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• accelerate calculations of multi-component 
alloys

•
fast/accurate predictions of complex,

structural materials used in fossil energy power plants

•

•

•

•

2



•

•

•

•

up to 15,000 atoms!
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around 5,000 atoms



• Density Functional Tight Binding (DFTB): 

• extremely fast

•
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K. Leong, M.E. Foster, B.M. Wong
J. Mater. Chem. A 2, 3389 (2014)

> 1,000 atoms in unit cell
(geometry optimizations ~ minutes)

S. Allec, Y. Sun, J. Sun, C.A. Change, B.M. Wong
Journal of Chemical Theory and Computation, 15, 2807-2815 (2019)

~ 5,000 atoms in unit cell



Solves the eigenvalue problem by diagonalizing the 

Hamiltonian

•3 eigensolvers in DFTB+:

• QR

• DivideAndConquer

• RelativelyRobust

MAGMA

•Many Cores

•High Throughput

•Good for parallel processing

•Can do thousands of operations at once

•Several Cores

•Low Latency

•Good for serial processing

•Can do handful of operations at once
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•

•

•

CPUs vs GPUs algorithm comparison
6 Allec, S. I.;  Sun, Y.;  Sun, J.;  Chang, C.-e. A.; Wong, B. M., Heterogeneous CPU+GPU-Enabled Simulations for DFTB Molecular Dynamics of Large Chemical and Biological Systems. 

Journal of Chemical Theory and Computation 2019, 15 (5), 2807-2815.
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• DFT good for small systems 

• Classical methods do not consider quantum nature of 
chemical/material systems.

• DFTB merges reliability of DFT with computational 
efficiency of tight binding

• Slater-Koster files used instead of DFT functionals

Ab initio 

MD
100s of  atoms 

(picoseconds)

Classical MD

1,000,000s of  atoms

(nanoseconds)

DFTB MD
1,000s of  
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• DFTB limited by set of parameters for elements in periodic table (Slater – Koster files)  

• Create Slater – Koster files for missing element pairs
• Use DFTB to calculate phases/properties of multi-component alloys

•

Challenges

Goal
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DFTB THEORY
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• 𝐸𝑟𝑒𝑝 lumps together many-body effects (e.g., 

exchange-correlation)

• 𝐻0 and overlap matrix elements parametrized 
beforehand from DFT calculations

𝐻μν (𝒓) = ϕμ(𝒓) 𝐻0 ϕν(𝒓 − 𝒓𝒐) ,  𝑆μν 𝒓 = ϕμ(𝒓) ϕν(𝒓 − 𝒓𝒐)
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Long-range 
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Hamiltonian (H) and Overlap (S) from Ge-Ge Slater-Koster files.

Repulsive Potentials for Ge-Si and Ge-Ge
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Compound Multiplicity Parameter* DFT DFTB Δ(DFTB-DFT) Δ(DFTB-DFT)%

FeH2 3 r 1.54 1.503 -0.037 -2.40

α 102.365 110.34 7.975 7.79

5 r 1.66 1.58 -0.08 -4.82

α 177.3 179.9 2.6 1.47

FeO 1 r 1.54 1.6 0.06 3.90

3 r 1.58 1.68 0.1 6.33

5 r 1.61 1.75 0.14 8.70

Fe(CH3)2 1 r 1.92 1.89 -0.03 -1.56

α 117.7 125.71 8.01 6.81

3 r 1.94 2.13 0.19 9.79

5 r 2.05 1.96 -0.09 -4.39

r

α
Accelrys Software Inc., Discovery Studio Modeling Environment, Release 8.0 , San Diego: Accelrys Software Inc., 2007.

*r in Angstrom, α in degrees

Generate Slater-Koster Tables

Compare:
Bandstructure

Sufficient quality?

Fit Repulsive Potential

Compare:
Geometric parameters

Sufficient quality?

Final Parameters

Choose/adjust:
• Wavefunction 

confinement radius
• Density Compression
• Repulsive cut-off

No

No

Yes

Yes
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Au (FCC)

Using DFTB Using DFT(pbe)

Fe (BCC)
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• Valence and conduction bands calculated via DFTB and DFT, show almost the same dispersion/delocalization



Constrained Evolutionary Scheme for Structure Prediction of Molecular Crystal (CH4)

METHOD:
• Initial population of 20 structures and part of new generations are produced using space-group symmetry combined 

with random cell parameters and, random positions and orientation of molecular units.
• Structure relaxation via GPU enabled DFTB3 (3ob-3-1 parameters) with Lennard-Jones potential.
• Every subsequent generation is produced from the best 60% of the previous generation.
• New population/structures created via variation operators (heredity, lattice mutation, soft mutation, permutation)
• Ran till 9 generations, 204 total structures were ranked based on enthalpy. 

• Variable-cell structure prediction of CH4 with cell size containing 4 formula units at 20 GPa (4 molecules/unit cell).
• Use USPEX’s evolutionary structure prediction algorithm to investigate possible structures of Methane (at T=0, P=20 GPa).

A few crystal structures of CH4 produced using space group symmetry during the 1st generation in USPEX11
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Molecular crystal structure of CH4 as predicted by GPU-DFTB at 20 GPa

Enthalpy for distinct structures of CH4 during various stages (generation) in the 
evolutionary algorithm

• Calculated enthalpy on distinct configurations of CH4 .
• In each generations distinct structures of CH4 are generated via variation operators. 
• At pressure 20 GPa, the low enthalpy structures are all made of well-separated CH4 molecules.
• Each CH4 molecule forms a slightly distorted tetrahedron with C-H distance about 1.06-1.08 Ao and H-C-H angles in the range 108.70o

– 110.4o.
• At low pressure methane keeps its molecular state. 
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Diamond crystal structure of C as predicted by GPU-DFTB

Enthalpy for distinct structures of C during various stages(generation) in the 
evolutionary algorithm

• Enthalpy on distinct configurations of C .
• In each generations distinct structures of C are generated via variation operators. 
• Diamond crystal structure is predicted for C, and the energy difference between graphite and diamond seems to be 

overestimated by DFTB.
• Future goal include exploring crystal structures of Fe, Ni, Al alloys at different temperature and pressure.
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Disclaimer: This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency thereof.

This material is based upon work supported by the Department of Energy Award Number DE-FE0030582.
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