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Executive Summary 

The second training session took place at IBM Research - Zurich on January 15th. The goal 
of this activity is to share expertise between partners so that all researchers, in particular the 
pre-docs, involved in the CareRAMM project get an overview on other techniques used in 
the project. The topic of this workshop was the molecular-dynamics (MD) simulation 
technique, with particular focus on the study of materials for memory applications. 

The morning session was devoted to the methods. We illustrated the molecular-dynamics 
technique, specifically the scheme itself, the properties that can be computed, the 
challenges involved, and a few solutions to overcome these challenges. This lecture served 
to illustrate approaches with different levels of accuracy and to show, by examples, the 
importance of choosing the appropriate method to model the particle interactions based on 
on the system and the properties of interest. 

In the afternoon, two extensive applications of the method were presented: the modeling of 
amorphous GeTe, a prototypical phase-change material used for memory applications, and 
of amorphous carbon, the topic of the CareRAMM project. These two subjects are not only 
related by the common application, non-volatile data storage, but are also two challenging 
materials to be modeled. The complexity of modeling these materials is mainly due to the 
system sizes and time scales that are required to properly model the amorphous phase in 
MD simulations.  

This deliverable also includes the slides presented at the workshop. 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Introduction 

The course was attended by researchers of the CareRAMM project and 
additional participants from IBM Research – Zurich, see Figure 1. 

Figure 1. The participant from CareRAMM project were Chunmeng Dou, Anna Ott, Arseny 
Alexeev, Tobias Bachmann, Matthew Barnes, Karthik Nagareddy, Silvia Milana, Wabe 
Koelmans, Abu Sebastian, Federico Zipoli, plus additional participants from IBM Zurich Lab. 

The first part of the presentation focused on the molecular-dynamics 
(MD) technique as a tool to study classical systems. A basic description 
of what can be computed in terms of equilibrium and transport properties 
was given. We illustrated the challenges of studying chemical reactions 
and phase transitions. More generally, the problem of efficiently 
exploring the phase space within the short time spanned by MD 
simulations was discussed and different methods were presented that, 
combined with standard MD simulations, allow these limitations to be 
overcome. 

The presentation also discussed the relation between the system size 
and the level of accuracy available with the current computational 
resources and gave some guidelines on how to maximize the quality of 
the results by finding the best tradeoff between the accuracy of the 
method used to model the interatomic interactions and the system size 
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in different problems. Various examples from the literature were 
presented. 

Many properties can be computed via MD simulations, and some 
examples were presented. To illustrate how one can closely model the 
experimental conditions, we showed different simulation setups that 
allow control of the various parameters, such as temperature, pressure, 
density, etc.  

The afternoon session focused on two materials suitable for data 
storage:  The systems were amorphous GeTe and amorphous carbon. 
These two systems have not only the storage application in common, 
but also we showed the similarity of the approach for modeling them. 
These materials are challenging for the simulators because of the long 
time required to properly anneal the amorphous phase. 

We described a suitable approach to study these materials based on the 
combined use of classical molecular dynamics to model the structure 
and first-principles calculations to characterize the electronic properties. 
This approach has proved to be very effective. In this tutorial, we 
showed two cases, and in particular how this approach successfully 
described the amorphous phase of GeTe, a prototypical phase-change 
material, and amorphous carbon, the latter within the CareRAMM 
project. 

We used this training session to give as much insight as possible on the 
computational details, which usually are mentioned only very briefly 
during the progress meetings because of time constraints. The 
presentation focused on capabilities, limitations, and challenges involved 
in simulations of amorphous materials. 

We also presented how classical simulations of millions of carbon atoms 
can match the size of the device and the time scales used in the 
experiments to change the resistance of the system.  

The slides presented during the workshop are attached to this 
deliverable below. 
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What is molecular-dynamics (MD) simulation?

IBM Research – Zurich

• classical system             described by classical mechanics 

• non-classical systems             quantum effects 

      dynamics of light atoms H, D, He     

      vibrational motion with frequency

Technique to compute equilibrium and transport properties of a 
classical many-body system



© 2015 IBM Corporation

IBM Research – Zurich

• allows to compute equilibrium and transport properties of a classical 
many-body system 

• ensemble averages can be used for statistical mechanics 

• time evolution of chemical reactions, phase transitions, . . . can be 
followed  

• search for reaction paths, exploration of phase space, compute 
activation energy barriers

What is molecular-dynamics (MD) simulation?

3

© 2015 IBM Corporation4

MD at work

IBM Research – Zurich

• system N-particles is defined via set of positions {Ri}i=1,N   

   and velocities {Ṙi}i=1,N  

• propagation of Newton’s equation of motion

Fi force acting on particle i 

mi mass of particle i

potential energy

time step
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MD scheme to integrate the equation of motion

IBM Research – Zurich

• compute the forces at time t 

• compute the positions and velocities at time 

• … compute the forces of the new configuration

E = K + U = constant
E : total energy 
K : kinetic energy 
U : potential energy

Verlet algorithm 

© 2015 IBM Corporation6

Velocity Verlet algorithm 

IBM Research – Zurich

• simple and efficient; needs only forces, no higher energy derivatives  

• long time stability (energy conservation) 

• positions and velocities are known at the same time

• compute the forces at time t 

• compute the positions and velocities at time
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IBM Research – Zurich

• for a fluid => Δt≪!, ! is mean time between collisions 

• for molecules, bulk systems => Δt≪"-1, highest vibrational frequency 

Choice of the time step Δt

7

Computed IR molar absorption spectrum for isolated phenylacetylene

example

© 2015 IBM Corporation

IBM Research – Zurich

• remove the highest vibrational frequency by making use of constraints

How to increase the time step Δt?

8

the atomistic model is replaced by a lower-resolution model with less 
degrees of freedom

 e.g. constrain stretching, bending, …

• coarse-grained (CG) approach: reduce the number of degree of 
freedom of the system

CG
each H2O is 

a single bead

H2O
water

glycerol 
three beads
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CG MD: nucleation of water/glycerol droplets from vapor

9

© 2015 IBM Corporation

IBM Research – Zurich

10

F1

F2
F...

F3
FN

Periodic boundary conditions (PBC)

example 
2-dimensional 

PBC
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• to prevent spurious interactions between images 

• reproduces reasonably the concentration of defects per unit of volume 

• allow relaxation and formation of defects 

• commensurate with the periodicity of the system

System size

11

© 2015 IBM Corporation

IBM Research – Zurich

• commensurate with the system 

System size

12

artificially introduce a defect

trans-polyacetylene

conjugated polymer
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IBM Research – Zurich

• commensurate with the system 

amorphous carbon

13

4-fold coord.

3-fold coord.

non-defective sp2

512 C atoms

subset of 3-fold coord. C with 
• no unpaired electrons 
• 1 double & 2 single bonds

2-fold coord.

density = 2.6 g/cm3

© 2015 IBM Corporation14

IBM Research – Zurich

How to model the interactions?
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IBM Research – Zurich

Approach to model the interatomic interactions

15

empirical methods first-principles methods
e.g. density-functional theory (DFT) 

        Hartree-Fock
• electron density of states (DOS) 
• optical properties 
• link structure and electronic properties 
• more accurate than classical potentials 
• system size thousands of atoms              

& time ~ picoseconds

(classical potentials)

• atomic interactions are defined by 
simple analytical formula 

• system size million of atoms            
& time ~ nanoseconds 

• less accurate than FP methods

semi-empirical methods
tight-binding (TB)

• provide electronic band structure 
• wave functions from superposition 

of wave functions for isolated 
atoms centered at each atomic site

Configuration interaction

• very accurate 
• size: limited to small molecules

© 2015 IBM Corporation16

IBM Research – Zurich

Classical force-fields
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IBM Research – Zurich

Classical potentials

17

in which the topology is defined a-priori

• bonded interactions  

• non-bonded interactions

reactive classical potentials

long range interactions: 
vdW, electrostatic

stretching, bending, 
torsions…

• the topology is not given 
as input 

• bonds between atoms can 
be formed and broken

e.g. Tersoff potentials, 
reaxFF, …

© 2015 IBM Corporation

IBM Research – Zurich

• bonded interactions 

• non-bonded interactions

Classical potentials

18

in which the topology is defined a-priori
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IBM Research – Zurich

Reactive classical potentials

19

Tersoff PRL 56 632 (1986) 

Billeter, Curioni, Fischer, Andreoni 
PRB 73 155329 (2006)

• three-body short range potential suitable for covalent systems 

• the bond strength is controlled by the local coordination

Augmented-Tersoff

cutoff radius 
rcut

© 2015 IBM Corporation

IBM Research – Zurich

• charge-charge ~ 1/r 

• charge-dipole ~1/r2 

• dipole-dipole ~1/r3 

• dipole-quadrupole ~1/r4 

• charge-induced dipole ~1/r4 

• dipole-induced dipole ~1/r6

Problems with cutoffs

20

short range interactions long range interactions

Minimum image convention

when rcut< L/2 being L the box size

range >> L (box size)
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IBM Research – Zurich

First-principles molecular-dynamics 
simulation

© 2015 IBM Corporation

IBM Research – Zurich

First-principles molecular-dynamics simulation

22

More accurate MD simulations

e.g. within Density Functional Theory

Courtesy of J. Hutter
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IBM Research – Zurich

• ssss

Born-Oppenheimer Ansatz

23 Courtesy of J. Hutter

© 2015 IBM Corporation

IBM Research – Zurich

Classical vs. First-principles MD

24

QM
MM

classical potential

first-principle method
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IBM Research – Zurich

Computing properties

© 2015 IBM Corporation26

Similarities between MD & experiments

IBM Research – Zurich

Approach

initial 
state

equilibrated 
system

simulation time (~ ps–ns)

average the properties 
we want to compute

• we prepare system in initial configuration (set of positions and momenta) 

• evolution of the system over time according to Newton dynamics 

       under given conditions eg. temperature, pressure, … 

• after equilibration – average the properties we want to compute
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How to measure an observable within MD?

IBM Research – Zurich

The observable must be a function of the positions and momenta of the particles 
in the system

temperature T function of the momenta

examples

heat capacity

fit of the enthalpy vs. T in a 
constant pressure MD 
in which T is varied slowly

computed from the fluctuation 
of the total energy

JCP 139, 94501 (2013)

Water

© 2015 IBM Corporation28

More examples – Water

IBM Research – Zurich

F. Zipoli, T. Laino, S. Stolz, E. Martin, C. Winkelmann, A. Curioni, JCP 139, 94501 (2013)

H2O T=320K

pair correlation function

density

max of density

boiling T

boiling temperature
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• select a reaction coordinate 

• Free energy difference

Free energy differences

29

Thermodynamic integration approach

© 2015 IBM Corporation30

IBM Research – Zurich

Experimental conditions
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• micro-canonical ensemble NVE 

• canonical ensemble NVT 

• isothermal-isobaric NPT 

• grand-canonical µVT 

• isobaric-isoenthalpic NPH 

• non-equilibrium

Ensembles

31
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IBM Research – Zurich

• in canonical (NVT) ensemble

Temperature

32

• Maxwell-Boltzmann distribution of velocities (α=x,y,z)

• introduce instantaneous temperature

•       fluctuates in time (in finite systems), the average gives the 
temperature of microcanonical systems
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IBM Research – Zurich

• Rescaling of the velocities

How to control the temperature?

33

to impose a constant temperature or to heat/cool the system

• Simulated annealing/heating

• Thermostats (“heat bath”)

Andersen thermostat

Nose-Hoover thermostat + thermostat chains

scale atomic velocities at each time step

frequently scale the velocities by the ratio of target & current temperature

fast equilibration of the system

the total energy is not conserved

© 2015 IBM Corporation

IBM Research – Zurich

Constant pressure simulations

34

the external pressure p is introduced as parameter in the 
Lagrangian

• isotropic changes of cell – Andersen scheme

• anisotropic changes of the cell (edges and angles can change) –
 Parrinello-Rahman scheme

NpH ensemble

to allow changes of the simulation cell, to study phase transitions 
induced by pressure
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from graphite to diamond

© 2015 IBM Corporation

IBM Research – Zurich

36

Solid-solid first order phase transition under pressure: 
graphite to diamond (carbon) 

F. Zipoli, M. Bernasconi, and R. Martoňák Eur. Phys. J. B 39, 41–47 (2004) animation
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37

Solid-solid first order phase transition under pressure: 
graphite to diamond (carbon) 

HEX-diamond cubic diamond

F. Zipoli, M. Bernasconi, and R. Martoňák Eur. Phys. J. B 39, 41–47 (2004)

© 2015 IBM Corporation38

IBM Research – Zurich

Rare Events
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IBM Research – Zurich

What is a rare event?

39

processes with activation energy barrier Ea >> kBT

Ea >> kBT

1-dimensional 
potential energy surface

Ea

Arrhenius equation

© 2015 IBM Corporation

IBM Research – Zurich

40

limitations and challenges

Ea >> kBT

Ea

Arrhenius equation

t=1/v0  Exp(Ea/kBT); v0 ~ 1013 s-1 

Ea ~ 10 kBT => t ~ 2 ns 

Ea ~ 20 kBT => t ~ 5 µs 

Ea ~ 30 kBT => t ~ 1 s

MD

Rare events within molecular-dynamics simulations
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41

t ~ 2 ns
t ~ 1 s

t ~ µs

t ~ 10 ps

t ~ ms

*energy barriers to anneal a defect in a-GeTe

Rare events within molecular-dynamics simulations

Illustrative 1D free-energy landscape* vs. reaction coordinate

© 2015 IBM Corporation

IBM Research – Zurich

Problem of sampling the configuration space within MD

42

 • MD is a real time method, with a time step of the order of 0.1–1 fs      

 • however, in Nature many effects occur at time scales much longer than the      
realistic times (e. g. in biology seconds)  

 • due to high energy barriers or improbable location in phase space (in     
Arrhenius  
rate of reaction low pre-factor)  

 • Ways to direct reactions: – high temperature     
– constraints 
– bias potentials  
– metadynamics 
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Replica Exchange Molecular-Dynamics (REMD)

43

Efficient exploration of the phase space

300 K

MD
1500 K

   .... K

320 K

Y. Sugita, Y. Okamoto 
 Chem. Phys. Let. 314, 261 (1999)

“important coordinates”

en
er

gy
1500 K replica

300 K replica

re
pl

ic
a

MD MD MD MD MD MD

© 2015 IBM Corporation

IBM Research – Zurich

44

REMD – 256 replica
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IBM Research – Zurich

45

REMD – 256 replica

c-GeTe

© 2015 IBM Corporation

IBM Research – Zurich

46

REMD – 256 replica
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• event itself is fast, but it is unlikely to happen 

Rare events: time scales

47

• events that involves complex rearrangements that occur on a long 
time scale – slow process

e.g. formation of crystalline/amorphous phase from slow quenching 
from the melt

long time 

The system spends most of the time in one basin waiting for the 
fluctuation which would bring the system over the activation barrier

reaction

fast

© 2015 IBM Corporation

IBM Research – Zurich

• we select some reaction coordinates (collective coordinates)

The Metadynamics technique

48

For example:  bond distance (stretching), angles, torsions,       
  coordination numbers, etc.                            

• we explore the free energy surface as a function of collective 
coordinates

1

2

Laio and Parrinello, PNAS 99, 12562 (2002) 

Iannuzzi, Laio and Parrinello, PRL 90, 238302 (2003)
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49

The Metadynamics technique

V(s)

s

V(t,s{R}) is a history dependent potential: sum of Gaussian functions

Lagrangian     L = L0({R,Ṙ})  –  V(t,s{R})

© 2015 IBM Corporation

IBM Research – Zurich

50

The Metadynamics technique Courtesy of A. Laio
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from the history potential we added we can reconstruct the free-energy 
surface in the subspace of the collective variable chosen

51

The Metadynamics technique

Laio and Parrinello, PNAS 99, 12562 (2002)

© 2015 IBM Corporation

IBM Research – Zurich

Location of transition states

52

Nudged-elastic band method

R
P

Henkelman, Uberuaga, Jonsson, J. Chem. Phys. 113, 9901 (2000)

T = 0 K
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IBM Research – Zurich

Catalyzed Hydrosilylation of Alkynes 

© 2015 IBM Corporation

IBM Research – Zurich

Ab initio simulations of Lewis-Acid- Catalyzed Hydrosilylation of Alkynes 

54

with catalyst

without catalyst

Metadynamics: applications

Ea = 0.37 eV

Ea = 1.82 eV
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55

H

C

Si

Al

Cl

Ab initio simulations of Lewis-Acid- Catalyzed Hydrosilylation of Alkynes 

© 2015 IBM Corporation

IBM Research – Zurich

• understanding the mechanisms and the role of the catalyst 

• help to design better catalysts

56

Ab initio simulations of Lewis-Acid- Catalyzed Hydrosilylation of Alkynes 
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57

© 2015 IBM Corporation58

IBM Research – Zurich

Modeling the amorphous phase of 
materials for memory applications

• amorphous GeTe a prototypical phase-change material 

• amorphous carbon
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IBM Research – Zurich

Amorphous GeTe a prototypical 
phase-change material

© 2015 IBM Corporation60

Why phase change materials for memories (PCM)?
IBM Research – Zurich

▪ fast and reversible phase transitions between crystalline and amorphous phases 

▪ crystalline and amorphous phases have different electrical and optical properties

PCM based on chalcogenide alloys: Ge, Sb, Te

▪ High reflectivity 

▪ Low resistance

▪ Low reflectivity 

▪ High resistance

short high current pulse 
(reset pulse)

melt-quench

long low current pulse 
(set pulse)

crystalline phase amorphous phase
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Current limitations of PCM
IBM Research – Zurich

Goal: understanding the cause of the resistivity drift

▪ resistivity drift (R) of the amorphous phase not controlled over time (t)

log t

log R amorphous

crystalline

▪ find correlation between the structure of the bond network and 

the electronic properties 

▪ find the evolution of the structure over time

need to have a lot of correction to retrieve the data

© 2015 IBM Corporation62

Modeling the amorphous phase of GeTe (a-GeTe)
IBM Research – Zurich

liquid

T>Tm 
(T~1000K)

cooling

amorphous

T~300 K

time ~ 4-10 ns

▪ first-principles MD: size ~100 atoms –  time ~ 10-50 ps 

▪ classical MD: size ~105-106 atoms – time ~ 100 ns

a-GeTe structures produces by quenching from the melt within 
molecular-dynamics (MD) simulations

▪ classical MD accurate enough to generate the structures 

▪ DFT to characterize the structures
Approach
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Approach/Method
IBM Research – Zurich

• Generate GeTe structures via first-principles Car-Parrinello MD simulations 

• Fit parameters of the empirical classical augmented-Tersoff potential to 
reproduce first-principles energies and forces 

• Classical MD to generate a-GeTe structures 

• First-principles calculations to characterize the electronic properties of the 
structures obtained via classical MD

© 2015 IBM Corporation64

Method – Classical molecular-dynamics simulations
IBM Research – Zurich

Development of a classical potential to model the amorphous GeTe 

▪ Classical three-body short range potential 
 Vij suitable for covalent systems 

▪ The bond strength is controlled by the local coordination 

▪ In the augmented form (Billeter 2006) two additional terms are included: 
 → core energies E0 

 → penalty energy Ec for the occurrence of under- and over-coordination

Billeter, Curioni, Fischer, Andreoni PRB 73 155329 (2006)

Tersoff (IBM Watson) 
PRL 56 632 (1986)

Zipoli and Curioni, New. J. of Phys. 15, 123006 (2013)
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Molecular-dynamics simulations on a-C
IBM Research – Zurich

Method: optimization of the parameters of augmented Tersoff potential

▪ generate configurations by DFT MD simulations using the CPMD code 

▪ compute energies and forces 

▪ fit the parameters of the augmented Tersoff potential to minimize:

Fit of the parameters to match energies and forces obtained by 

first-principles calculations (DFT – GGA PBE) 

● energies mismatch 

● forces mismatch

© 2014 IBM Corporation66

IBM Research – Zurich

Zipoli and Curioni, 

New. J. of Phys. 15, 123006 (2013)
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Method – Classical molecular-dynamics simulations
IBM Research – Zurich

▪  able to describe complex systems 

▪  many reference configurations are required to train the potential 

▪  difficult to add new species → a new training from scratch is required

Which functional form for the potential?

▪ faster training than NN 

▪ simpler to add new species 

▪ smaller number of parameters 

▪ parameters are related to physical properties of the system 

▪may fail to describe some configurations in systems where same species 

can be in many different environments (eg. C sp, sp2, sp3) 

 → solution is to introduce additional parameters

Tersoff based potential: short range potential suitable for covalent systems

Neural Network (NN) to construct the potential
pros

cons

pros

cons

Tersoff (IBM Watson) 
PRL 56 632 (1986)

© 2015 IBM Corporation68

IBM Research – Zurich

Crystalline GeTe (c-GeTe)
β-phase

rhombohedral cubic

α-phase
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IBM Research – Zurich

Equation of state c-GeTe

β-dft

α-dft

β-classical

α-classical

Validation of the potential

© 2015 IBM Corporation70

IBM Research – Zurich

Peierls distortion in the cubic phase of c-GeTe

Te

Ge

β-GeTe (cubic)

opt. geom. (T = 0 K) MD NVT – V(eq)

Validation of the potential
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Peierls distortion and frozen phonon
c-GeTe

[111]

Distortion along [111]

d1

d2

α-GeTe

d1-d2

Validation of the potential

© 2015 IBM Corporation72

IBM Research – Zurich

Liqud GeTe (l-GeTe) T=1200K 
Pair correlation function and angle distribution 

*DFT from Sosso et al. PRB 85, 174103 (2011)

dft

classical

*classical Zipoli and Curioni, New. J. of Phys. 15, 123006 (2013)
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a-GeTe T=300K

dft

classical

Pair correlation function and angle distribution 

a-GeTe: cooling from 1200 K to 300 K (100 ps)

*DFT from Sosso et al. PRB 85, 174103 (2011)

*classical Zipoli and Curioni, New. J. of Phys. 15, 123006 (2013)

© 2015 IBM Corporation74

IBM Research – Zurich

            Neural Networks          vs.             Tersoff
Sosso et al. PRB 85, 174103 (2011)

Te
62.1º
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a-GeTe
Vibrational density of states

dft*

classical

*classical Zipoli and Curioni, New. J. of Phys. 15, 123006 (2013)

*DFT from Sosso et al. PRB 85, 174103 (2011)

© 2013 IBM Corporation76

IBM Research – Zurich

a-GeTe in PCM

replica exchange MD 

generate tens of 
a-GeTe configurations

l-GeTe 
T = 985 K

a-GeTe 
T = 300 K

time ~ 4 nscooling

systems of 
108 and 256 GeTe units 

at ρ=5.65, 5.95 and 6.22 g/cm3

classical MD

DFT 
post-processing
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Wannier analysis to compute the topology

lone pair on Ge 
(lp-Ge)

position of the center of charge: 
bond polarization

Te Ge

DFT → { Ψi
KS } → { Φi

WAN }  
Ei

KS

Φj=Σ cij Ψi 

– Ψi
KS   localized in energy 

– Φi
WAN localized in space

lone pair on Te 
(lp-Te)

Ge—Te bonds

Supplementary Information of New. J. of Phys. 15, 123006 (2013)

© 2015 IBM Corporation78

IBM Research – Zurich

Optical conductivity via density-functional theory improved by 
hybrid functionals

Kubo-Greenwood formula



© 2015 IBM Corporation

• c-GeTe only Ge–Te bonds 

• Ge & Te: three bonds and one lone pair79

IBM Research – Zurich

Topology from Wannier centers

60.1% (60%)

5.0%

94.7%

0.3%

(0%)

(100%)

(0%)

42.9% 57.1%(50%) (50%)

39.9% (40%)

bonds a-GeTe (c-GeTe)

lone pairs a-GeTe (c-GeTe) lone pair on Te

lone pairs on Ge

c-GeTe

© 2015 IBM Corporation80

IBM Research – Zurich

Electron density of states (DOS) a-GeTe
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Electron density of states (DOS) a-GeTe 
DFT with hybrid HSE functional

EF 70 a-GeTe structures 
(216 atoms each)

valence band conduction band

KS states in 
the band gap

parabolic fit

smearing of KS energies 0.025 eV

© 2013 IBM Corporation82

IBM Research – Zurich

G
e

T
e

Structures producing KS in the band gap
groups of Ge-atoms (55%)

55% groups of Ge-atoms (not necessary 
covalently bonded) in which at least a 
Ge-atom is over/under-coord.

Ge[2+1]
Ge[3+1]
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1

2

3

4

5

6

Ge[2+1]

Ge[4+0]

Ge[3+1]

Annealing of a localized state in the band gap

Ge[3+1]

Ge[3+1]

Ge[3+1]

Minimum Energy Profile 
1->6 via NEB

shift EF

© 2013 IBM Corporation84

IBM Research – Zurich

Ge TeStructures producing KS in the band gap
Ge-atoms 4-fold coordinated (5%) & pairs Te-atoms (5%)

4-fold coordinated Ge-atoms

pairs of Te—Te
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Structures producing KS in the band gap

Ge Te

Cubes of GeTe not properly aligned (5%)
crystalline

© 2013 IBM Corporation86

IBM Research – Zurich

~>

Formation of clusters of 4GeTe cubes properly aligned

lone pairs

crystalline
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Structures producing KS in the band gap

55 % groups of Ge atoms with at least one Ge over/under coord.

5% GeTe cubes not properly aligned 5% Ge atoms 
tetrahedral coord.

5% Te–Te bonds

© 2014 IBM Corporation88

IBM Research – Zurich

Evolution of the electron density of states

smearing of KS energies 0.025 eV
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“good” => d=2.70-2.85 Å, 
 polarization = 0.3-0.4

JDOS shifts to higher energy by:

• decrease of Ge—Ge bonds 
• ~15% increase of “good” Ge—Te  
• more Ge[3+1]—Te[3+1] 
• less over-coord. Ge atoms

Summary: model to describe changes in the DOS and JDOS

JDOS shift

i & j run over un-occ. & occ. states 
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Possible solutions to reduce the drift

How increase the barrier for bond reorganization? 

→ increase the rigidity by doping with Si and Se

Ge→Si and Te→Se:     Si Se Ge Te 

  e.g. (SiSe)x(GeTe)1-x or (SiSe2)x(GeTe)1-x with x~small

• stronger covalent bond 

• to reduce the probability to form Ge—groups                

+ Si, Se

C N O

Si P S

Ge As Se

Sn Sb Te
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Amorphous carbon

© 2015 IBM Corporation

IBM Research – Zurich

Goal: To elucidate resistive switching mechanisms in a-C via a 
combined use of classical molecular-dynamics simulations and first-
principles calculations

Resistive switching mechanisms in a-C

92

from CareRAMM report

L ~ 20-30 nm
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Resistive switching mechanisms in a-C

Optimization of temperature conditions for reversible SET/RESET
Simulate the resistance switch process (thermally induced) via molecular-dynamics 
(MD) simulations at finite temperature

from CareRAMM report

no thermostat

hot filament 
TH > 1000 K

2 thermostatscold

cold

• electrodes dissipate heat 

• lateral dissipation of heat 

• filament is the source of heat 
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Modeling via classical MD

94

884,736 atoms

L ~ 18 nm

• system sizes comparable to experiment
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Resistive switching mechanisms in a-C

Optimize parameters for reversible SET/RESET

SET RESET

• sp3 content 
• heating protocols 
• …
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Resistive switching mechanisms in a-C

<30% sp3

RESET

SET

Ea ~ kBT

TH = 2500 K; TL = 500 K

lower conductivity

T = 2500 K

higher conductivity

• very difficult to stabilize the RESET state – at <30% sp3 clusters can easily 

merge in a extended sp2 domain percolating through the entire volume
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rho > 3.0 g/cm3

3.2 g/cm3

SET

RESET

high density => small sp2 
clusters far from each other

Change the density to change the sp2/sp3 ratio
Resistive switching mechanisms in a-C
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Resistive switching mechanisms in a-C

density ~ 2.85-2.90 g/cm3

SET RESET

sp2 clusters 
size ~350-600 atoms

sp2 clusters size 
<150 atoms

sp3 42.0%sp3 37.0%

rho = 2.85 g/cm3

from Silva 
“Properties of amorphous carbon”

sp3 fraction > 40% improves 
RESET stability preventing full 
“graphitization”
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Resistive switching mechanisms in a-C

99

T=300K 
1 ps coupling

T=300K 
50 ps coupling

no thermostat

TH > 1000 K 
0.1 ps coupling

density = 2.9 g/cm3 
110,592 atoms

L ~ 9.1 nm

2 thermostats

42.27% sp3

• electrodes (top&bottom) dissipate heat 

• lateral dissipation of heat (less efficient) 

• filament is the source of heat 

largest filament/cluster 
colored in red
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Resistive switching mechanisms in a-C

How to form the filament from pristine sample (first “SET”)
Need locally a lower density to form a percolating filament 

(sp3 ~ 40-50% : density 2.9-3.1 g/cm3)

• allow the volume of the simulation cell to change: constant temperature, pressure 

(NpT) simulation 

• displace the atom in the simulation box to artificially create a local region less dens

displace atoms to induce 
formation of a filament

NpT

T = 1000-1500 K 
(no cold)

3.03 g/cm33.16 g/cm3

density 
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07_da_06_npt_local_heat

12.0 ns 15.0 ns 19.0 ns

3.03 g/cm3

10.0 ns

3.08 g/cm3

5.0 ns

3.16 g/cm3 3.10 g/cm3

0 ns 2.5 ns

3.028 g/cm33.03 g/cm3

3.16 
g/cm3

2.97 
g/cm3

de
ns

ity
 

Temperature ramp on the filament TH = 1000–1800 K (NpT)

2.97 g/cm3

© 2015 IBM Corporation102

0.0 ns 1.0 ns 2.0 ns 3.0 ns 4.0 ns 5.0 ns 9.0 ns

NVT

42.27% sp3 42.25% sp3 42.23% sp3 42.20% sp3 42.21% sp3 42.21% sp3 42.17% sp3
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0.0 ns 1.0 ns 2.0 ns 3.0 ns 4.0 ns 5.0 ns

1000-2500K

300 K

300 K

42.27% sp3 42.13% sp342.20% sp3 41.91% sp3 41.74% sp3 41.47% sp3

© 2015 IBM Corporation104

Temperature ramp on the filament TH = 1000–2500 K (NVT)

0.0 ns 1.0 ns 2.0 ns

3.0 ns 4.0 ns 5.0 ns

“Cold walls” active

42.27% sp3 42.12% sp342.19% sp3

41.90% sp3 41.73% sp3 41.47% sp3
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2 ns1 ns

3 ns 4 ns 5 ns

0 ns

Temperature ramp on all atoms T = 1000–2500 K (NVT)

• the filament (the largest cluster) is broken 
• small change of sp3 content 
• final state is higher in energy 38 meV/atom (opt. structures)

42.3% sp3 40.4% sp3 40.2% sp3

40.2% sp3 40.2% sp3 40.0% sp3
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Heat all atoms 
(const. temp. & volume)
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Resistive switching mechanisms in a-C

• TH filament & lateral gradient => ordered growth of the filament 

(small changes sp3%)

NVT

TH = 2500 K 
TL = 300 K

• T > 2000 K on all atoms => breaking of filament & decrease of sp3 content
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Resistive switching mechanisms in a-C

Experiment with only a gradient along the filament

NVT

TL = 500 K

TL = 500 K

density = 2.9 g/cm3 
110,592 atoms

L ~ 9.1 nm

TH = 2500 K
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Resistive switching mechanisms in a-C

Experiment with only a gradient along the filament: longer filament

NVT

TL = 500 K

TL = 500 K
884,736 atoms

T H
 =

 3
00

0 
K 

fi
la
m
en

t

L ~ 18 nm
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constant volume, constant temperatureTL = 500 K

TL = 500 K 884,736 atoms

TH ≳ 2000 K 
filament

L 
~ 

18
 n

m

top electrode

bottom electrode

TH = 1000 K 
filament

RESET

SET

Setup for resistive switching mechanisms in a-C

?
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Molecular-dynamics (MD) simulations on amorphous carbon (a-C)

Wannier analysis to compute the topology
DFT → {ѱiKS} → {ɸiWAN}        

EiKS

ɸjWAN = ∑ cij ѱiKS

• {ѱiKS}   are localized in energy 

• {ɸiWAN} are localized in space

Wannier centers (WC) are center of charge of ɸiWAN and can 
be used to identify bonds, dangling bonds (radicals), lone 
pairs, etc… 

single C–C bonds

C=C

4-fold coord. C

3-fold coord. C


