSZIICAR

OUTCAR CHGCAR

Final structure
Atomic positions after the calculation
Updated geometry (after relaxation)

Convergence data
Information on: 

      Electronic steps & Ionic steps
Useful for monitoring convergence

Detailed output
Complete information about the
calculation includes:

Total energy
Forces on atoms
Charge distribution
Symmetry information

Charge density
Final electron density of the system
Used for:

Visualisation
Further analysis
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Changes in structure and properties

STRUCTURAL
RESPONSE

Contribution of specific states
or regions.

PARTIAL CHARGE
DENSITY

Distribution of electronic
states in energy

DENSITY OF STATES 

Looking through the DFT
WHAT CAN WE OBSERVE?
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01 Theory
Hohenberg–Kohn: Ground-state properties are determined by the electron density. 
Kohn–Sham: Many-electron problem → effective single-particle equations Theory

02 Method
Plane-wave basis + pseudopotentials
Periodic systems → Bloch functions and reciprocal space
Self-consistent solution of the Kohn–Sham equations

Conclusion

03 Numerical aspects
Accuracy controlled by:

k-point sampling
cutoff energy

Results must be carefully converged

04 Applications
Molecules, solids, surfaces, defects
Electronic structure, forces, dynamics
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Books
– David Sholl & Janice Steckel
Density Functional Theory: A Practical Introduction
– Richard M. Martin
Electronic Structure: Basic Theory and Practical Methods
– Jorge Kohanoff 
Electronic Structure Calculations for Solids and Molecules References &

Further Reading
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Online resources
– VASP Manual: https://www.vasp.at 

– Quantum ESPRESSO: https://www.quantum-espresso.org

– ABINIT: https://www.abinit.org

– SIESTA: https://siesta-project.org/siesta/

– Critic2: https://aoterodelaroza.github.io/critic2/

– VESTA: https://jp-minerals.org/vesta/en/download.html
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