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Electron Transport Through Molecular Junctions
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Molecular Electronics: An Introduction to Theory and Experiment
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Molecular electronics: An interdisciplinary field.

Why molecular electronics?

molecular circuits are of the order of nanometers (or even less) and there1) Fundamental
science:electronics
Explore
properties
ofamaterials
at molecular scale
fore, molecular
should
be viewed as
subfield of nanoscience
or nanotechnology in which traditional disciplines like physics, chemistry,
material science, electrical engineering and biology play a fundamental role
2) Technological
applications:
Offer advantages
silicon-based
technology
(see Fig.
1.1). Molecular electronics,
in the sense of aover
potential
technology,
is based on the bottom-up approach where the idea is to assemble elemen• Size ê
tary pieces to form more complex structures, as opposed to the top-down
• Speed
é
approach where the idea is to shrink macroscopic systems and components.
• Assembly
&electronics
recognition
Molecular
has emerged from the constant quest for new techthat could complement the silicon-based electronics, which in the
• Newnologies
functionalities
meantime it has become a true nanotechnology. It seems very unlikely
that molecular electronics will ever replace the silicon-based electronics,
Figure from ref. [1]but there are good reasons to believe that it can complement it by provid-
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FIG. 2. Top: Experimental I-V characteristic of a benzene1,4-dithiolate molecule measured by Reed et 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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• good qualitative agreement
• but overestimation !
Evidence:

Table 1. Comparison of measured and calculated conductances (G) for three alkanedithiols (1, 2, 3;
measurement;[18] theory[15]), 1,4-phenyldithiol (4) (measurement;[60] theory[15]), four carotenoid polyenes,[61] an optically switched photochromic molecule in open (9) and closed (10) forms,[23] oligo(phenylene ethynylene) (11) (measurement;[62] theory[15]), and an oligoaniline (12) (measurement;[56] theory—
Pantelides
& N.D. Lang, Phys. Rev. Lett. 84, 979-982 (2000).
O. F. Sankey, personal communication). All experimental data were obtained with the break junction
method of Xu and Tao[18] and all calculations used the DFT approach of Tomfohr and Sankey.[15]
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S.M. Lindsay & M.A. Ratner, Adv. Mat. 19, 23-31 (2007).
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though not the high current plateaus
because the gold saturates the amplifier in this arrangement). This
method yields the commonly accepted value for b, and the measured conductance values are close
to the calculated values for alkanedithiols[18] There is still, however,
uncertainty about the contact geometry.

3. Calculated versus
Observed Results
In the interest of uniformity, we
have chosen a set of calculations
reported by Sankey’s group to compare with appropriate measurements. Sankey uses the Landauer
approach of Equations 1–4 below,
within a DFT context. There are
some special features of his approach: it builds a periodic lattice of
slabs and molecular layers, it uses
the zero-voltage electronic structure
without modification from the effect
of higher bias, and it uses a basis of
confined pseudo-atomic orbitals. It
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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 colleagues2 carried out two types of transport calculations:
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Electron Transport Calculations

The standard approach to first-principles calculations consists of two steps:
Electronic Structure
Calculation
• Density-functional theory (DFT)
• Output needed are
J. Chem. Phys.
- Hamiltonian matrix
H132, 024103 !2010"
- Overlap matrix S
L
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Figure from ref. [3]

• Landauer-Büttiker theory and
non-equilibrium Green’s function
(NEGF) technique
ΓL/R (E) = i[ΣL/R (E) − Σ†L/R (E)]

R

VR

Calculation of
Transmission Function

VR

G(E) = [EI − HC − ΣL (E) − ΣR (E)]−1
!
"
†
T (E) = Tr ΓL (E)G(E)ΓR (E)G(E)

C
R

(b)

uations for Slides (Electron
Transport)
tions. The factor of 1/2 prevents double counting electrons as

t.

s

block diagonal and the commut
able terms. Several workaround
proposed,13, 21, 30, 33, 34 and usual
set to make NL block diagonal,
jector. The commutator then suc
HCL in this new basis set.

they leave one side and enter the other
and theProposed
expectation
Projectors: Conventional
vs.
values are taken with respect to the system’s equilibrium state

You (t → −∞).5, 8 Looking explicitly at the term for the left region
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• Choice of projectors is important!
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Proposed transport calculation
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Implementation of Real-Space Projectors
• Goal: develop software that implements real-space projectors
• Slymer3 = 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++

Transport Calculations with
Slymer TranSIESTA
T SIESTA
Electronic Structure
Calculation

H, S

Slymer

Calculation
Pabloof
Ordejón
Instituto de Ciencia de Materiales de Barcelona - CSIC,, Spain
p
Transmission
Function

T(E)

Details of the Calculations

Electronic Structure
Calculation
• Create the geometry of molecular
junction
• Choose a basis set and the
exchange-correlation functional
• Output quantities: H and S
• Computational bottleneck -> run
on a cluster

Slymer

Transport Calculations with
Slymer TranSIESTA
T SIESTA
Calculation
of
Pablo Ordejón
Transmission Function

Instituto de Ciencia de Materiales de Barcelona - CSIC,, Spain
p

• Apply projectors to H and S [Slymer]
• Compute self-energies
ΣL/R (E) = (ESL/R,C − VL/R,C )† gL/R,C (ESL/R,C − VL/R,C )

• Compute spectral densities
ΓL/R (E) = i[ΣL/R (E) − Σ†L/R (E)]

• Compute Green’s function
G(E) = [EI − HC − ΣL (E) − ΣR (E)]−1

• Compute transmission function
!
"
T (E) = Tr ΓL (E)G(E)ΓR (E)G(E)†

• Compute current and conductance if
desired

2e
I=
h
G=

!

∞

(fL (E) − fR (E))T (E)dE
−∞

2e2 !
Ti
h i

Plans to Validate Slymer
• Run calculations for different combinations:
molecule

exchange-correlation
functional

basis set

•
•
•
•

• LDAa
• PBE0b

• Double-zetaa
• Triple-zetab
• Quadruple-zetab

meta-connected benzene
para-connected benzene
octane-dithiolate
anthracene derivatives

Note: superscripts a = for prototyping, b = for produc6on

• Compare results: conventional calculations vs. proposed calculations
• Compare our calculations with experiments è collaboration with
Ø Venkataraman Group at Columbia University
Ø Pierre Darancet in Center for Nanoscale Materials at Argonne
National Laboratory

Research Timeline
Aug 2018 Sep

Oct

Nov

Dec

Jan 2019

Feb

Mar

Apr

May

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
• Parallelization
• Inversion
algorithm

Summary

• 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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