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Content

• What is density-functional theory (DFT)?

• How to run an example by using DFT?

• Some applications of the DFT from my research

• Challenge and future of the DFT



Impact of DFT
THE TOP 10 PAPERS: 2 papers on density-functional 
theory (DFT) in the top 10 most cited papers in the entire 
scientific literature, ever. NATURE, OCT 2014



130,981 citations (2023)
GGA made the DFT possible for practice.

Red colors are papers related to DFT
Hohenberg–Kohn theorems
Starting point of the concepts of DFT

Kohn-Sham equation
Numerical codes for DFT is possible



What is DFT?

DFT is a method for solving the 
Schrödinger equation

The Newton equation

F = ma



The Idea of DFT - Electron Density

Just store data 
for Si case: 

500084 numbers 

Reduction of dimensionality!

The idea can work with only the case that two models are equivalent

50003 numbers 



The Hohenberg-Kohn (H-K) Theorems

The H-K existence theorem

The H-K variational theorem
• A universal functional for the energy E[n(r)] 
can be defined in terms of the density. The 
exact ground state is the global minimum
value of this functional.

Density-functional theory

E[n(r)]

n(r)
Electron density Properties



How to Know n(r)?
Self-consistent field (SCF) method

The Kohn-Sham equation

Exchange-correlation potential

The Pauli principle 
to avoid overlap 
(exchange - Vx)

Keeping to lower the 
Coulomb repulsion
(correlation - Vc)

(Unknown functional)



How to Deal with Unknown Functional?

It takes 30 years to 
introduce a good 
approximation functional

Errors of atomization energies

Local density approximation (LDA) -1980



Which Codes for DFT?

Free

Easy to install

https://atomistic.software/

Chemical Sciences and Materials @ 2022 (PRACE)



Some Features of QE

Quantum ESPRESSO is a bundle of codes (DFT and beyond DFT)



Is It Easy to Learn QE?

Many workshops about Quantum-ESPRESSO are 
organized by us.

• 2016: Tohoku Univerisity  (Japan)
• 2019: Zhejiang University (China)
• 2019: Vietnam School of Physics (Vietnam)
• 2022: HUST (Vietnam), Tokyo Metropolitan 
University (Japan)

q How to install & run softwares in a personal PC.
q 23 tutorials for many physical properties: electron, phonon, 

optic, superconductivity, Raman, .... (can download free at 
GitHub: https://github.com/nguyen-group/QE-SSP)

q Thoery for DFT & solid-state physics for Quantum ESPRESSO



How to Install QE

Quick installation of Quantum Espresso:

Step 1: Update system:
$ sudo apt-get update

Step 2: Install: quantum-espresso
$ sudo apt-get install quantum-espresso

You also can install easy in MacOS or Window



Quantum ESPRESSO Workflow

$ git clone https://github.com/nguyen-group/QE-SSP.git

Download input files for examples



Let's Do An Example without Knowing Everything

Go to folder of the example
$ cd ~/QE-SSP/gr/scf/
Run the example
$ pw.x < scf.in > scf.out &





Self-consistent field method



name of project

output data 
(charge density, etc.)

Generalized gradient 
approximation (GGA)



atomic structure of 
graphene



We need to test!!!

Convergence checking



You can ask ChatGPT



Applications: Battery
Binding energy:
Eb = E(Na+Mo3S11) - E(Na) - E(Mo3S11)

Eb < 0: Binding

Eb > 0: No 
binding

N. T. Hung et al., J. Phys. 
Chem. C 123, 30856 
(2019)



Applications: Battery

Q. D. Truong, L. C. Yin, N. T. Hung, et al., Electrochim. Acta 
332, 135218 (2020).



Applications: Designing New Materials

Archimedean lattice

New 3D Carbon networks

N. T. Hung, et al., Carbon
125, 472-479 (2017).



Applications: Designing New Materials

Successful synthesis of γ-GeSe
(Nano Lett. 21, 4305, 2021)

New Janus 2D γ-Ge2SSe

V. V. Thanh, D. V. Truong 
and N. T. Hung, ACS Appl. 
Energy Mater. 6, 910-919 
(2023).

High-performance material for photocatalysis and thermoelectricity

Repalce Se atom 
to S atom



Applications: Understading Raman spectra

The Raman caclcualtion is not easy in the theory

Resonant Raman scattering Raman intensity is given by the third-order perturbation:

electron-photon electron-phonon



Applications: Understading Raman spectra

S. Han, Y. Zhao, N. T. Hung, et al., J. Phys. Chem. Lett. 13, 1241–1248 (2022)

Helicity-changing Raman spectra of black phosphorus under circularly polarized light

Complex Raman tensor
(Experiment can not observer)

Experiment

Theory



Applications: Understading optical spectra

D. P. Gulo, N. T. Hung, et al., Carbon 197, 485-493 (2022)

Question from experimentalist: WHY?

Answer: Plasmon-assisted optical absorption

Can explain by 
standard theory:
Higher T --> higher 
lifetime of electron

Can not explain why
optical absorption is 
higher with higher T?

Silicon

Graphite

The limit of experiment 
is not easy to increase 
photon energy.

Plasmon 
signal

But easy in DFT



Applications: Understading exciton effect

D. P. Gulo, N. T. Hung, et al., Phys. Rev. Mater. 7, 044001-1-13 (2023)
Well-known from 
previous works

New phase 
(semimetal)

Orgin of peaks 
come from 
excition or not?

Ø IPA: independent particle approximation (not 
considering exciton effect or electron-hole interaction)

Ø BSE: Bethe-Salpeter equation (including exciton effect

Experiment is not easy to distinguish physical 
phenomena, but in DFT, we can do that.

exciton
no exciton



Applications: Can DFT be first?

MoS2/MoSSe heterostructureMoS2 bilayer

K. Zhang et al., JACS 142, 17499 (2020)

Both AA and AB stakings exist BUT electronic, phonon, liner optical properites are almost similar expect the 
Raman of shear mode at low frequency (not easy to observe)
→ How to distinguish the AA and AB structure of heterostructure by other way?



Applications: Can DFT be first?

N. T. Hung, K. Zhang et al., submitted (2023)

Non-linear optic with second harmonic generation (SHG)

Inversion symmetry: (x, y, z) → (-x, -y, -z)

Polarization:

optical linear 
response

optical non-linear 
response

For inversion symmetry: P → -P and E → - E
→ χ(2) must be zero

For broken inversion symmetry → χ(2) ≠ zero

Theory Experiment



For detail: https://nguyen-group.github.io



Large-scale DFT Calculations and Moving to GPUs

Chmiela et al., Sci. Adv. 9, eadf0873 (2023)



Structure information

Properties of materials

Density-functional 
theory method

DFT database

> 1000 materials

Properties

structure

Graph neutral networks

New 
materials

Properties

Directly predict 
the properties of 

any input materials 





Many Other Examples


