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Born-Oppenheimer Approximation

DFT Introduction (brief)

Ψ!"!#$ 𝑟, 𝑅 = Ψ%$ 𝑟, 𝑅  Ψ& 𝑅

Electronic Schrodinger Equation

'𝐻%$Ψ%$ 𝑟, 𝑅 = 	𝐸%$Ψ%$ 𝑟, 𝑅

[1]

[2]



DFT Introduction (brief)

10

𝐸[𝑛]= 𝑇[𝑛] + 𝐸%'![𝑛] + 𝐸([𝑛] + 𝐸')[𝑛]  

− ℏ!

+,
𝛻+ + 𝑉%'![𝑛](𝑟) + 𝑉([𝑛](𝑟) + 𝑉-.[𝑛](𝑟) 𝜓/(𝑟) = 𝜖/𝜓/(𝑟)

𝐸!"# = #𝑉!"#(𝑟)𝑛 𝑟 𝑑$𝑟𝑇	=	-
%

#𝜓%∗ 𝛻'𝜓%𝑑𝑟 𝐸( =
1
22

𝑛 𝑟 𝑛(𝑟))
|𝑟 − 𝑟)| 𝑑$𝑟𝑑$𝑟)

𝑉( 𝑟 = 	#
𝑛(𝑟))

|𝑟 	− 	𝑟)| 𝑑
$ 𝑟) 𝑉"* 𝑟 =

𝛿𝐸+,[𝑛]
𝛿𝑛(𝑟)

[3]

[4]

𝑛 𝑟 =%
8

9

|𝜓8(𝑟)|:	



Self Consistent Field (SCF) Procedure

11

Compute Electron Density

𝑛!"# 𝑟 =%
$
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Calculate Effective Potential

𝑉!--(𝑟) = 	𝑉!"#(𝑟) + 𝑉([𝑛] + 𝑉+,[𝑛]

Solve KS Equations
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Guess for the wavefunction or density
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Can we enhance transport in aligned CNT? 

Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
Interfaces, 11(21), 19315–19323
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Transport properties of doped CNT

Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
Interfaces, 11(21), 19315–19323
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Cr Li

Intertube: Cr shows enhanced transmission
Intratube:  Li shows enhanced transmission 
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High DOS with Cr doping

Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
Interfaces, 11(21), 19315–19323
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𝐺 =
2𝑒:

ℎ
-
EF

F
𝑇(𝐸) −

𝜕𝑓(𝐸)
𝜕𝐸

dE

SWNT  +  Cr (S) SWNT  +  Li  (S)

Intra 1.75 x 10-5 1.52 x 10-4

Inter 2.05 x 10-5 1.75 x 10-7

Charge Analysis

• Li transfers 0.175 e- to SWNT

• For Cr charge transfer is negligible (0.091 e-) 
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Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
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Intratube Cr Li

Cr orbitals hybridization forms conducting channel 

Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
Interfaces, 11(21), 19315–19323
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DeviceLead1 Lead2

Perform DFT with PBC to obtain device Hamiltonian and self-energy

Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
Interfaces, 11(21), 19315–19323



FHI-aims
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DeviceLeft Lead Right Lead

• All-electron, full-potential code, uses numeric atom-centered basis
• Enables accurate treatment of all electrons in the same footing without relying on pseudopotentials
• Geometry relaxation (force tol. = 10-4 eV/A)
• DFT to fetch self energy
• Input geometry for Transport calculations (left lead + device + right lead)
• Device Hamiltonian and self energies used in T(E)
• PBE with vdW interaction 

Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
Interfaces, 11(21), 19315–19323
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• dopants affects directional transport in SWCNTs

• Covalent bond formed by Cr increases the 
Intertube conductivity

• Li mostly affects the conductivity along the CNT

Chen, M., Li, W., Kumar, A., Li, G., Itkis, M., Wong, B., & Bekyarova, E. (2019). Covalent Atomic Bridges Enable Unidirectional Enhancement of Electronic Transport in Aligned Carbon Nanotubes. ACS Applied Materials & 
Interfaces, 11(21), 19315–19323
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Why DFTB ?

Ab initio 
MD

100s of atoms 

(picoseconds)

Classical MD
1,000,000s of atoms

(Microseconds)

DFTB MD
1,000s of 

atoms
(nanoseconds)Ac

cu
ra
cy

Sp
ee
d

• DFT good for small systems.

• Classical methods does not consider 
quantum nature of chemical systems.

• DFTB extremely fast for large systems

• Parameterized DFT with atom-centered 
basis functions

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244
Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297
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• DFTB 1-2 orders of magnitude faster than DFT

DFTB+CASM

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244
Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297
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8
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1
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%
N,P

9

𝛾NPΔ𝑞NΔ𝑞P 	+	 𝐸QRS

Non-SCC H
(Parameterized)

Long-range electrostatic 
interactions

Short-range 
       repulsion

𝛾NP	depends on charge fluctuation and 
separation of atoms

8𝐻M	parametrized	to	account for 
core and valence electrons

𝐸QRSapproximates many−body effects (e.g., 
exchange –  correlation)

8𝐻GHIJ 	= 𝜙T 8𝐻M 𝜙U +
1
2
𝑆TU%

V

(𝛾NV + 𝛾PV)Δ𝑞V

• Hamiltonian solved self-consistently

• Hamiltonian and overlap matrix 
elements are pretabulated

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244
Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297
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Can we find stable structures of alloys efficiently? 

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244
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ZnO and SiC unit cell

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244



CASM+DFTB
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CASM: cluster approach of statistical mechanics

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244
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• SiC shows convex hull; minima lying nearly the same concentration

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244



Convex Hull

29
• DFT and DFTB gives similar results

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244



DFTB Efficiency
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• Time/SCF very less for DFTB

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244



DFTB Efficiency
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• DFTB with ZnO is more efficient 

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244
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• DFTB with ZnO is more efficient 

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244



Key Takeaways

33

• Integrated DFTB with CASM

• DFTB as an efficient tool for screening  

Kumar, A., Ali, Z. A., & Wong, B. M. (2023). Efficient Predictions of Formation Energies and Convex Hulls from Density Functional Tight Binding Calculations. Journal of Materials Science & Technology, 141, 236–244
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Can we accelerate ab initio Metadynamics?

Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297
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• Molecular Dynamics and rare events

• Chemical Reactions and conformation 
changes can take longer
• Protein/RNA folding (µs-s); reaction pathways (ns) 



Methods for Faster Molecular Dynamics
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• Enhanced Sampling technique: Metadynamics

• DFTB instead of DFT

• Use accelerated hardware: GPUs



Metadynamics (brief)
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https://parrinello.ethz.ch/research/metadynamics.html

• Collective Variables (CV) for analyzing and biasing MD simulations
• Function of atomic coordinates
• Distances, angles, RMSD

• Biasing to accelerate events

• Analyze the MD simulations
 

𝑉1 = -
#"23,'3,…

#

𝜔𝑒67(9,#") exp
− 𝑠 − 𝑠(𝑡)) '

2𝜎' 𝑉 𝑠, 𝑡 → ∞ = −𝐹 𝑠 + 𝐶



Allec, S. I., Sun, Y., Sun, J., Chang, C. A., & Wong, B. M. (2019). Journal of Chemical Theory and Computation, 15(5), 2807–2815.

DFTB+GPU
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8𝐻𝜓 = E𝜓

Solve the eigenvalue by diagonalizing the Hamiltonian

𝑃Ea𝐴𝑃 =

𝜆a
𝜆:

⋱
𝜆b

	 Matrix with eigenvalues on diagonal

3 Eigensolvers in DFTB+
• QR
• DivideAndConquer
• RelativelyRobust

MAGMA GPU-ACCELERATED 
MICROSOFT AZURE



https://www.netlib.org/lapack
https://icl.utk.edu/magma

MAGMA
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• Linear algebra library like LAPACK
• Used for hybrid “multi-core + GPU” architecture

Implementation in DFTB+

LAPACK routine DSYGVD MAGMA_DSYGVD

• Use GPU to accelerate matrix-vector product



ψ
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Results: DFTB Efficiency
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Alanine dipeptide (ADP) Remdesivir

Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297
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Sevgen, E.; Giberti, F.; Sidky, H.; Whitmer, J. K.; Galli, G.; Gygi, F.; de Pablo, J. J. Journal of Chemical Theory and Computation 2018,14, 2881–288

Free Energy Surface of ADP

Amber99sb PBE0 DFTB

• DFTB and PBE0 predicts metastable structure at nearly the same locations

• DFTB ~ 18 hours; PBE0 ~32 days

Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297



DFTB Accuracy
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Amber-ff19sb DFTB

• DFTB and Amber-ff19sb predicts different minima

• DFT hybrid calculations shows energy of C < A

Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297



Results: DFTB Efficiency
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Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297

• DFTB is 2 orders of magnitude faster than DFT 
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• DFTB is more accurate than classical calculations

• GPU+DFTB is 2 orders of magnitude faster than DFT

Kumar, A. et al (2023). GPU-Enhanced DFTB Metadynamics for efficiently Predicting Free Energies of Biochemical Systems. Molecules, 28, 1277–1297.
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• Used DFT to characterize transport properties of doped CNT

• Interfaced CASM with DFTB for accelerated calculation of 
convex hull and formation energies

• Extended GPU-DFTB for obtaining quantum free energy surfaces 
and transition path

• GPU-DFTB is powerful tool for material science, physics, and 
chemistry.
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