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Outline

1. Metal (e.g., Fe-Ni-Cr) embedded atom method potential1

 Suitable for close packed structures

2. Semiconductor (e.g., In-Ga-N) Stillinger-Weber potential2

 Suitable for tetrahedral structures

4. Al-Cu-H bond order potential3

 Suitable for compounds

(1) Zhou et al, to be published; (2) Zhou et al, PRB, 88, 085309 (2013); (3) Zhou et al, NJC, 42, 5215 (2018).
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Fe-Ni-Cr-H embedded-atom 
method (EAM) potential ……



Five criteria of  high-fidelity Fe-Ni-Cr 
interatomic potential

1. give reasonable energy and volume for various 
compositions

2. permit stable high temperature MD simulations
3. prescribe well the elastic constants
4. capture the correct stacking fault energy (γsf)
5. pass stringent MD validation tests



Status of  literature potentials
1. The potential we published (CALPHAD 1993, 17, 383) did not consider the 

four criteria
2. Smith and Was’ potential (PRB 1989, 40, 10322) was fitted to effective atoms 

and did not consider stacking fault energy
3. The 2013 version of Bonny et al’s potential (MSMSE 2013, 21 085004) predicts 

phase separation

4. The 2011 version of Bonny et al’s potential (MSMSE 2011, 19, 085008) 
predicts negative slope of stacking fault energy with Ni composition

5. Tong et al’s potential (Mol. Sim. 2016, 42, 1256) predicts large negative 
stacking fault energy (~ -200 mJ/m2)



Energy and volume trends

Calculated welling parameters for Ni and Cr in bcc Fe are 10% and 8% respectively, compared 
to 5% and 4% experimental values (King, J. Mater. Sci., 1, 79, 1966) 



Heats/Gibbs free energy of  solution



Elastic constants

Experimental data for 316L from (1) Ledbetter, Ultrasonics 1985, 23, 9; (2) Bonny et al, MSMSE 2011, 19, 
085008; (3) Bonny et al, MSMSE 2013, 21, 085004.



Stacking fault energy

The predicted stacking fault energies match well with experimental results (see, for 
example, Vitos et al, PRL 2006, 96, 117210, and references therein).

area ~ 1000 nm2



Melting

bcc Fe fcc Ni bcc Cr fcc Fe0.6Ni0.2Cr0.2

MD exp. MD exp. MD exp. MD exp.
2399±10 1811 1346±2 1728 2133±1 2136 2155±10 1673-

1723*

melting temperatures



Growth simulations



Semiconductor Stillinger-Weber 
(SW) potential ……



InGaN/GaN misfit dislocation

Chu et al, PRM, 2, 013402 (2018)



Growth simulations challenging
 Random condensation of adatoms leads to amorphous structures

 The equilibrium phase must be more stable than ANY OTHER structures

……



SW potential format 
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 i1, i2, …, iN, a list of all i’s neighbors
 VR

IJ(r), VA
IJ(r), uIJ(r) are pair functions

 θjik: bond angle 
 Easily ensure stability of tetrahedral structures



Two criteria of  SW potential

1. Capture the lowest energy for the equilibrium 
phases to be studied

2. Best optimize the other properties



SW potential database 
Example: Zn-Cd-Hg-S-Se-Te, Zhou 
et al, PRB, 88, 085309 (2013)



Low flexibility on property trends
Cd, Te energy trends Cd-Te energy trends



Al-Cu-H analytical bond order 
potential (BOP) ……

1. X. W. Zhou, D. K. Ward, and M. E. Foster, J. Alloys Compds. 2016, 680, 752;

2. X. W. Zhou, D. K. Ward, M. Foster, J. A. Zimmerman, J. Mater. Sci., 2015, 50, 2859.



1. A high stacking fault energy of Al observed in experiments
2. Properties trends of a variety of stable and metastable structures
3. A positive heat of solution of Cu in Al
4. H2 ⇔ 2H chemical reaction
5. Al1-xHx →Al + H2 and Cu1-xHx → Cu + H2 phase separations
6. Robust MD simulations of Al-rich side of the Al-Cu phase 

diagram 

Six criteria of  high-fidelity Al-Cu-H 
interatomic potential



Al stacking fault energy γsf

Status of  literature potentials
1. Many literature potentials do not capture high Al γsf

2. Many literature potentials do not capture θ, θ’ Al2Cu phases

3. Heat of solution of Cu in Al was misinterpreted

4. Most literature potentials do not capture H2 ⇔ 2H, and Al + 
H2 and Cu + H2 phase separation

5. Robust MD validation tests were not passed

Zhou et al, J. Alloys Compds. 680, 752 (2016)



Energy and Volume Trends Heat of Solution
Al, Cu, and Al-Cu Cu-H

Al-H

Al-Cu

1. Energy and volume 
trends by potential 
matches well with those 
by DFT

2. Heat of solution supports 
stabilities of θ and θ’ 
Al2Cu phases

(a) cohesive energy Ec (b) atomic volume Ω

(a) cohesive energy Ec (b) atomic volume Ω(a) cohesive energy Ec

(b) atomic volume Ω
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1. Traditionally, ∆Eds of Cu in Al is for dissolving a Cu atoms
2. Should really be for dissolving Al2Cu molecules

∆Eds (eV)

Dilute heat of  solution ∆Eds of  Cu in Al
Al-Cu phase diagram Cu solubility in Al



Hydrogen crystal to H2 gas H2+H→H+H2 energy profiles

H2+H→H+H2 chemical reaction






Al + H2 and Cu + H2 Phase Separation
(a) NH/NCu = 0.20 with all atoms shown (b) only H atoms shown



MD simulations of  θ and θ’ growth



Such simulations are not possible without capturing the H + H2 ⇔ H2 + H reaction.

MD simulations H2 absorption
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Conclusions
1. Advanced potentials enable simulations of chemical 

reactions
2. Ensuring the stability of the equilibrium phase is 

challenging
3. Simple potentials easily capture the equilibrium phase
4. Traditional potential parameterizations target at specific 

properties important to the applications
5. New potential parameterization based on machine learning 

needs to incorporate traditional ideas
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