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. RMG - petascale, open-source electronic z[ \
structure code, sourceforge.net/projects/rmgdft/
Scales to 200k cores & 20k GPUs
v. 2.0, very fast even on small/medium systems

ll. Carbon-nanotube-based molecular sensors
Mechanisms of detection: NH; and NO,
Functionalized sensors for glucose & ethylene

lll. Carbon-nanotube/Klenow-fragment enzymatic
sensors for potential DNA sequencing
DNA replication on CNT surface
Atomic modifications and gate potential
scanning: a route towards DNA sequencing
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Real-space Multi-Grid method (RMG)

> Density functional equations solved directly
on the grid

g

» Multigrid techniques remove instabilities by
working on one length scale at a time

» Non-periodic boundary conditions are as
easy as periodic

» Compact “Mehrstellen” discretization
A[¢i] + B[(Veﬁ” + VNL )¢z] = giB[S¢i]

> Allows for efficient massively parallel
implementation

See E. L. Briggs, D. J. Sullivan and J. Bernholc ~ Largest run used

Phys. Rev. B 54, 14362 (1996). 139,392 CPU cores and g
Ultrasoft pseudopotentials: 8,712 GPU's 5
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Quantum transport: later in 2016
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RMG v 2.0 Code Release

%+ Downloads: https://sourceforge.net/projects/rmgdft/

** Code & binaries (for Linux, Mac, Win) downloadable

** Blue Waters portal https://bluewaters.ncsa.illinois.edu/rmg
*** Graphical User Interface (GUI) for input & out |’ ‘
“* Examples, documentation & discussion forumz\i/“‘\
% Interface to BerkeleyGW L e

Home / Browse / Projects / RMGDFT / Discussion

« RMGDET Your feedback is valuable!

Brought to you by: bernholc, elbriggs. luw, mirohodak, yli26
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From desktops to supercomputers

Ability to use same tools for small and large problems is desirable

Reduces learning curves and simplifies training of new users
Good performance needed across wide range of problems/computers

Performance bottlenecks change as system size increases
Small - application of Hamiltonian dominates

Medium - application of Hamiltonian and diagonalization about equal
Large - diagonalization dominates

matrix elements of the Hamiltonian A; = <¢; |H,,| ¢;>

RMG approach
Small to medium - Davidson diagonalization (introduced in v2.0)
Still uses multigrid preconditioning.
Fast convergence and reduces number of applications of H,
Large — multigrid preconditioning with subspace diagonalization

Best scalability, diagonalization improved using partitioned folded spectrum
E. L. Briggs, C. T. Kelley, and J. Bernholc http://arxiv.org/pdf/1502.07806.pdf

NC STATE UNIVERSITY



RMG Version 2.0 enhancements

Design objectives and tradeoffs for version 2.0
Historically RMG targeted towards large problems/machines.
Improve small/medium performance without impacting large scale performance.
Reduce memory footprint (may conflict with max performance).
GPU memory typically much smaller than host CPU memory (buffer swapping).

Large problem execution time dominated by diagonalization
Efficient parallelization. High performance libraries. GPU support.
Partitioned folded spectrum method (introduced in v 1.x).

O(N) implementation (not yet released).

Small problem execution time dominated by application of Hamiltonian
Multigrid preconditioned Davidson diagonalization.
Local optimization of finite difference operators.
Self consistency corrections for energies and forces.

Version 2.0 on target for end of June 2016 release
Extended support for XC functionals including vdW-dF.
Can now use multiple GPU’s per compute node.

Improved performance on a wide range of problem sizes.
NC STATE UNIVERSITY



Small problem performance improvements

C60 molecule runs using a dual-Xeon workstation 2.5x faster
0 1 I 1 I 1

1 — RMG version 1.2 —
—— RMG version 2.0 (pre-release)

Convergence log10(RMS[dV])

1 I 1 I 1
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Time (seconds)
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Small problem RMG compared to PWSCF

PWSCF — widely used full featured plane wave code
Choice of diagonalizers: conjugate gradients or Davidson
Vanderbilt ultrasoft pseudopotential

Plane wave cutoff chosen so that RMG density grid is the
same as the PWSCF density grid.

PWSCF - conjugate gradient diagonalization
C60 total energy converges to 1.0e-5H in 88 secs, 1.0e-8H in 129 secs

PWSCF - Davidson diagonalization
C60 total energy converges to 1.0e-5H in 17 secs, 1.0e-8H in 23 secs

RMG v2.0 — Davidson diagonalization
C60 total energy converges to 1.0e-5H in 30 secs, 1.0e-8H in 41 secs

All tests done on a dual Xeon workstation

NC STATE UNIVERSITY



Medium problem RMG compared to PWSCF

256 atom bulk Aluminum
Metallic system, orbital occupations smeared near the Fermi level
Norm conserving pseudopotential
All runs performed using 8 nodes and 256 cores of a Cray XE6.

PWSCEF - conjugate gradient diagonalization
Total energy converges to 1.0e-8H in 980 secs

PWSCF - Davidson diagonalization
Total energy converges to 1.0e-8H in 188 secs

RMG — Multigrid, subspace diagonalization
Total energy converges to 1.0e-8H in 117 secs

Better scalability in real space begins to have an impact

NC STATE UNIVERSITY



Performance and scalability — 3000 atoms

3000 atoms (1000 water molecules, Vanderbilt USPP, initial electronic quench)
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Performance and scalability — 3000 atoms

3000 atoms (1000 water molecules, Vanderbilt USPP, initial electronic quench)
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RMG makes effective use of GPU’s in the diagonalizer but this problem is
too small to continue to see much improvement after a few hundred
GPU’s are utilized.

NC STATE UNIVERSITY




Non-Equilibrium Green’s Function Method

2, I Conductor region pI |

Coupling between Coupling between
lead and conductor lead and conductor

“* Green’s function of the conductor: Charge density — iterate to self-consistency:
G.=(eS.-H -2, - ZR)'I integrate Green’s functions over the energy axis.

. . . ¢ @Green’s function:
+s» Transmission coefficient . . .
Inversion Of a sparse matrix

I'=Tr(I;G:T',Ge) * Hartree potential:
¢ Current under bias V solving Poisson equation with applied-bias
107) =2 | [ T(EV IS, (E - ) ~fo(E - )ldE - Poundary conditions

Taylor et al, PRB 2001; Brandbyge et al, PRB 2002 *  RMG-DFT released, NEGF branch will be released

Buongiorno Nardelli, Fattebert, Bernholc, PRB (2001) soon
Lu, Meunier, Bernholc, PRL (2004)
Saha, Lu, Bernholc, Meunier, JPC (2009)

NC STATE U \' IVERS ITY Center for High Performance Simulation CHiPS



Handling Systems with Thousands of Atoms

Conductor region

O/

¢ Optimal basis set:
* Variationally-optimized localized orbitals: a smaller and more complete basis set
than in other localized-orbital methods.
Fattebert & Bernholc, Phys. Rev. B 62, 1713 (2000)
** Nearest neighbor coupling between principal layers:
* Divide the conductor region into principal layers in which only nearest-neighbor
layers interact.
* Localized orbitals in each principal layer are optimized separately.
* Hamiltonian and overlap matrix are block-tridiagonal.
* Green’s functions are calculated iteratively with linear scaling.
% Multi-level parallelization
*  MPI between nodes:
*  Momentum (k-points)

* Integration over energy axis
* Scalapack or Cuda for matrix operations.

NC STATE U NIVER S ITY Center for High Performance Simulation CHiPS



S1 Nanowire p-n Junction
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¢ Si nanowire p-n junction: 100
* 24 nm long and 3 nm diameter
* more than 10,000 atoms in NEGF

1 L
calculation g
¢ Forward bias: P
: . =101
Current increases exponentially. =
% Backward bias: o
nearly zero current 10
1 -6 |
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Mechanisms of NH; and NO,, Detection in
CNT-based Sensors

% CNT-based sensors exhibit substantial conductance changes upon exposure to NH; & NO,
% Underlying sensing mechanisms remain disputed

n
| ;’— Pristine CNT |~ Pristine CN
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3. Charge transfer in physisorption
only leads to small changes in

currents /
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Adsorption configuration of NH, Eina (V) Current (nA) Sensitivity
(a) Physisorbed to central CNT 0.043 6.83 0%

(b) Chemisorbed to CNT near contact 0.097 3.76 +44.9%
(c) Chemisorbed to Au electrode 0.646 7.14 +4.5%
(d) Six NH; physisorbed to CNT 0.013-0.052 6.21 -9.1%

Y. Li, M. Hodak, W. Lu, J. Bernholc, Carbon 101, 177 (2016)
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Selective Sensing of Ethylene and Glucose
Using Functionalized CNT

Functionalized CNT improves the selectivity and specificity of the sensor
= Receptor molecule on CNT selectively binds to the target molecule

Two sensor prototypes based on functionalized CNT
= Non-covalently functionalized sensor for glucose detection
= Covalently functionalized sensor for ethylene detection

Blood glucose monitoring is critical for treatment of diabetes
Ethylene monitoring is important in agricultural industry

High resolution sensing mechanism is unclear at the atomistic level
= Binding structure and energetics between the target molecule & receptor is unknown
= How does binding of the target molecule lead to conductance change through CNT?
» Do metallic CNTs exhibit same sensitivities as semiconducting ones?

Covalent
attachment

Non-covalent

attachment \

80
\QUQUQ\'/Q/\:\/ 3/ .
929,90 » ..

Lerner et al., Appl. Phys. Lett. 102, 153113 (2013) Esser, Swager et al., Angew. Chem. Int. Ed. 51, 5752 (2012)
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Sensitivities of Glucose and Ethylene for
Semiconducting CNT (8,0)

Copper (I) adsorption shifts transmission peaks to positive energies; ethylene binding shifts peaks

slightly to negative energies

Pyrene-1-boronic acid adsorption leaves transmission spectrum unchanged; glucose binding shifts

transmission peaks to positive values
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Good sensitivities for (b) After copper(I) complex functionalization 0.134
ethylene & glucose
(c) After exposure to ethylene 0.248
] (d) After pyrene-1-boronic acid functionalization 0.349
Metallic CNTs are (©) After S S
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Introduction to DNA Polymerase |

K/

¢ Klenow Fragment (KF) from DNA Polymerase I is an enzyme that synthesizes
double-stranded DNA from single-stranded templates

» High replication rate, 100s of base pairs per second

» Low error frequencies, 1 error in 10° base pairs

*» Experiments observe a different current when the enzyme has just added a DNA
base
» Potential for DNA sequencing, if different bases lead to different currents.

open state: not synthesizing closed state: synthesizing

. aeNs -
5 s
00 05 10 O 50 100
t(s) At (ms)

T. J. Olsen, Y. Choi, P. C. Sims, O. T. Gul, B. L. Corso,
C. Dong, W. A. Brown, P. G. Collins, and G. A. Weiss,
JACS 135, 7855 (2013)

NC STATE UNIVERSITY Center for High Performance Simulation CHIPS



Structure optimization and NEGF

Determine KF enzyme structures, open and closed, when attached to nanotube
» |n presence of solvent and ions
= Subject to thermal fluctuations at room temperature

Relation between conformational change of KF and change in electrical current across
the nanotube?

1. Molecular dynamics (MD) for fully solvated
enzyme/DNA ( ~100,000 atoms)

- 50 ns simulation

- 50 mM Na* and CI- ions to neutralize
charge

- Equilibrate at 300 K

Open State

OO
OO
LU
10000041
100000
T
OO
RO

2. DFT to optimize CNT & linker molecule

3. NEGEF calculations (~5,000 atoms)
- Snapshots from MD runs
- Au(100) leads, 8.5 nm CNT (20,0)

- Remove enzyme atoms > 2nm away from
CNT

- Charged residues ~1 nm from CNT:
GLU-740, ARG-794, GLU-793, ASP-789,
GLU-783, LYS-786

NC STATE UNIVERSITY Center for High Performance Simulation CHiPS
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Effects of Substituting Nucleotide Analogs
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DNA bases, some nucleotide analogs show

promise for distinguishing DNA bases

NC STATE UNIVERSITY

K. M. Pugliese, O. T. Gul, Y. Choi, T. J. Olsen, P.
C. Sims, P. G. Collins, and G. A. Weiss,

JACS 137, 9587
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Effects of Nucleotide Analogs on Closed State
Current for each DNA Base

(% Gate potential scanning helps to ) 8
distinguish DNA bases

m —

< Work in progress on other nucleotide
substitutions

Current (uA)
N

% Search for larger current variations for
reliable sequencing : _ _

- Small variations between C and A Ol 1 . | TR I
\ /Y12 08 04 0 04 08
Shift in Fermi Energy induced by Gate Potential (eV)

o

Fermi Shift =-0.865 eV Fermi Shift =-0.02 eV Fermi Shift = 0.66 eV
Distinguish T from A/C/ Distinguish G from T Distinguish G from A/C/T
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Summary

 RMG a petaflops-capable open source electronic structure code
+ Scales to 20k nodes and 200k CPU cores, full GPU & multi-GPU support
% V. 2.0 — much improved performance, faster than plane waves even for
medium systems. To be released by June 30, 2016.
< Dowload from http://sourceforge.net/projects/rmgdft/

O Carbon-nanotube-based molecular sensors
< NH; and NO, detection requires adsorption near metal electrodes.
% Glucose and ethylene detection due to formation of charged complexes at
the functionalization sites.
L Nanotube/Klenow-fragment DNA replication sensors
* Large differences between currents in open and closed enzyme states due
to motion of charged residues near the nanotube surface.
< Different synthesizing nucleotides lead to similar differences in current.
“* Nucleotide analogs obtained through atomic substitutions differentiate the
currents somewhat.
» Partial differentiation between base pairs is possible when also varying
the gate potential.
“* Work on further differentiation is in progress.

NC STATE UNIVERSITY Center for High Performance Simulation CHiPS



