Project description
Molecular electronics and opto-electronics

1 Purpose

In recent years there has been an increasing interest

in using individual molecules as nano-scale electronic B (- Oty 5
devices, driven by the needs of the microelectronics =+ x - T

industry to find alternative routes to miniaturisation.”
One of the most basic devices of this kind is a molec-
ular switch. A molecular switch is a molecule that
can change between states with low and high electri-
cal conductance, as a result of an external stimulus.
An obvious application of molecular switches is as
binary data storage cells.

This project investigates the atomic scale mec%’molecular switch is a molecule connected be-
nisms that enable the molecule to switch between m,gen two conducting electrodes. The molecule

conducting and non-conducting states. The PUrpeSE guitch between two different states with high
is to establish a framework for searching for suitablgy |ow electrical conductance. !

molecules for molecular electronics, and ultimately to

discover new molecules with such properties.

2 Background

Our society has come to rely on continuous progress witl@miltroelectronics industry, where im-
proved miniaturisation leads to faster and cheaper mieobnics every year. Miniaturisation of our
current semiconductor technology cannot, however, caatimuch longer, as the silicon will cease to
behave like a continuous material when device dimensiawrthe nanometer scale. One possibility
to overcome these limitations is to develop molecular eb@its, where individual molecules act as
electronic components such as transistors, logical gatdswitches. This research proposal focuses
on molecular switches.

In the search for suitable molecules for molecular switctieoretical methods are needed to pre-
dict the electronic properties of large numbers of caneidadlecules before expensive experimental
studies are undertaken. These theoretical methods shalu&lts/o main tasks.

1. To calculate the electronic properties (mainly the cataluce) of a molecule in a given con-
formation.

2. To calculate how the molecule can switch from one strattssate to another (with different
electronic properties) as the result of an external stisiglich as a light pulse or an electrical
pulse.

While suitable theoretical methods for solving task 1 hawendy been developed, and are now
in use in several groups around the world (including our grauDTU),2=® progress on task 2 is
just beginning to appear in the scientific literat§ré This research proposal addresses task 2 by
adapting existing theoretical tools to the study of atostate changes in molecules used as electronic
switches; and combines these methods with the methods lmrlatng electronic properties. This
will establish a framework for searching for molecules tbah be used as electronic switches by
changing their atomic configuration with an external eleatror optical pulse.
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2.1 Conductance calculations

Over the last few years one of us, Kristian Thygesen (KT), been leading the development and
maintenance of a software code for calculations of the l@sg-lzonductance of nano-scale junc-
tions2 The method combines Green'’s function techniques with DgRsinctional Theory (DFT) to
solve the scattering problem for electrons moving throughoéecule connected to two electrodes.
The combination of Green’s functions and DFT is very effitiand the code can treat molecules
containing up to one hundred atoms at a relatively low coatparial cost. The method has been
used extensively to study quantum transport in a varietyiftérént nano-scale systems including
molecular junctiong;® atomic metal chairfs’ and carbon nanotubés finding good agreement with
experimental data, where available.

At present, the transport code is limited to the case of alsapplied bias voltage. In this project
we will remove this limitation by extending the method toair¢he situation of a large bias voltage.
This is of great technological importance as future nanotedaic devices most likely will be oper-
ated under such conditions. In particular, this extensidhalow us to study switching effects in
molecules induced by voltage pulsks.

2.2 Switching the state of a molecule

When a molecule connected to two electrodes is subjecteddteatrical or optical pulse, the result
can be an electronic excitation of the molecule. If this &tmn leads to an atomic rearrangement
in the molecule, a change in the conductance propertiesssifde. To investigate if such a change
occurs, a number of methods may be applied, all of which requhe ability to perform quantum
chemical calculations on the molecule with attached edéets. The standard workhorse of quantum
chemistry (at least for large systems as investigated e T. Unfortunately, DFT is by construc-
tion a method addressing the ground state properties oftarsysnd thus appears unsuitable for
solving the problem at hand. Recently, however, a number teihsions to DFT have been made,
allowing us to address the low-energy excited states retdoahe properties at hand. The two most
interesting are Delta Self-Consistent Fighéf (ASCF) and Time-dependent Density Functional The-
ory314(TDDFT).

2.2.1 Deta Sdf-Consistent Field

ASCEF is one of the simplest possible ways to extend DFT to lomglgxcited states; perhaps for that
reason it works remarkably well. The main idea is to occupyhlrkSham single-electron orbital (or
a linear combination of such orbitals) corresponding todbsired excitation, and keep this orbital
occupied while iterating the electronic density to selfisigtency. This represents a tremendous
improvement over the traditional (but not very good) metbbgist using the Kohn-Sham energies of
the excited orbitals corresponding to the ground stateifeWe have recently extended tReSCF
formalism to cover molecules interacting strongly with aahée.g. a surface, or the electrodes in case
of molecular electronics), and have shown th&CF gives excellent agreement with experiment, and
competes well with much more demanding quantum chemicdiodst?

2.2.2 Time-dependent density functional theory

Time-dependent density functional theory (TDDFT) existstwo flavors. Withlinear response
TDDFT (Ir-TDDFT) it is possible to calculate the optical excitatispectrum of a system. We plan
to make heavy use of Ir-TDDFT to identify relevant excitagan the molecules under investigation.



With thetime-evolution TDDFT (te-TDDFT) method, the quantum state of a system is exjicit
evolved in time, enabling us to follow e.g. the response efrtiolecule to an external stimuli, or the
decay of an excited state due to the influence of the eledrode

Both flavors of TDDFT are available in our in-house DFT cadgaw. 1°

2.2.3 Themotion of the atoms

The methods mentioned above mainly address the electrionatige of the switching molecule, but
to model the change of atomic configuration they must be coetbivith methods describing this
atomic motion. For this project, the most important Btelecular Dynamics (MD) and theNudged
Elastic Band'®'” (NEB) method. In MD, Newton’s second law for the atoms is indégd directly,
and the atomic motion can be followed in time. NEB is a methmdiihding the minimum-energy
pathway between two known configurations. Both methods hawg been used in the CAMD and
CINF groups, and are available in our simulation software.

2.3 Theresearch group

The project will be carried out in a collaboration betweea @AMD and CINF research centers at
DTU-Physics. CAMD is one of the worlds leading research asnteelectronic structure theory and
guantum transport calculations. One of us (KT) is leadimgtiolecular electronics group in CAMD.
CAMD develops the CAMPOS suite of molecular simulation code=ilby approx 50 groups around
the world.

The CINF center focuses on surface processes includingcguréactions triggered by exciting
the adsorbed molecule with hot electrons (electrons wittremgy of a few eV above the Fermi level).
To treat these phenomena, the CINF theory group headed b Jakogtz (JS) has been using and
developing excited state methods that are directly apmkc® this project.

CAMD and CINF have access to one of the largest supercompuigtecs in Denmark, the Nifl-
heim cluster® sponsored by the Danish Center for Scientific Computing. Nifihgill be available
for this project.

We will establish a collaboration with the experimentalypaf Dr. Sense Jan van der Molen of
the Institute of Physics, Leiden University, see the ereddgtter of support. Dr. van der Molen is
one of the worlds leading experts in molecular electroniith a focus on experimental studies of
light-sensitive molecular switches.

3 Research plan

Switching a molecule between two states can be regardedras step process, where each step can
be understood independently. First, an electronic exaitas induced into the molecule, then that
excitation induces a change in the atomic configuration.s Thiange in atomic configuration can
either be aconformational change (i.e. a change in the three-dimensional structure withoeaking
or making chemical bonds) or anternal chemical reaction, where one or more internal chemical
bonds are made or broken. Both types of changes have been shoaumse changes in the electrical
conductance of moleculés®1®

Once the mechanism leading from an electronic excitatiom tthange in conductance has
been elucidated, it remains to investigated how the eleittrexcitation can be introduced into the
molecule. The most straight-forward way is to use opticaltations. Ir-TDDFT is one of several
well-established methods for calculating the optical oese of a moleculé?



A more technologically interesting approach is to indueedRcitation electronically. By placing
a finite bias across the molecule, energetic electrons wilinfected into the molecule. Inducing
chemical reactions with these “hot electrons” has preobsen proposed to induce chemistry at
surface$’. This is currently being investigated in CINF both theoraitic!? and experimentally?

In the molecular switches under investigation here, thegatie electrons are not made by a
special device, but the electrons become energetic due tinite voltage across the molecule. This
may directly induce forces on the atoms which can make thecntd change configuration. The
fininte voltage may also induce electronic excitations ilegdo structural changes similarly to the
changes caused by optical excitations. To study theselpldgss, we will extend our DFT and
transport program@PAw) 1° to operate with finite voltages across the system beingedudihis will
allow us to study the forces on the atoms induced by the velt®y combining these calculations
with ASCF and TDDFT calculations we can extend the study to covetrelgc excitations induced
by the flowing current.
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