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Predictive power! 
When the type and the positions of atoms 
are given, almost all properties can be 
predicted (with various degrees of 
approximation).  

Limitations: up to a few hundreds of atoms 
only, limited to atomistic scale. 

from Schrödinger equation
to density functional theory (DFT) 

Our method: DFT based multiscale

Our research is mostly application focused: complex materials, interplay of physics and chemistry; 
We use combinations of a wide range of computational methods and theory; 
Our starting point is always DFT.



Molecular Dynamics solves newton’s equations of motion to produce dynamical behavior as a 
function of time. MD relies on the availability of force fields (interatomic potentials). 

We are working on several FF/potentials. This lecture focuses on the combination of 
DFT with ReaxFF reactive MD. 

Scaling up DFT by combing with DFTB, MD/MC, ML, other theory (whenever relevant and available).

To study the impact of dynamical processes on the properties of materials, we needed efficient methods. 
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AMX3 halide perovskite:

= A+ (organic/inorganic cation)

= M2+ (metal cation)

= X- (halide anion)

Research solar cell efficiencies:
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Our applications: halide perovskites optoelectronics 

H2O O2

Tunable band structures
Room temperature processing
Defect tolerance (electronically)
Ideal electronic structures
Easy to make

Instability: easy to break 
dynamical nature, defects and chemistry 
reactions (with the environments)  

Nature Energy, 4, 408–415 (2019).

https://www.nature.com/nenergy


predict

interpret  

Combining quantum with classical methods in a multiscale framework, 
we gain predictive power for large systems at longer time scales. 

carrier 
dynamics

emission 
colour 

stability

efficiency

Experiments

Multiscale method for halide perovskites

The framework is applicable for many materials systems.  
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• Theory of DFT (brief) with a focus on electronic structures of solid-state systems (1h)
• DFT + chemical bonding analysis + tight binding + experiments for halide perovskites (1h) Assignment 1

• Theory of MD (brief) and various interactions in materials (basics of force fields) (1h) Assignment 2 
• Theory of ReaxFF reactive force field (1h) Assignment 3 
• Reactive MD for halide perovskites (1h)

Special acknowledgement to Geert Brocks (DFT) and Adri van Duin (ReaxFF) 
for providing materials, discussion and inspiration for this lecture! 

This lecture(s) 
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solve quantum mechanical equations for electrons and 
nuclei with approximations

by using standard and/or home-grown 
codes 

build physical/chemical models to describe physical 
phenomena from material properties to device 
performance

of atomic and nano-structures

calculate/predict structures, total energies, 
electronic structures, phonons, optical spectra…

Density Functional Theory calculations
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The basis of DFT:

1. The external potential and therefore the total energy is a unique functional of the 
electron density. Therefore, the Hamiltonian, and hence all ground state properties, 
are determined solely by the electron density.

2. The functional delivers the lowest/ground state energy of the system if and only if 
the input electron density is the exact ground state density. 
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Hohenberg-Kohn theorems (1964)



Kohn-Sham Density Functional Theory (1965)

Mattsson et al., Modeling. Simul. Mater. Sci. Eng. 13, R1, 2015. 

1. Electrons are non-interacting but moving particles.
2. Each electron is coupled via effective potential instead of exact potential. 
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From QM to KS Density Functional Theory

From many (N) electrons to N one electron!   



�𝐻𝐻Ψ 𝐫𝐫1, 𝐫𝐫2, … , 𝐫𝐫𝑁𝑁 = 𝐸𝐸Ψ 𝐫𝐫1, 𝐫𝐫2, … , 𝐫𝐫𝑁𝑁

The many electron Schrödinger equation: 

�𝐻𝐻 = �
𝑖𝑖=1

𝑁𝑁

−
1
2
𝛻𝛻𝑖𝑖2 + 𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛 𝐫𝐫𝑖𝑖 +

1
2

�
𝑖𝑖,𝑗𝑗=1;𝑖𝑖≠𝑗𝑗

𝑁𝑁,𝑁𝑁
1

𝐫𝐫𝑖𝑖 − 𝐫𝐫𝑗𝑗

It is a 3N dimensional non-separable partial deferential equation.
It is an exponential scaling problem. Hard to solve! 
Only possible only for small systems, such as hydrogen and helium.

Quantum-Mechanical equations 

electron-electron
U

nuclei-electron
V

kinetic energy
T 
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�ℎ𝑖𝑖 𝜌𝜌 𝜓𝜓𝑛𝑛 𝐫𝐫𝑖𝑖 = 𝜖𝜖𝑛𝑛𝜓𝜓𝑛𝑛 𝐫𝐫𝑖𝑖 ; 𝑖𝑖 = 1, … ,𝑁𝑁

�ℎ𝑖𝑖 𝜌𝜌 = −
1
2
𝛻𝛻𝑖𝑖2 + 𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛 𝐫𝐫𝑖𝑖 + 𝑉𝑉𝐻𝐻 𝜌𝜌 𝐫𝐫𝑖𝑖 + 𝑽𝑽𝒙𝒙𝒙𝒙 𝝆𝝆 𝐫𝐫𝒊𝒊

where,𝜌𝜌 𝐫𝐫 = ∑𝑛𝑛=1
𝐸𝐸𝐹𝐹 𝜓𝜓𝑛𝑛 𝐫𝐫 2 is electron density

𝑉𝑉𝐻𝐻 𝜌𝜌 𝐫𝐫𝑖𝑖 = �
𝜌𝜌 𝐫𝐫
𝐫𝐫 − 𝐫𝐫𝑖𝑖

𝑑𝑑3𝑟𝑟 Hartree Fock potential 
(averaged e-e coulomb interactions)

𝑽𝑽𝒙𝒙𝒙𝒙 𝝆𝝆 𝐫𝐫𝒊𝒊 exchange-correlation potential is unknown!

Kohn-Sham equations
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Kohn-Sham equations 
(N x one electron)

Schrödinger equation
(N electrons)

�𝐻𝐻Ψ 𝐫𝐫1, 𝐫𝐫2, … , 𝐫𝐫𝑁𝑁 = 𝐸𝐸Ψ 𝐫𝐫1, 𝐫𝐫2, … , 𝐫𝐫𝑁𝑁

Exchange is possible to solve; correlation is not. 



LDA
GGA
Hybrids
…�ℎ𝑖𝑖 𝜌𝜌 = −

1
2
𝛻𝛻𝑖𝑖2 + 𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛 𝐫𝐫𝑖𝑖 + 𝑉𝑉𝐻𝐻 𝜌𝜌 𝐫𝐫𝑖𝑖 + 𝑉𝑉𝒙𝒙𝒙𝒙 𝜌𝜌 𝐫𝐫𝑖𝑖

�ℎ𝑖𝑖 𝜌𝜌 𝜓𝜓𝑛𝑛 𝐫𝐫𝑖𝑖 = 𝜖𝜖𝑛𝑛𝜓𝜓𝑛𝑛 𝐫𝐫𝑖𝑖 ; 𝑖𝑖 = 1, … ,𝑁𝑁

Exchange-Correlation potential
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LDA (Local Density Approximation)
Uses only the electron density, 𝜌𝜌(𝒓𝒓), at point r to determine the exchange-correlation energy at 
that point. Over bind in (molecules), but not bad at all.

GGA (Generalized Gradient Approximation)
Includes the gradient of the density, |∇ 𝜌𝜌(𝒓𝒓)|, as an independent variable. 
The gradient introduces non-locality into the description of exchange and correlation.

Hybrid-functionals (HSE, PBE0…)
Sometimes lead to better accuracy but computationally expensive.
Admix a certain amount of Hartree-Fock exchange to a local or semi-local density functional…



A typical DFT procedure is 
iterative self-consistent loops
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Electronic 
loops 

Ionic loops 

Coordinates and 
type of atoms



DFT 

The QM equation is impossible to solve because of the N electrons problem.
KS equation simplifies the QM, converting N electrons problem to N x one electron using 
electron density as the key variable.
In KS equation, the exchange-correlation potential is however unknown.
Approximations are made possible, such as, LDA, GGA, van der Waals corrections…
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However, there is another challenge for condensed matter systems: infinite number of e. 

DFT for solids 

Good news is reasonable scaling: Nn (1 < n < 3).

ab-initio nature allows predictive power: only the types and the positions of the atoms are needed. 
Almost all materials properties can be predicted at reasonable accuracy.



Computation problem of infinite solids

The Bloch theorem changes the problem: 
• Instead of computing an infinite number of electronic wave functions 

considering finite number of wave functions is sufficient (unit cell).
• By doing so, the wave vector k (k points sampling/mapping the 

reciprocal lattice) and the band index n (first Brillouin Zone) allow us 
to label each electron. 

16
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https://lampx.tugraz.at/~hadley/ss1/KronigPenney/Kr
onigPenney.php

DFT for solids: Kronig-Penny Model

A simple, idealized 1D 
quantum-mechanical system 

https://lampx.tugraz.at/%7Ehadley/ss1/KronigPenney/KronigPenney.php


• Pseudopotentials (pp) – specific exchange-correlation functional form representing 
frozen core electrons and valence electrons which takes part in bonding. For 
example: Si: 1s22s22p63s23p2; different choices are available. For example, Pb 
[Xe]4f14(5d10)6s26p2. POTCAR.

• Energy cut-off value (Encut) – only plane-waves with a kinetic energy smaller than 
Encut are included in the basis set. one of the tags in INCAR.

• K-points (k) - discrete points instead infinite points specified in Brillouin Zone (BZ) 
used to perform numerical integration properties of BZ. KPOINTS

Note: Ensuring k and Encut Lead to a converged energy by increasing density of k grids 
and value of Encut until energy converges.

Methods for efficient computations

18



Real lattice vs Reciprocal lattice

19

Reciprocal:
2x1/2=1 (mathematical)
axb=2π (quatum mechanical)
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K-points sampling at Brillouin Zone

https://wiki.bnl.gov/CFN-Computation/images/3/34/K-point.pdf

The inverse scaling: doubling the length of real lattice vector means 
halfling the k-points sample in reciprocal lattice vector.

https://wiki.bnl.gov/CFN-Computation/images/3/34/K-point.pdf


K-points for typical systems (general trend)
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Metal:9x9x9

Semiconductor: 4x4x4

1D Polymer 4 1 1

2D Graphene: 40 40 1

One k-point



Electronic structures of solids
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Fermi 
level 

Conduction 
band

Valance band 

Bandgap

Metal Semiconductor insulator 
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Density of states (halide perovskite, my favorite semiconductor)

Number of electronic states at each energy interval 

𝐷𝐷 𝜀𝜀 =
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁𝑠𝑠 𝑁𝑁𝑁𝑁𝑠𝑠𝑏𝑏𝑁𝑁𝑁𝑁𝑏𝑏 𝜀𝜀 𝑠𝑠𝑏𝑏𝑑𝑑 𝜀𝜀 + Δ𝜀𝜀

Δ𝜀𝜀
= 2∑𝑘𝑘 𝛿𝛿[𝜀𝜀 − 𝜀𝜀𝑛𝑛(𝑘𝑘)]
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Band
gap

Valence 
bands

Conduction 
bands



Band structure: from real to reciprocal space

,

,,
Chemical structure

Unit cell
(Real space)

Unit cell
(Reciprocal space)
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Sampling of reciprocal space

Density of states: representative 
sampling of reciprocal space

[1] - https://wiki.bnl.gov/CFN-Computation/images/3/34/K-point.pdf

Band structure: sampling along 
high symmetry points / lines 

(points of interest)

[1] [1] 
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Band structure: application of sampling

Crystal structure
Unit cell, simple cubic

(Reciprocal space)
Path through k-space:

Γ-X-M-Γ-R-X | M-R

[1] - Setyawan, Wahyu, and Stefano Curtarolo. Computational materials science 49.2 (2010): 299-312.

[1] 
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https://www.materialscloud.org/work/tools/seekpath

https://www.materialscloud.org/work/tools/seekpath


Band structure: final result

Path through k-space:
Γ-X-M-Γ-R-X | M-R

[1] 

CsPbI3
[2] 

[1] - Setyawan, Wahyu, and Stefano Curtarolo. Computational materials science 49.2 (2010): 299-312.
[2] - Guo, San-Dong, and Jian-Li Wang. RSC advances 6.103 (2016): 101552-101559.

Parabolic approximation:

𝐸𝐸(𝐤𝐤) = 𝐸𝐸0 +
ℏ2𝐤𝐤2

2 𝑁𝑁∗

1
𝑁𝑁𝑖𝑖𝑗𝑗
∗ =

1
ℏ2

⋅
𝜕𝜕2𝐸𝐸
𝜕𝜕ki𝜕𝜕kj
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Band edges: Curvatue ↑ Effective mass ↓ Carrier mobility ↑



Electronic band structure (MAPbI3 perovskite)

Brillouin Zone
of a tetragonal cell

Band edges: Curvatue ↑ Effective mass ↓ Carrier mobility ↑
28

MAPbI3



LDA/GGA is not designed to discribe the non-local nature of electron correctly.
It underestimates band gaps by up to 40%.

Limitations of DFT: the band gap problem 

EG = εΝ+1(N + 1) − εΝ (N)

DFT also introduces false/spurious self-interaction (self-energy error) in occupied 
states: delocalising the them and pushing VBM up, therefore decreasing band gap.
DFT fails to discribe the derivative discontinuity1 of the actual XC potenital. 

EKS = εΝ+1(N) − εN(N)

the true gap

the KS gap

1. J. P. Perdew, M. Levy: Physical Content of the Exact Kohn-Sham Orbital Energies: Band Gaps and Derivative Discontinuities, 
Phys. Rev. Lett. 51, 1884 (1983).
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https://doi.org/10.1103/PhysRevLett.51.1884


Limitations of DFT: possible remedies 

Hybrid functional: LDA/GGA with HF 
DFT+U (Hubbard parameter) for d and f block elements

Other self-interaction corrections (SIC) methods: DFT-1/21…
Green function techniques and GW approximation based on MBPT theory

Nevertheless, DFT is useful to predict qualitive trends for the same family of materials 
and for composition engineering.
Apply DFT with adequate theoritical knowledge and analyse the results objectively: 
always justify the approximations!  

S. Tao et al,, Scientific Reports, 7, 14386 (2017).
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• Theory of DFT (brief) with a focus on electronic structures of solid-state systems (1h)
• DFT + chemical bonding analysis + tight binding + experiments for halide perovskites (1h)

• Theory of MD (brief) and various interactions in materials (basics of force fields) (1h)
• Theory of ReaxFF reactive force field (1h)
• Reactive MD for halide perovskites (1h)

This lecture(s) 
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AMX3 halide perovskite:

= A+ (organic/inorganic cation)

= M2+ (metal cation)

= X- (halide anion)

Research solar cell efficiencies:

32

Halide perovskites optoelectronics 

H2O O2

Tunable band structures
Room temperature processing
Defect tolerance (electronically)
Ideal electronic structures
Easy to make

Instability: easy to break 
dynamical nature, defects and chemistry 
reactions (with the environments)  

Nature Energy, 4, 408–415 (2019).

https://www.nature.com/nenergy


Our focus:

understanding the electronic properties   improving the stability  



predict

interpret  

carrier 
dynamics

emission 
colour 

stability

efficiency

Experiments

My group
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Tunable band gaps

Eg (eV)3.31.2 1.5 1.8 2.1 2.4 2.7 3.0 3.6

MAPbI3

Bandgap can be tuned by the change of the composition of AMX3.

1. Changes in bandgap well studied, but why? 

MASnI3

MASnBr3 CsPbBr3

MAPbBr3

MAPbCl3

MASnCl3

Image credit: Selina Olthof 



2. The knowledge of the energy levels and interface alignment will help to understand and 
optimize device efficiency.

Absolute energetic positions of perovskites

36

Perovskite solar cell



EAIE

VB

CB
Wf

EVB

EF

Evac

ECB

Experimental measurement of energy levels
Occupied density of states:
UV photoelectron spectroscopy
Excitation by UV light (hν = 21.22eV) 

Unoccupied density of states:
Inverse photoelectron spectroscopy
Electrons with energy 5-15eV shot onto sample

Eg

Combining UPS and IPES, 
full energetic alignment 
is accessible. 

Image credit: Selina Olthof 



Challenges in measuring the DOSs

Low DOSs on band edges Dynamic/extra electronic feature Defects and degradation 

OH



Combination of DFT and experimental DOSs

Tao, S., Schmidt, I., Brocks, G. et al. Nat Commun 10, 2560 (2019).

10 8 6 4 2 0 -2 -4 -6 -8

 Pb (6s)
 I (5p)
 Pb (6p)
 I (5s)
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Binding energy (eV)



VBM and CMB position of all 18 perovskites 

Tao, S., Schmidt, I., Brocks, G. et al. Nat Commun 10, 2560 (2019).



The Chemical Bonding in CsPbI3

a. PDOS b. Orbital resolved COHP c. schematic energy level

COHP (crystal orbital Hamilton population) http://www.cohp.de/

Tao, S., Schmidt, I., Brocks, G. et al. Nat Commun 10, 2560 (2019).



• Tight binding model focuses on the cubic symmetry, has 6 
parameters: 4 atomic levels: p and s of Pb and I; 2 hybridization  
strength of Pb(p)I(s), Pb(s)I(p); the rest are symmetry forbidden. 

• Energy levels of I(s) I(p) can be found in DFT calculations at Γ and 
R point (by identifying nonbonding states).  E1 to E4 can also be 
identified in DFT at R point because of certain symmetry. 

• EM,s, EM,p, VM,p-X,s, VM,s-X,p can be calculated from Equations.

CsPbI3

I(p)
Pb(s)

Pb(p)

I(s)

The tight binding model of CsPbI3

1

2

3

4

5

6

1

2

3
5

4
6



Schematic energy levels in AMX3 perovskites

AMX3



AMX3

Schematic energy levels in AMX3 perovskites
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Assignment 1:

1. Expand the lattice parameters by 10% and how the bandgap change for the two compounds?
2. Change Pb to Sn: how does the bandgap of CsSnI3 compared to CsPbI3?
3. Mixed Sn and Pb, how does the bandgap change again compared to pure Sn or Pb perovskites? 

GaAs

VB

CB

Ga

As

CsPbI3

CB

VB
I(p)

Pb(s)

Pb(p)

I(s)
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Defect tolerant 

GaAs

VB

CB

Ga

As

CsPbI3

CB

VB
I(p)

Pb(s)

Pb(p)

Defect-intolerant 

Mid-gap states

Shallow or 
intra-band states

Assignment 1:

I(s)



Schematic energy levels in AMX3 perovskites

C

X M A



All trends in ABX3 perovskites
Energy level variations are 
determined mainly by
(i) the relative positions of the atomic 
energy levels of B and X
(ii) the A/B-X interaction strength.

sorted by IE

sorted by EA

sorted by Eg

Tao, S., Schmidt, I., Brocks, G. et al. Nat Commun 10,
2560 (2019).



• Theory of DFT (brief) with a focus on electronic structures of solid-state systems (1h)
• DFT + chemical bonding analysis + tight binding + experiments for halide perovskites (1h)

• Theory of MD (brief) and various interactions in materials (basics of force fields) (1h) 
• Theory of ReaxFF reactive force field (1h) Assignment 3 
• Reactive MD for halide perovskites (1h)

This lecture(s) 
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understanding the electronic properties
(DFT)

improving the stability
(MD)



predict

interpret  

carrier 
dynamics

emission 
colour 

stability

efficiency

Experiments

From DFT to reactive MD
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Molecular Dynamics solves newton’s equations 
of motion to produce dynamical behavior as a 
function of time. MD relies on the availability of 
force fields/interatomic potentials. 

We use several level of potentials, today we 
focus on ReaxFF.

Scaling up DFT by combing, DFTB, MD, MC, ML, other theory (whenever relevant and available).

To study the impact of the dynamical processes on the stability of halide perovskite, we needed more 
efficient methods. 
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ReaxFF reactive MD simulations of 
surface degradation reactions of halide 
perovskite (CsPbI3) at 700K. 

ReaxFF reactive Molecular Dynamics simulations



Molecular Dynamics

• Molecular Dynamics solves newton’s equations of motion to produce 
dynamical behavior/positions of particles (r) as a function of time(t). 

• Newton’s equation of motion can relate the derivative of the potential 
energy to the changes in positions of particles as a function of time.

• MD relies on the availability of potential energy (V) of the system, which 
depends on the atomic coordinates (r) and the type of bond in 
accordance with the type of atom, its hybridization state, etc..

• Different mathematical functional forms to produce this potential 
energy led to the development of different Force Fields (interatomic 
potentials).

F: force
m: mass
a: acceleration
V: potential energy
r: positions
t: time



Uniqueness: T and P effects as a function of t; 
Properties: diffusion constants, reaction rates, probability distribution function, radius distribution function… 
Applications: phase transitions, ion diffusion, chemical reactions, thermal conductivities… 
Relies on the availability of force fields. 

Molecular Dynamics

Further information on Molecular Dynamics: time-step, equilibration, thermostat, analysis… 
Allen and Tildesley: Computer Simulation of Liquids, Oxford University Press, New York 1987.
Frenkel and Smit: Understanding molecular simulation, Academic Press, San Diego 1996.

Update 
positions from 

velocities 

Input 
structure 

Force 
calculations

(QM, FF) 

NVE: do nothing
NVT: rescale velocities to control 

temperature
NPT: rescale system volume to 

control pressure 

Update 
velocities 

from forces
Iterative cycle



Force field system energy: intermolecular (nonbonded) interactions (the classical picture)

𝐸𝐸FF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb

Force fields are set of empirical potentials to describe the various interatomic interactions 
in materials.

Lennard-Jones potential suited for 
simple atoms/molecules

Additional Coulomb term 
added for ionic systems

ε

Pauli repulsion 

Dipole-dipole attraction 

σ

Charge-charge 
interactions
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Force fields are set of empirical potentials to describe the various interatomic interactions 
in materials.

57

Force field system energy: intramolecular (bond) interactions (the classical picture)

𝐸𝐸FF = 𝐸𝐸𝑏𝑏𝑏𝑏𝑛𝑛𝑏𝑏 + 𝐸𝐸𝑎𝑎𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑏𝑏𝑡𝑡𝑡𝑡𝑖𝑖𝑏𝑏𝑛𝑛 + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb

Quadratic polynomial and sometimes also higher order terms, K depends on the chemical type of atoms
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Methane (CH4) Water (H2O)

Ethane (C2H6)
Methylammonium 

iodine (MAI) in water

Cobalt (Co) CsPbI3

MAPbI3BaTiO3

a)

b)

c)

d)

e)

f)

g)

h)

Real-life materials systems: interplay/combination of many interactions



• Covalent bonds
• Ionic bonds
• Metallic bonds
• Permanent dipole-dipole interactions including hydrogen bonds
• Induced dipole interactions (van der Waals) 

Interatomic interactions

Decreasing 
strength



Simplistic atom model

+
Nucleus

+
+ +

-

-
-

-

Electron cloud

Atom model for Beryllium (1s22s2) 



Covalent bond

• 2 atoms ‘share’ electrons and this creates a strong attractive interaction between the shared 
electrons and the effective charge of the nucleus and the remaining, unshared electrons 

• Atoms can share 2 electrons (H2), can also share 4 electrons (double bonds, O2) or even 6 
electrons  (triple bond, N2) making very strong bonds. 

• Covalent compounds made of elements of nonmetals, and elements with similar 
electronegativity (differences <2).  

Electron cloud

5-

6+

5-

6+

Nucleus

-
-

Shared electrons

Carbon: 1s22s22p2

Acetylene

Ethane

Ethylene



s1 s2 d1                             ………                                                                    d10     p1       p2      p3      p4       p5      p6                                                   

More electropositive More electronegative

• Noble gas atoms have the most stable electron configurations: full s, p shells
• Non-noble metals strive to obtain a noble-gas configuration
• Elements on the left-side of the periodic system do this by trying to lose electron (s) 

(electropositive), while atoms on the right side try to gain electron (s) (electronegative).
• This forms ionic bonds in ionic compounds: NaCl, NaF, MgO, Mg(OH)2… 

Cs 0.7

H 2.1 F 4.0

Cl 3.0 Na 0.9 



Ionic bond

10-

11+

10-

9+

Na+ F-

Na: 1s22s22p63s1 F: 1s22s22p5

• 1 atom donates an electron to another atom; this electron transfer costs energy; 
• The energy loss is compensated by the Coulomb attraction between the cations 

(positively charged atoms) and anions (negatively charged atoms); 
• By organizing themselves into regular patterns (crystals) the cation/anion pairs maximize 

Coulomb stabilization.

Na+: 1s22s22p6 F-: 1s22s22p6



Metallic bond

27+ 27+

Co Co

-
--

-
-

-
-
-

-

-

-

-
-
-

-

- -

-

-

- -
- -

-

--

-

--
-

-

--

- -

-

-
-

• Atoms are sharing a lot of electrons; 
• Electrons are highly delocalized, leading to high electrical and thermal conductivity; 
• Metals make lots of weak bonds, while covalent materials make few very strong bonds; this 

partially explains the ductile nature of metals and the brittle behavior of covalent materials.

hexagonal close-packed (hcp) Cobalt 



Permanent dipole-dipole interactions

Hydrogen bond network in a water quadrimer

• Atoms connected by covalent bonds can transfer a partial 
charge, thus creating a permanent dipole that is stabilized 
within the molecule by Coulomb interactions

• Two molecules with a permanent dipoles will orient 
themselves to maximize dipole-dipole interactions by 
minimizing the distance between opposite-charged atoms

• Much weaker than ionic bonds, since the charge transfer is 
generally small

• Stronger distance dependency than ionic bond (1/r3 instead of 
1/r) since at longer distance the influence of the local charge 
distribution in the molecule disappears

• Hydrogen bonds are a subclass of strong permanent dipole 
interactions usually associated with –OH, –NH2, -FH groups. 
They are very important for biological systems.

Formaldehyde dimer



Induced permanent dipole-dipole interactions (van der Waals)

• Atoms with and without permanent dipoles can polarize each other, 
creating an induced dipole.

• The creation of the induced dipole raises the energy of the molecule, but 
the Coulomb-interaction resulting from the interaction between these 
induced dipole compensates for this.

• Much weaker than permanent dipoles, but very general.
• Very strong distance dependency than ionic bond (1/r6) since molecules 

need to be very close to each other for this polarization to occur.
• Also known as attractive van der Waals interactions.

Re-arrangement of electron clouds due to polarization

Electron cloud

δ+

δ- δ- δ+ Nucleus



• Covalent bonds: 200-900 kJ/mol
• Ionic bonds: 100-500 kJ/mol (but many in crystals)
• Metallic bonds: 10-80 kJ/mol (but a lot of them)
• Permanent dipole-dipole interactions including hydrogen bonds: 5-25 kJ/mol
• Induced dipole interactions (van der Waals): 1-5 kJ/mol

Interatomic interactions (very general trend)

*Most materials have the combination of several of these interactions/bonds. 



Assignment 2: system exploration for force fields (1)

Exercise: With this exercise we hope to give you some insights into the process of 
developing a force field. From a range of given material systems we want you to 
elaborate on the types of interactions that you think are particularly important 
for an accurate and representative description of the material systems, 
highlighting the elements involved in these interactions.

Example exercise:
Hydrogen gas (H2)

Hydrogen (H2):

𝐸𝐸bond: H – H
𝐸𝐸vdWaals: H – H
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Assignment 2: system exploration for force fields (2)

69

Force field system energy:

𝐸𝐸FF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb

𝐸𝐸ReaxFF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸H−bond + 𝐸𝐸over + 𝐸𝐸under + 𝐸𝐸lp + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb + 𝐸𝐸spec

Material systems:

Methane (CH4) Water (H2O)

Ethane (C2H6) Methylammonium 
iodine (MAI) in water

Cobalt (Co) CsPbI3

MAPbI3BaTiO3

a)

b)

c)

d)

e)

f)

g)

h)



• Theory of DFT (brief) with a focus on electronic structures of solid-state systems (1h)
• DFT + chemical bonding analysis + tight binding + experiments for halide perovskites (1h) Assignment 1

• Theory of MD (brief) and various interactions in materials (basics of force fields) (1h) Assignment 2 
• Theory of ReaxFF reactive force field (1h) Assignment 3 
• Reactive MD for halide perovskites (1h)

This lecture(s) 
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• Covalent bonds: 200-900 kJ/mol
• Ionic bonds: 100-500 kJ/mol (but many in crystals)
• Metallic bonds: 10-80 kJ/mol (but a lot of them)
• Permanent dipole-dipole interactions including hydrogen bonds: 5-25 kJ/mol
• Induced dipole interactions (van der Waals): 1-5 kJ/mol

Interatomic interactions (very general trend)

*Most materials have the combination of several interactions/bonds. 

Force field energy: Classical FF vs ReaxFF

𝐸𝐸FF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb

𝐸𝐸ReaxFF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸H−bond + 𝐸𝐸over + 𝐸𝐸under + 𝐸𝐸lp + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb + 𝐸𝐸spec



Force field system energy: intermolecular (nonbonded) interactions 

𝐸𝐸FF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb

Force fields are set of empirical potentials to describe the various interatomic interactions 
in materials.

Lennard-Jones potential suited for 
simple atoms/molecules

N2 gase
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Concepts of covalent non-reactive force fields
System energy description for a simple harmonic non-reactive force field

• Can describe structures and energies close to equilibrium
• Expansion with anharmonic terms improves reliability and application range
• Does not dissociate bonds properly, often transferability is limited

(multiple atom types to distinguish 
single, double and triple bonds) 

C1                           C2                        C3

(L-J, Buckingham, Morse potential...)

(Fixed point charges)



Around the equilibrium bond length Full dissociation curve

• Although the harmonic approximation can describe the bond stretching around the equilibrium it 
cannot describe the bond dissociation.

• Harmonic force field needs to use multiple atom types to distinguish single, double and triple 
bonded carbons.

C-C bond stretching in Ethane



• To get a smooth transition from nonbonded to single, double and triple bonded systems ReaxFF
employs a bond length/bond order relationship. Bond orders are updated every iteration.

• All connectivity-dependent interactions (i.e., valence and torsion angles) are made bond-order 
dependent, ensuring that their energy contributions disappear upon bond dissociation.

• Nonbonded interactions (van der Waals, Coulomb (ionic systems )) are calculated between every 
atom pair, irrespective of connectivity. 

• Metal can be described by replacing the bond concept with a density term.

• ReaxFF uses a geometry-dependent charge calculation scheme that accounts for polarization effects.

𝐸𝐸FF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb

𝐸𝐸ReaxFF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸H−bond + 𝐸𝐸over + 𝐸𝐸under + 𝐸𝐸lp + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb + 𝐸𝐸spec

From non-reactive to reactive force fields: key features of ReaxFF



Calculations of bond orders from interatomic distance

𝐸𝐸bond = −𝐷𝐷𝑎𝑎𝜎𝜎 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎 ⋅ exp 𝑝𝑝𝑏𝑏𝑎𝑎1 1 − 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎
𝑝𝑝𝑏𝑏𝑏𝑏𝑏 − 𝐷𝐷𝑎𝑎𝜋𝜋 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋 − 𝐷𝐷𝑎𝑎𝜋𝜋𝜋𝜋 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋𝜋𝜋

𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗 = 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎 + 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋 + 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋𝜋𝜋

= exp 𝑝𝑝𝑏𝑏𝑏𝑏,1 ⋅
𝑡𝑡𝑖𝑖𝑖𝑖
𝑡𝑡0𝜎𝜎

𝑝𝑝𝑏𝑏𝑏𝑏,𝑏
+

exp 𝑝𝑝𝑏𝑏𝑏𝑏,3 ⋅
𝑡𝑡𝑖𝑖𝑖𝑖
𝑡𝑡0𝜋𝜋

𝑝𝑝𝑏𝑏𝑏𝑏,4
+

exp 𝑝𝑝𝑏𝑏𝑏𝑏,5 ⋅
𝑡𝑡𝑖𝑖𝑖𝑖
𝑡𝑡0𝜋𝜋𝜋𝜋

𝑝𝑝𝑏𝑏𝑏𝑏,6



• Unphysical; normally coordinated atoms should not 
have binding interactions with next-neighbours

Uncorrected bond orders in ethane

• Normally coordinated carbon will not 
make weak bonds (apply correction)

• Under-coordinated carbon (radical) can 
make weak bonds (no correction)

Bond order corrections



• Correction removes unrealistic weak bonds but leaves strong bonds intact
• Increases computational expense as bond orders become multibody interactions
• Correction only applied for covalent-systems, not for metals

Bond order corrections



Reaction barriers for concerted reactions (good description of both fully 
coordinated atoms and under coordinated radicals)



• Assign one electronegativity and hardness to each element
• Optimize these parameters against QM-charge distributions with a charge neutrality constraint
• Use system geometry in solving Electronegativity Equilibration Methods (equations) in every iteration

EEM-method (Mortier et al., JACS 1986); 
Shielding: Janssens et al. Phys.Chem. 1995. 
Similar to Qeq-method (Rappe and Goddard, J. Phys. Chem. 
1991) with empirical shielding correction.

Charge polarization 
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𝑞𝑞𝑗𝑗 = 0

EEM parameters:
• 𝜒𝜒: electronegativity
• 𝜂𝜂: hardness
• 𝛾𝛾: shielding



Good reproduction of Mulliken charges 
• Combined with Coulomb-interactions, this enables ReaxFF to simulate polarization effects 

on local chemistry
• EEM/Qeq methods work well around equilibrium; incorrect description of charge flow at 

high compression and dissociation (Chen and Martinez, Chem. Phys. Lett. 2006)
• Most expensive part of the reactive force field; needs to be updated every MD-step

ReaxFF charges Mulliken charges 
from QM/DFT

Charge polarization 



• MD-force field; no discontinuities in energy or forces even during reactions (in theory).
• User should not have to pre-define reactive sites or reaction pathways; potential functions should be 

able to automatically handle coordination changes associated with reactions.
• Each element is represented by only 1 atom type in the force field; force field should be able to 

determine equilibrium bond lengths, valence angles etc. from chemical environment.

General rules of ReaxFF



𝐸𝐸ReaxFF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸H−bond + 𝐸𝐸over + 𝐸𝐸under + 𝐸𝐸lp + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb + 𝐸𝐸spec

Essence of ReaxFF



The ReaxFF reactive force-field: development, applications and future directions, 
Adri C T van Duin et al, npj Computational Materials, 2, 15011 (2016).

Benefits:
ReaxFF has proven to be transferable to a wide range of materials and can handle both 
complex chemistry and chemical diversity. Specifically, ReaxFF can describe covalent, metallic 
and ionic materials and interactions between these material types.

Current ReaxFF parameter sets

our contribution? 



The ReaxFF reactive force-field: development, applications and future directions, 
Adri C T van Duin et al, npj Computational Materials, 2, 15011 (2016).

ReaxFF parameter branches



Applications of ReaxFF

a) Ni-catalysed CNT growth
b) Oxidative dehydrogenation 

over MMO catalysts 
c) Electrometallisation cells
d) Reduction of graphene oxide
e) Pd surface oxidation
f) Oriented attachment 
mechanisms in TiO2
nanocrystals
g) Conformational dynamics of 
biomolecules
h) Proton diffusion membranes
i) Capacitive mixing by double 
layer expansion

Transferability among 
gas/liquid/solid phases and 
chemical diversity. 



Assignment 3-1: exploring the energy contributions (1)

Valence bond energy contribution:
𝐸𝐸bond = −𝐷𝐷𝑎𝑎𝜎𝜎 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎 ⋅ exp 𝑝𝑝𝑏𝑏𝑎𝑎1 1 − 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎

𝑝𝑝𝑏𝑏𝑏𝑏𝑏 − 𝐷𝐷𝑎𝑎𝜋𝜋 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋 − 𝐷𝐷𝑎𝑎𝜋𝜋𝜋𝜋 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋𝜋𝜋

Motivate which terms are relevant in the valence bond energy contribution 
of a O – H bond in a water molecule (H2O)?
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Assignment 3-1: exploring the energy contributions (2)

Valence bond energy contribution:
𝐸𝐸bond,O−H = −𝐷𝐷𝑎𝑎𝜎𝜎 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎 ⋅ exp 𝑝𝑝𝑏𝑏𝑎𝑎1 1 − 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎

𝑝𝑝𝑏𝑏𝑏𝑏𝑏

Below we tweaked some parameters from the valence bond contribution, 
identify which parameter was changed (argue why you think so)!
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Assignment 3-1: exploring the energy contributions (3)

Bond order expression:
𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗 = 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎 + 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋 + 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜋𝜋𝜋𝜋 = exp 𝑝𝑝𝑏𝑏𝑏𝑏,1 ⋅

𝑟𝑟𝑖𝑖𝑗𝑗
𝑟𝑟0𝜎𝜎

𝑝𝑝𝑏𝑏𝑏𝑏,𝑏

+ exp 𝑝𝑝𝑏𝑏𝑏𝑏,3 ⋅
𝑟𝑟𝑖𝑖𝑗𝑗
𝑟𝑟0𝜋𝜋

𝑝𝑝𝑏𝑏𝑏𝑏,4

+ exp 𝑝𝑝𝑏𝑏𝑏𝑏,5 ⋅
𝑟𝑟𝑖𝑖𝑗𝑗
𝑟𝑟0𝜋𝜋𝜋𝜋

𝑝𝑝𝑏𝑏𝑏𝑏,6

𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗 = 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎 = exp 𝑝𝑝𝑏𝑏𝑏𝑏,1 ⋅
𝑟𝑟𝑖𝑖𝑗𝑗
𝑟𝑟0𝜎𝜎

𝑝𝑝𝑏𝑏𝑏𝑏,𝑏

𝐸𝐸bond,O−H = −𝐷𝐷𝑎𝑎𝜎𝜎 ⋅ 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎 ⋅ exp 𝑝𝑝𝑏𝑏𝑎𝑎1 1 − 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗𝜎𝜎
𝑝𝑝𝑏𝑏𝑏𝑏𝑏
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Assignment 3-1: exploring the energy contributions (3)

Valence angle energy contribution:
𝐸𝐸angle = 𝑜𝑜7 𝐵𝐵𝑂𝑂𝑖𝑖𝑗𝑗 ⋅ 𝑜𝑜7 𝐵𝐵𝑂𝑂𝑗𝑗𝑘𝑘 ⋅ 𝑜𝑜8 Δ𝑗𝑗 ⋅ 𝑝𝑝𝑣𝑣𝑎𝑎𝑎𝑎1 − 𝑝𝑝𝑣𝑣𝑎𝑎𝑎𝑎1 ⋅ exp −𝑝𝑝𝑣𝑣𝑎𝑎𝑎𝑎2 Θ0 𝐵𝐵𝑂𝑂 − Θ𝑖𝑖𝑗𝑗𝑘𝑘

2

Θ0 𝐵𝐵𝑂𝑂 = 𝜋𝜋 − Θ0,0 ⋅ 1 − exp −𝑝𝑝𝑣𝑣𝑎𝑎𝑎𝑎10 ⋅ 2 − 𝑆𝑆𝐵𝐵𝑂𝑂𝑆

Below we tweaked some parameters from the valence angle contribution, 
identify which parameters were changed (argue why you think so)!
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Assignment 3-2: electronegativity equalization method (1)

Polarization scheme: electronegativity equalization method (EEM)
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Coulomb energy

Set of equations, with a 
charge neutrality constraint

EEM parameters:
• 𝜒𝜒: electronegativity
• 𝜂𝜂: hardness
• 𝛾𝛾: shielding



Assignment 3-2: electronegativity equalization method (2)

Tuning the electronegativity of iodine:
• Can you rank the elements in CsPbI3 according to 

their respective elemental electronegativities?

• Can you predict the effects of changing the 
electronegativity on the other elements (Pb/Cs)?

• Upon changing the electronegativity (𝜒𝜒) of the 
element I, the electrostatic behavior can be 
changed to that of different elements, which 
elements?
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CsPbI3



• Theory of DFT (brief) with a focus on electronic structures of solid-state systems (1h)
• DFT + chemical bonding analysis + tight binding + experiments for halide perovskites (1h)

• Theory of MD (brief) and various interactions in materials (basics of force fields) (1h) 
• Theory of ReaxFF reactive force field (1h) 
• Reactive MD for halide perovskites (1h)

This lecture(s) 
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A Reactive Force Field for Large Scale Simulations of Metal 
Halide Perovskites
02-12-2021

Mike Pols

Materials Simulation & Modelling (MSM)



Metal halide perovskite solar cells

AMX3 metal halide perovskite:

= A+ (organic/inorganic cation)

= M2+ (metal cation)

= X- (halide anion)

1 National Renewable Energy Laboratory. Best Research-Cell Efficiency Chart, 2020. https://www.nrel.gov/pv/cell-efficiency.html.
2 Kojima, Akihiro et al. Journal of the American Chemical Society 131, no. 17 (May 6, 2009): 6050–51.

Research solar cell efficiencies1,2:
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Instability of the metal halide perovskites

External factors:
• Moisture-induced decomposition1

• Oxygen and ultraviolet light2

Intrinsic instabilities:
• Ion migration3

• Phase instability4
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1 Salado, Manuel et al. Journal of Materials Chemistry A 5, no. 22 (June 6, 2017): 10917–27.
2 Abdelmageed, Ghada et al. Applied Physics Letters 109, no. 23 (December 5, 2016): 233905.
3 Girolamo, Diego et al. Advanced Energy Materials 10, no. 25 (2020): 2000310.
4 Qiu, Zhiwen et al. Small Methods 4, no. 5 (2020): 1900877.

H2O O2



Our computational approach
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System 
sizes

Density functional theory (DFT)

Classical molecular
dynamics (MD)

Reactive molecular
dynamics (MD) 

Time 
scales

Workflow:

Reference data 
(Exp., DFT)

Final force field Reactive MD

Initial force field

Force field 
optimization

Iterative



The principle of ReaxFF

98

Potential energy expression:

1 Russo, Michael et al. Nuclear Instruments and Methods in Physics Research Section B 269, no. 14 (July 15, 2011): 1549–54.

1



A simple start: CsPbI3
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Orthorhombic Tetragonal Cubic

Cooling

Heating

Non-perovskite

Long time

Heating= Pb2+

= Cs+

= I-
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A simple start: CsPbI3

100
1 Wang, Qi et al. Joule 1, no. 2 (October 11, 2017): 371–82.
2 Liao, Mengling et al. The Journal of Physical Chemistry Letters 10, no. 6 (March 21, 2019): 1217–25.

Black phase

Yellow phase

Experimental films1: 

Orthorhombic Tetragonal Cubic

Cooling

Heating

Heating

Decomposition2:

Non-perovskite

Long time

Heating= Pb2+

= Cs+

= I-

Elements:

Pe
ro

vs
ki

te



Training of a ReaxFF force field

Creation of a set of ReaxFF parameters:
• Minimize the difference between 

reference data and ReaxFF predictions
• Simulated annealing optimization

Difference quantified by error function:

101

Defect calculations Equations of state

Formation energies

Training set for CsPbI3:

Density functional theory (DFT) calculations



Training of a ReaxFF force field

Creation of a set of ReaxFF parameters:
• Minimize the difference between 

reference data and ReaxFF predictions
• Simulated annealing optimization

Difference quantified by error function:

102

Energies, charges, bond 
lengths, valence angles 

Defect calculations Equations of state

Formation energies

Training set for CsPbI3:

Density functional theory (DFT) calculations



More details on the training data
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Equation of state Energy barriers

Initial state

Transition state𝐸𝐸barrier = 𝐸𝐸TS − 𝐸𝐸init



Recollection of  relevant interactions (exercise 1)

Force field system energy:

𝐸𝐸ReaxFF = 𝐸𝐸bond + 𝐸𝐸angle + 𝐸𝐸torsion + 𝐸𝐸H−bond + 𝐸𝐸over + 𝐸𝐸under + 𝐸𝐸lp + 𝐸𝐸vdWaals + 𝐸𝐸Coulomb + 𝐸𝐸spec

Relevant interactions:

104

Interactions Elements

Ebond Cs – I / Pb – I

Eangle
I – Pb – I / Pb – I – Pb / I – Cs – I / Cs – I – Cs /

Cs – I – Pb / I – I – Pb / Pb – Pb – I

ECoulomb Cs, Pb, I

EvdW Cs, Pb, I

Atom parameters (Pb) 𝑟𝑟0𝜎𝜎 etc.



Monte Carlo-based optimizer

105
1 Iype, E et al. Journal of Computational Chemistry 34, no. 13 (2013): 1143–54.
2 Kirkpatrick, S et al. Science 220, no. 4598 (May 13, 1983): 671–80. 
3 Metropolis, Nicholas et al. The Journal of Chemical Physics 21, no. 6 (June 1, 1953): 1087–92.

Monte Carlo-based optimizer1:
• Simulated annealing optimization method2

that employs the Metropolis Monte Carlo 
algorithm to sample the parameter space3

Difference in error functions:

Acceptance criterion:



Simulated annealing optimization:
• Gradual progression through the error 

landscape to lower errors Error({𝑝𝑝𝑗𝑗})
• Occasional upward spikes, most of 

which are rejected (downward trend)

Additional optimization schemes:
• Evolutionary algorithms1,2

• Deep Learning-based (INDEEDopt)3

Parameter optimization
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1 Trnka, T et al. Journal of Chemical Theory and Computation 14, no. 1 (January 9, 2018): 291–302. 
2 Dittner, M. et al. Journal of Computational Chemistry 36, no. 20 (2015): 1550–61.
3 Sengul, M.Y. et al. Npj Computational Materials 7, no. 1 (May 19, 2021): 1–9.



Some practicalities of the parameterization

• ReaxFF force fields have up to 100 
parameters per atom; easily over 50 
parameters active in optimization

• Stochastic optimization procedure 
that is still somewhat sensitive to the 
many local minima1

• Strategy: ensemble of optimizations 
from which the final force field is 
selected based on some validations

107
1 Iype, E et al. Journal of Computational Chemistry 34, no. 13 (2013): 1143–54.

Ensemble of force fields:



Accurate reference data for training
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Geometry predictions: Formation energies:

GGA: PBE, PBE + DFT-D3, PBE + DFT-D3(BJ), PBEsol

Meta-GGA: SCAN, SCAN + rVV10, SCAN + DFT-D3, SCAN + DFT-D3(BJ)

LDA: LDA
Tested XC-functionals

Perovskites: α = cubic; β = tetragonal; γ = orthorhombic; δ = non-perovskite

α-CsPbI3
(cubic)

β-CsPbI3
(tetragonal)

γ-CsPbI3
(orthorhombic)

δ-CsPbI3
(non-perovskite /

yellow phase)



A representative parameter set
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PbI2 equations of state CsPbI3 equations of stateCsI equations of state

CsPbI3 formation energies Defect formation energies Defect migration barriers



A representative parameter set
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PbI2 equations of state CsPbI3 equations of stateCsI equations of state

CsPbI3 formation energies Defect formation energies Defect migration barriers

VI

VCs

VPb



Benchmark of the EEM charges
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CsI PbI2

CsPbI3 cubic CsPbI3 tetragonal CsPbI3 orthorhombic
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What roles do the dynamical and reactive processes play in 
the stability of metal halide perovskites?



The dynamics of CsPbI3
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Increasing T

Cubic

Tetragonal

Orthorhombic



Phase evolution of CsPbI3
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1 Marronnier, Arthur et al. ACS Nano 12, no. 4 (April 24, 2018): 3477–86.

ReaxFF Exp. 1

(𝑠𝑠 = 𝑁𝑁 = 𝑐𝑐)(𝑠𝑠 = 𝑁𝑁 ≠ 𝑐𝑐)(𝑠𝑠 ≠ 𝑁𝑁 ≠ 𝑐𝑐)

350 K 450 K

Orthorhombic Tetragonal Cubic



Comparison to classical force fields

115
1 Balestra, S. et al. Journal of Materials Chemistry A 8, no. 23 (June 16, 2020): 11824–36.
2 Rathnayake, P. et al. The Journal of Chemical Physics 152, no. 2 (January 13, 2020): 024117.

1

2



Focus on two phases
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1 Marronnier, Arthur et al. ACS Nano 12, no. 4 (April 24, 2018): 3477–86.

ReaxFF Exp. 1

(𝑠𝑠 = 𝑁𝑁 = 𝑐𝑐)(𝑠𝑠 = 𝑁𝑁 ≠ 𝑐𝑐)(𝑠𝑠 ≠ 𝑁𝑁 ≠ 𝑐𝑐)

350 K 450 K

Orthorhombic Tetragonal Cubic



Character of the metal halide framework
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SimulationHarmonic model

Harmonic

Anharmonic



Character of the metal halide framework
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SimulationHarmonic model Snapshot Time average Reference

Orthorhombic

Cubic



The dynamical cation
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The dynamical cation
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Stabilizing Destabilizing1

Low temperature CsPbI3 perovskite:

Yellow phase

1 Straus, D.B. et al. Advanced Materials 32, no. 32 (2020): 2001069.
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What roles do the dynamical and reactive processes play in 
the stability of metal halide perovskites?



Imperfect metal halide perovskites
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Vacancy-assisted 
iodine migration (VI)

Interstitial-assisted 
iodine migration (II)

Iodine migration mechanisms:



Defect-assisted ion migration mechanisms
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Arrhenius analysis:

VI: Ea = 0.19 eVII: Ea = 0.28 eV

Activation energy



Defect-assisted ion migration mechanisms
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Arrhenius analysis:

VI: Ea = 0.19 eVII: Ea = 0.28 eV

Activation energy



Defect-accelerated perovskite decomposition
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t = 0.0 ps t = 52.5 ps t = 100.0 ps

Frenkel defect formation 
in perovskite bulk

Edge-sharing 
octahedral complex

Face-sharing 
octahedral complex



Defect-accelerated perovskite decomposition
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t = 0.0 ps t = 52.5 ps t = 100.0 ps

Frenkel defect formation 
in perovskite bulk

Edge-sharing 
octahedral complex

Face-sharing 
octahedral complex

Corner sharing

Edge sharing

Face sharing

De
gr

ad
at

io
n

Crystallization
1

1 Ahlawat, P et al. Chemistry of Materials 32, no. 1 (January 14, 2020): 529–36.



The effect of other vacancy defects

127

Cesium vacancy (VCs)

Lead vacancy (VPb)

Onset temperatures:
VI: T = 600 K
VCs: T = 700 K
VPb: T = 700 K

Larger temperature 
stability for VCs and 
VPb as compared to VI
defects



Pb/I cluster

Defect-accelerated perovskite decomposition

128
1 Manekkathodi, A et al. ACS Applied Energy Materials 3, no. 7 (July 27, 2020): 6302–9.

Scanning electron microscopy1:

t = 0.0 ps t = 300.0 ps t = 900.0 ps



Overall performance of ReaxFF
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Cubic

Orthorhombic

Dynamical processes Reactive processesForce field training

Vacancy Interstitial

Pb/I cluster

Reference data 
(Exp., DFT)

Final force field Reactive MD

Initial force field

Force field 
optimization

Iterative

1 Pols, M et al. The Journal of Physical Chemistry Letters 12, no. 23 (June 17, 2021): 5519–25.



Concluding remarks

• Be aware of the limitations of ReaxFF parameter sets, 
which is determined in large part by their training set

• New material systems typically require the optimization 
of a plethora of parameters, as such this 
parameterization is non-trivial

• It is greatly advised for the creation of new parameter 
sets to start from available parameter sets

130
1 Senftle, T et al. Npj Computational Materials 2, no. 1 (March 4, 2016): 1–14.

1

To misquote Bismarck: ‘If you like forcefields and sausages, you 
should never watch either one being made.’
- jgreener, BioInformatics StackExchange
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