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Introduction to 	
density functional theory

Mini course on DFT for PhD


LECTURE 5 -  18 March 2026
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list of past exercises

•optimization of CO2 molecular structure “by 
hands” (linear, C=O distance:1.16 Å)
•optimization of CsCl bulk structure (energy 
vs. lattice parameter) 4.12 Å 
•convergence tests w.r.t. k-point mesh and Ecut 
for bulk Si
•Band structure of Si (Egap=1.12 eV, indirect)
•Cohesive energy of Si (exp: 4.63 eV/atom)
•Oxidation state of O in HO2 (-2; peroxide: -1)
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some additional general issues

1. pseudopotentials
2. extension to magnetic systems
3. dispersion forces or van der Waals
4. Hubbard correction
5. some postprocessing tools: charge density, 

STM, potential profiles (work function)
6. non periodic systems; compensating dipole 

field
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1- Pseudopotentials - a

r ψ(r)
AE=“all electron” 

(i.e. calculations including 

also core electrons)


PS=“pseudopotential”

Vl
ps =Vloc(r)+Vl(r)Pl =V (r)+    ∑m  Ylm(r)V(r)δ(r−r′)Y∗lm(r′) 

One pseudo potential for each angular momentum :

with Vloc(r)=-Zv e2 / r
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1 - Pseudopotentials - b

<=   norm-conserving

<=   atomic energy levels must be reproduced

<=   coincidence between the “true” and “pseudo” wfc in the external region
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1- Pseudopotentials - c

US	pseudopoten:als

HUS⇥n = �nS⇥n �⇥n|S|⇥m⇥ = �nm

“soft” or “ultrasoft” (US) pseudopotentials:  release the condition of norm-conservation

 => smoother potentials => smoother wfc => less plane waves to describe them 

The price to be paid: a more complicated expression for the electronic charge density:

NB: Ultrasoft (US) and PAW pseudopotentials are (from the user’s perspective) very similar

Augmentation charges, localized 
close to the nucleus account for 
“missing norm” expressed using 
projection functions

n(r) =
N

∑
i=1

ψ*i (r)ψi(r) + naug(r)

Using US or PAW pseudopotentials, specify Ecutrho! It should be > 4*Ecutwfc



2. Extension to magnetic systems: 
spin density functional theory 

Use nspin=2 in &SYSTEM => 

the work is done twice for each k point



3. dispersion forces, or van der Waals interactions 

weak, long-range attractions resulting from instantaneous 
quantum fluctuations in electron clouds (non-local electron 
correlations)


Standard DFT functionals fail to capture these interactions, 
=> interatomic distances are often overestimated (e.g., graphite)

Corrections required!

In &SYSTEM : 


vdw_corr = ‘grimme-d2' for example
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°50

0

50

100

150

E
ne

rg
y

(m
eV

/a
to

m
)

NNIP + D2

NNIP

DFT + D2

DFT



4. Hubbard correction
Useful (sometimes necessary) in systems with localised d or f 
electrons.  Corrections to the standard hmiltonian required!  

Simple (and computationally low cost) functional extension 
from DFT to DFT+U  has low computational costs 

Introduction of an on-site interaction of strength U (Hubbard 
parameter) that represents the electron repulsion in the KS eq.:


In &SYSTEM :


&SYSTEM
    ...
    lda_plus_u = .TRUE.
    Hubbard_u(i) = 2.0 corresponding to each i of ntyp

Look at literature and try different parameters, checking some 
physical properties



5. post-processing tools

Purpose of pp.x: data analysis and plotting

in two steps:

(1) reads the output produced by pw.x, extracts and 
calculates the desired quantity/quantities (rho, V, ...)

(2) writes the desired quantity to file in a suitable format 
for various types of plotting and various plotting programs

https://www.quantum-espresso.org/Doc/INPUT_PP.html



5. post-processing tools

plot_num = 0  : electron (pseudo-)charge density

plot_num = 11 : V_bare + V_H potential

plot_num = 5  : STM

… and many others
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6. What if a system is NOT 3D-periodic ?	
Use a supercell with enough space between periodic 
replicas that the interaction is neglible 	

Can be problematic if the object is charged or has a 
dipole!	

Solution:	
• input variable assume_isolated: useful in 0-D 
(molecules, clusters, etc)	
• introduce a dipole layer in the vacuum (dipfield in 
&CONTROL)

done

https://www.quantum-espresso.org/Doc/INPUT_PW.html#id2
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what we have done 	
and what else we can do with QE
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to learn more
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to learn more
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to learn more

and many other items…
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to learn more

select the one of interest…
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to learn more
open folder…

open this folder for examples

complete list of examples
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to learn more

open folder…

here you can find the “correct” results



https://indico.ictp.it/event/11146

26

DEADLINE FOR APPLICATION: 27 MARCH 2026
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The end


