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Electron Transport Through Molecular Junctions

Why molecular electronics?

1) Fundamental science: Explore properties of materials at molecular scale

2) Technological applications: Offer advantages over silicon-based technology
* Size
* Speed A
* Assembly & recognition
* New functionalities

Figure from ref. [1]



Problems in Existing Transport Calculations

Discrepancies between calculations and experimental data:
* good qualitative agreement
* but overestimation !

Evidence:
M. Di Ventra, S.T. Pantelides & N.D. Lang, Phys. Rev. Lett. 84, 979-982 (2000).
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FIG.2. Top: Experimental /-V characteristic of a benzene-
1 4-dithiolate molecule measured by Reed er al. [1]. Bottom:
Conductance of the molecule of Fig. 1 as a function of the
external bias applied to the metallic contacts.
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Speculations: - experimental limitations
- inadequate treatment of electron correlation
- numerical artifacts



Ghost Transmission

+ Key quantity in electron transport is the transmission function T(E).

* Herrmann and colleagues? carried out two types of transport calculations:

“full” calculation ”ghost” calculation

find T

« They saw artificially high transmission (named ghost transmission) in the ghost

e

Ghost transmission!

v

Figure (ref.[2]): Transmission for octasilane-dithiolate chain



Electron Transport Calculations

Left lead Central region Right lead
(L) (€ (R)
1L 1L

The standard approach to first-principles calculations consists of two steps:

Electronic Structure Calculation of
Calculation Transmission Function

« Density-functional theory (DFT) « Landauer-Biittiker theory and
* Output needed are non-equilibrium Green’s function
- Hamiltonian matrix H (NEGF) technique
- Overlap matrix S
- ° ® Lir(E) = i[S1/r(E) — B 5(B)]
L
gy i G(E) = [E1 - Ho — Sy(E) — Sy (E)]
= vl |He | Vg | €
. ] T(E) =Tr [TL(E)G(E)Tr(E)G(E)]

Figure from ref. [3]



Projectors: Conventional vs. Proposed

Center

I

7%

 Use projectors .//\/'\J to divide the system

* Choice of projectors is important!

Conventional transport calculation

Proposed transport calculation

» Uses Mulliken-style projectors, e.g., » Uses real-space projectors, e.g.,
o +o0 +o0
Mo =33 1) (8™ (s Ne= [ [ “ay [ aimys@-a) @)
j€C k
« Depends on basis functions {; } * Does not depend on basis functions
* Results in non-Hermitian operators * Results in Hermitian operators

e Causes a short circuitt « Does not cause a short circuitt




Implementation of Real-Space Projectors

* Goal: develop software that implements real-space projectors

 Slymer?® = software package from our research group:

Acts as a work-around between the 2 steps

Can perform electron transport calculation
Can do electronic band structure calculation

Written in C++

Q) wonem

Electronic Structure
Calculation

w [ Slymer ]

J—i

H, S

| Slymer | TranSIESTA

Calculation of
Transmission Function

T(E)



Details of the Calculations

U NWCHEM | Slymer | TranSIESTA
W [ Slymer ]
Electronic Structure Calculation of
Calculation ; Transmission Function
Create the geometry of molecular * Apply projectors to H and S [Slymer]
junction « Compute self-energies

Choose a basis set and the T
Y r(E) = (ESyrc — Virce)'8u/r,c(ESLrc — Vi/rc)

+ Compute spectral densities
I'r(E) = i[SL/r(E) — B o (B)]

« Compute Green’s function
G(E) = [E1 - Hc — = (E) — Zp(E)]

exchange-correlation functional
Output quantities: H and S
Computational bottleneck -> run
on a cluster

* Compute transmission function
T(E) = Tr [FL(E)G(E)Tr(E)G(E)]
* Compute current and conductance if

desired % [
I = %

22
G:%z;Ti

(fu(E) = fr(E)T(E)dE

—00



Plans to Validate Slymer

Run calculations for different combinations:

molecule exchange-correlation | basis set
functional

meta-connected benzene  + LDAa * Double-zeta?
para-connected benzene  + PBEQP « Triple-zetaP
octane-dithiolate * Quadruple-zeta®

anthracene derivatives

Note: superscripts a = for prototyping, b = for production

Compare results: conventional calculations vs. proposed calculations

Compare our calculations with experiments = collaboration with
» Venkataraman Group at Columbia University
» Pierre Darancet in Center for Nanoscale Materials at Argonne
National Laboratory



Research Timeline

Aug 2018 Sep Jan 2019 Feb

Implement
Mulliken-style and
real-space
projectors in
Slymer

Run
electronic
structure
jobs

Validate code
Compute transmissions
Compare conventional
with proposed calc.
Compare calculations
with experimental data

Speed up code

* TParallelization

* Inversion
algorithm




* Electron transport in molecular junctions has attracted much attention for
fundamental science and technological applications.

« Conventional transport calculations (Mulliken-style projectors) lead to
ghost transmission and thus overestimation of transport properties.

«  We propose using real-space projectors to get rid of ghost transmission.

* Our research group is working on developing a software package named
Slymer which implements the proposed transport calculations.

* This implementation will be validated among several molecular junctions.

Figure from ref. [6]
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