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Background and Motivation
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Research Projects

Calculate the transport
properties of Carbbon
Nanotubes

DFT+NEGF

Intratu bs

Intertu bs

+» Dopant atoms vs inter/intra conductivity



Research Projects

Calculate the transport Efficient calculation of
oroperties of Carbon formation energies and
Nanotubes convex hull
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Research Projects

Calculate the transport  Efficient calculation of Large scale

oroperties of Carbon formation energies and Metadynamics

Nanotubes convex hull calculations
DFT+NEGF DFTB+CASM ~ GPU-DFTB
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DFT Intfroduction (brief)

Born-Oppenheimer Approximation

thOtal(F’ I_é) — LIJel(F» ﬁ) Yy (ﬁ) [1]
Elecfronic Schrodinger Equation

H\elqjel(?: I_é) — Eel"pel(f)' ﬁ) [2]
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DFT Intfroduction (brief)

E[n]=T[n] + Egx¢[n] + Ey[n] + E,[n] (3]
I= Zf‘ﬂf Vidr Eext = fVext(F)n(F)dSr Ey Z%J] nl(;)_n;fll) d>rd>r’
hz 2 - - - - -
[— SV A Vet [n](r) + Vy[n](7) + Vxc[n] (7”)] Pi(r)= e ;(7) 4
. [ n() o, .. S8Exc[n]
R R O 6

N
n@ = ) i)
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Self Consistent Field (SCF) Procedure

Guess for the wavefunction or density
Y;(7); nin(P)
Calculate Effective Potential
Veff(F) — ext(F) + VH [Tl] + VXC [Tl]

|

, Solve KS Equations
h - - -
= 202 4 Ve p (1) i(7) = i (P) NO

l R = |noys (F) — Nin (F)
Compute Elsctron Density

Nout () = Z |¢L(F)|2

YES

Energy, density,

R < tolerance .
wavefunctions
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Research Statement

Can we enhance transport in aligned CNT?




Transport properties of doped CNT

enhanced
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Transport properties of doped CNT

Intratube

current flow with Li and Cr atoms
iINn CNT

b

Intertube

Intratu bs
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Transmission
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Density of States
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Conductance
0 =51 (=L ar

| SWNT+cCr(s) SWNT + Li (S)

Intra 1.75 x 10°5 1.52 x 10

Inter 2.05x 10> 1.75x 107

Charge Analysis

* Lifransfers 0.175 e to SWNT of iy
« For Cr charge transfer is negligible (0.091 e




Electron Density

Intratube CI’ |—|

Intertube

Cr orbitals hybridization forms conducting channel
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NEGF (brief)

El-Hp -2 G =1

T(E)=Tr [T G"TrG"] QA — @Rt
T =i(XF - x4 A = ph
G:%QQ/_ZT(E){—%}OZE

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



FHI-aims
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Left Lead Device Right Lead

« All-electron, full-potential code, uses numeric atom-centered basis

« Enables accurate tfreatment of all electrons in the same footing without relying on pseudopotentials
« Geometry relaxation (force tol. = 104 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
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Key Findings

« dopants affects directional transport in SWCNTs

« Covalent bond formed by Cr increases the
Infertube conductivity

» Li mostly affects the conductivity along the CNT
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DFTB

Why DFTB 2

Ab mitio
« DFT good for small systems. MD

IOOS OF ATOMS

PICOSECONDS

DFTBMD

1,000S OF
ATOMS

(NANOSECONDS)

« Classical methods does not consider
quanfum nature of chemical systems.

Accuracy
Speed

« DFTB extremely fast for large systems

« Parameterized DFT with atom-centered
basis functions
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Why DFTB?

- DFIB 1-2 orders of magnitude faster than DFT

DFTB+CASM
17.5 Sl 100
METADYNAMICS
15.0
= v 80/
g 12.5 -
é - DFT g 60
o | -
e 75 ‘-lg 40
5.0 DFTB (SKfIV) DFTB (znorg-0-1) )
o

20

b
0

o
o

SiC | ZnO o 0}
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DFTB Theory (brief)

occC

Eprre = Z(Gb |Ho|¢ Z:VaﬁACIaACIﬁ + Erep

L

Non-SCC H Long-range electrostatic ~ Shorf-range
(Parameterized) intferactions repulsion
~ . ~ —~ 1
Hq parametrized to account for Hpprp = <¢H|H0|¢v> + ESW Z(yax + vpx)Aqx
core and valence electrons

Yop depends on charge fluctuation and fy =

_%Vz + vess[p® ()] + vers[p” (r)]
separation of atoms

* Hamiltonian solved self-consistently

E.epapproximates many—body effects (e.g., * Hamiltonian and overlap matrix
exchange - correlation) elements are pretabulated
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Research Statement

Can we find stable structures of alloys efficiently<e




Research Statement

/NO and SiC unit cell




CASM+DFTB

W R R R W R R W AR R W R wew wew e e wy
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| | . g | " I
| o o ( AS M : l | DFT: VASP . | Formation Energy | !
I ° ! | | I
| | ,  INCAR | : ,
| A Clusters Aperoach to Statistcal Mechanics : 1 |S|F - 3 | | tOtal_energy.S}; I |
' | IBRION = 2 L — grep ‘total_energy’log |
—-init prim.json (= Casm --enum scel-max 4 =~ I : [
: casm --init prim.json : | KPOINTS : : formaft.lo.n_energy.py‘! .
: prim.json enumerate config | :_ _Axaxe : : e’ (o) = e(o) — e (z) :
" Basis : g g ,  plot_convex_hull.py |
I Lattice vectors : , ! def plot_hull :
e e e s e s g R DFTB: DFTB+ : |
dftb_in.hsd ! :
: |
I I
| I

I

|

! Driver = ConjugateGradient

: eigensolver = RelativelyRobust

CASM: cluster approach of statistical mechanics .



Resulis: Convex Hull
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« SiC shows convex hull; minima lying nearly the same concentration
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Convex Hull
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« DFT and DFTB gives similar results




DFTB Efficiency
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 Time/SCF very less for DFTB
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DFTB Efficiency
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« DFIB with ZnO is more efficient
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DFTB Efficiency

DFT
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« DFIB with ZnO is more efficient
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Key Takeaways

» Integrated DFTB with CASM

« DFTB as an efficient tool for screening




Research Question

Can we accelerate ab initio Metadynamicse

34




Metadynamics- Motivation

 Molecular Dynamics and rare events

e Chemical Reactions and conformation

changes can take longer
Protein/RNA folding (us-s); reaction pathways (ns)

Long waiting time

0 5000 10000 15000 20000 25000 30000




Methods for Faster Molecular Dynamics

 Enhanced Sampling technique: Metadynamics
» DFIB instead of DFT

 Use accelerated hardware: GPUs

36



Metadynamics (brief)

» Collective Variables (CV) for analyzing and biasing MD simulations
» Function of atomic coordlna’res
« Distances, angles, RMSD

Free energy
Free energy

A\ 4

 Biasing to accelerate events Y
« Analyze the MD simulations ¢ ;
i oV
t
_V(s.t' _[S _S(t )]
Vg = z weV( »t)exp[ 252 ] V(s,t > o) =—-F(s)+C 37
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DFTB+GPU

Solve the eigenvalue by diagonalizing the Hamiltonian

Hy =Ey

P~1AP =

3 Eigensolvers in DFTB+

* QR

« RelativelyRobust

Matrix with eigenvalues on diagonal

MAGMA GPU-ACCELERATED

MICROSOFT AZURE

38



MAGMA

» Linear algebra library like LAPACK
« Used for hybrid “multi-core + GPU" architecture

Implementation in DFTB+

LAPACK routine DSYGVD =====) MAGMA_DSYGVD

DSYGVD computes all the eigenvalues, and optionally, the eigenvectors
of a real generalized symmetric-definite eigenproblem, of the form
A*x=(lambda)*B*x, A*Bx=(lambda)*x, or B*A*x=(lambda)*x. Here A and
B are assumed to be symmetric and B is also positive definite.

If eigenvectors are desired, it uses a divide and conquer algorithm.

« Use GPU to accelerate matrix-vector product

39



Results: DFTB Efficiency

Alanine dipeptide (ADP) Remdaesivir




DFTB Accuracy

Free Energy Surface of ADP

Amber?9sb PBEO

y (rad)
Energy (kJ/mol)
y (rad)

y (rad)

3
Energy (kJ/mol)

'~3.0 -1.5

0.0 1.5 3.0
¢ (rad)

« DFTB and PBEO predicts metastable structure at nearly the same locations

« DFIB ~ 18 hours; PBEO ~32 days
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DFTB Accuracy

Amber-ff19sb DFTB

D
o
N
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Er?ergy?kJ/mol)

s 38
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[
o
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« DFTB and Amber-ff19sb predicts different minima

« DFT hybrid calculations shows energy of C < A .



Results: DFTB Efficiency

100

METADYNAMICS

80/
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40

Performance

20

0.
« DFIB is 2 orders of magnitude faster than DFT i



Key Takeaways

e DFIB Is more accurate than classical calculations

« GPU+DFIB is 2 orders of magnitude faster than DFT

44



Conclusion

« Used DFT to characterize tfransport 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-DFIB s for material science, physics, and
chemistry.
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