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Abstract

Force and conductance, measured across 4,4’-bipyridine simultaneously, are crosscorrelated

using a two dimensional (2D) histogram method. The result is a 2D multivariate statistical

analysis superior to current one dimensional histogram techniques for exploring significant

conductance and force modulations within SMBJs. This method is sensitive enough to cross-

correlate signal modulations between force and conductance traces associated with contact

geometry perturbations predicted in literature such as Au-molecule contact twisting and

slipping during junction elongation. Additionally, this technique is simple enough to use

out-of-the-box, illustrated by its application in DNA conductance measurements to describe

junction conformation, facilitating better understanding of the system.
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Chapter 1

Introduction

1.1 Summary

A molecule contacted by two metal electrodes, a single molecular break junction (SMBJ),

provides a platform to study the chemical, mechanical, and electrical properties of individual

molecules in a quasi-isolated setting. Using SMBJs, molecules can be explored for unique ap-

plications in optoelectronics, spintronics, and other uses in nanoelectronics. The uniqueness

of a molecule’s behavior in a SMBJ comes from the nonlinear dependence of conductance

on the conformation of the molecule-electrode coupling. The goal of this study is to better

understand the correlation between conformation and conductance in metal-molecule-metal

junctions. A SMBJ produces an ensemble of metal-molecule-metal junctions in succession

by opening and closing metal electrodes repeatedly when a molecule with metal-interacting

end groups is present between the electrodes. By applying a bias across the electrodes, the

conductance of the SMBJ can be measured and information about the electrical properties

of the molecule can be derived.1–3 Multiple molecules over the past two decades have been

studied in SMBJs, and the results are confident techniques for controlling the orientation of

the molecule within the junction, and for analyzing the data to determine the single molec-

ular conductance.4,5 Today it is better understood that the physical conformation of the

molecule and the electrodes play leading roles in determining the conductance of SMBJs.6,7
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The goal of this thesis is to systematically study the effects on SMBJ conductance caused

by conformation changes in the molecule and the electrodes using data analysis techniques.

This paper will cover mostly the details of a 4,4’-bipyridine junction, but will draw upon

lessons learned from two separate DNA experiments as well:

1. Ch. 3 covers a proof of concept for a new SMBJ data analysis technique based on Pear-

son’s crosscorrelation. 4,4-bipyridine (4,4’bpy) will be measured in a C-AFM SPMBJ

which will simultaneously measure force and conductance while the junction elongates

and breaks. Because 4,4’bpy is a stiff aromatic molecule, the conformation change

in this junction will come predominantly from the metal-metal bonds in the elec-

trodes.3,8–15 This molecule has been studied many times before, however time series

crosscorrelation between force and conductance is a new technique which facilitates

understanding about the forced conformation changes in the junction and correlates

these changes with changes in conductance.

2. To better understand the 4,4’bpy analysis results, the same algorithm has been used on

a DNA experiment and included in section 3.3.1.1. This experiment studies the effects

of altering the conformation of short sequence double stranded DNA. The concentration

of cations in the DNA buffer will be increased, which has been shown in literature to

alter the twist angle and separation of the bases in DNA.16–22 By functionalizing the 5’

end of each ssDNA it will be possible to deposit a monolayer of DNA molecules on the

Au surface while the opposite thiolated 5’ end is oriented vertically to interact with

the Au STM tip.
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1.2 Methods

1.2.1 Scanning probe microscopy break junctions

A scanning tunneling microscope (STM) can be operated as a probe to contact and manipu-

late individual molecules.3 This technique is called scanning probe microscopy break junction

(SPMBJ). This technique has proven very successful at creating SMBJs. The SPMBJ tech-

nique has also been effective using conducting atomic force microscopy (C-AFM), replacing

the STM tip with a conducting AFM cantilever. Ch. 2 provides an overview of the history

and current state of the art of SPMBJ techniques.

1.2.2 C-AFM for force-conductance crosscorrelation

Conducting atomic force microscopy (C-AFM)14 will be used as a SPMBJ device to simulta-

neously measure force alongside conductance. 4,4’bpy will be studied using C-AFM SPMBJ

because it will remain rigid allowing the conformation changes in the metal electrodes to

be measured. Using the SPMBJ technique it will be possible to observe and record these

mechanical and electronic changes with an oscilloscope and finally with LabVIEW software

to analyze the signal. Data analysis methods beyond the usual 1D conductance histogram

will then be employed. Recent advancements in data analysis methods provide new abilities

to derive physical information about the SMBJ system.

1.2.3 STM for DNA-Mg2+ conductance

A STM probe will be used to manipulate DNA molecules. To alter the conformation of

short stranded DNA, the buffer solution of a sequence of dsDNA poly[d(CG)4] will contain

various concentrations of MgCl2. By varying the concentration of ions in the buffer, the
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conformation of the dsDNA can be altered, studied, and compared. It is possible this will

induce a discrete transition to Z-DNA, instead of a continuous conformation change of the

B-DNA.

1.2.4 Two dimensional crosscorrelation histograms

The 4,4’bpy C-AFM experiment in Ch. 3 will be used as a test bed for a new data analysis

algorithm to calculate crosscorrelation between time series force and conductance measure-

ments. Although not a true time-dependent calculation, it provides a proof of concept that

time series analysis (TSA) techniques can and should be applied to SPMBJ measurements as

a way of deriving relationships between conformation changes and conductance changes. This

dependency is understood to be the driving cause of conductance modulations in SPMBJ

measurements.

Recent literature has shown the effectiveness of the prototype utilizing autocorrelation

of conductance SPMBJ measurements alone.23 Other work has shown the growing desire for

a force-conductance crosscorrelation analysis technique to better understand conformation

changes in SPMBJs.24–26 The algorithm used by Makk, et al follows closely to Pearson’s for-

mula for autocorrelation (Eq. (3.1) for multiple time-dependent samples of a single variable.

The flow chart in Fig. 1.1 depicts this algorithm. To extend this algorithm to two variables,

the left column replaces conductance traces by force traces as in Fig. 1.2. Nothing new is

derived here, because this is merely Pearson’s formula for crosscorrelation (Eq. 3.4). A more

detailed discussion of the algorithm can be found in Appendix A.

1.3 Concluding remarks

Confidence is growing in the procedures involved in SPMBJ techniques. It is now time to ap-

ply more sophisticated statistical analysis techniques to derive higher resolution information

from the data garnered from these measurements. Time series analysis is a powerful toolbox
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Conductance trace l Conductance trace k

Conductance histogram l Conductance histogram k

Average bin i from all 
conductance histograms

Average bin j from all 
conductance histograms

Standard deviation bin i in 
trace l

Standard deviation bin j in 
trace k

Covariance between
bin i  and  j for conductance 

histogram l

Correlation between 
bin i and j for each histogram

Intensity plot for each point (i,j)

Covariance between
bin i  and  j for conductance 

histogram k

Figure 1.1: Flow chart of pseudocode for calculating autocorrelation from multiple time-
dependent samples.

Force trace l Conductance trace k

Force histogram l Conductance histogram k

Average bin i from all 
force histograms

Average bin j from all 
conductance histograms

Standard deviation bin i in 
trace l Standard deviation bin j

Covariance between
bin i  and  j for force 

histogram l

Correlation between 
bin i and j for each histogram

Intensity plot for each point (i,j)

Covariance between
bin i  and  j for conductance 

histogram k

Figure 1.2: Flow chart of pseudocode for calculating crosscorrelation from multiple time-
dependent samples.
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ready-made to glean as much information as possible, to the finest resolution possible, from

time-dependent dynamic processes such as those processes occurring within a SMBJ. With

the appropriate application of statistical methods, it will be possible to distinguish modula-

tions within SMBJ data and correlate them to perturbations due to conformation changes

during elongation of the junction. Another consequence of the confidence in the SPM SMBJ

techniques is the ability to use this tool in cooperation with other tools. Already such tools

include optical27–29 and force14 measurements. These are measured simultaneously alongside

conductance measurements. This form of multivariate analysis provides even more advanced

capabilities for time series analysis in two dimensional crosscorrelation calculations. But first

the consequences of various conformation changes must be understood. Therefore, system-

atic studies of controlled conformation changes must be accomplished before the signals

within dynamic systems can be identified. This project hopes to achieve each of these nec-

essary studies: two studies of conformation change in a molecule, and one study of dynamic

electrode conformation change during junction elongation. Elementary time series analysis

techniques will be utilized to show the usefulness of this new approach to SPM SMBJ data

analysis in hopes that more advanced algorithms can be applied in the future.

6



Chapter 2

Literature Review:

Characterizing molecular junctions through the

MCBJ approach∗

∗J.M. Hamill, K. Wang, B. Xu. 2014. Reports in Electrochemisty. 4:1-11 (2014). Reprinted here with
permission of the publisher.
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2.1 Abstract

Mechanically controlled break junction (MCBJ) techniques, which emerged right after the

invention of scanning tunneling microscopy, have enabled substantial progress in character-

izing single-molecule junctions towards the ultimate goal of molecular devices. Dramatic

advances have been made in design, fabrication, control, and understanding of the measure-

ments of single-molecule junctions over the past decade. In this overview we present the

evolution of some of the recent issues, and an outlook for further developments in MCBJ

techniques for characterizing molecular junctions. Topics of recent interest include: con-

tact geometry, electrochemical redox experiments, external bias effect, and environmental

influences. Each will need further investigation to thoroughly understand the experimental

information revealed from a molecular junction.

2.2 Introduction

The desire to overcome the prediction of Moores Law led researchers to single-molecule scale

devices.30–32 Molecular junctions emerged from the late 90s,1 catalyzed by the invention

of scanning tunneling microscopy (STM) and inspired by a paper by Aviram and Ratner

describing molecular sized p-n junctions.33,34 In the search for effective ways to couple a

molecule between electrodes, researchers produced two efficient options: scan-ning probe

microscopy (SPM) using the newly invented STM, and a micro-fabricated, electromigration

piezoelectric three-point arching method. Both techniques provided a reli-able platform to

conduct measurements at a single-molecule level by utilizing piezoelectric transducers to

mechanically open and close a break junction in which a molecule had be-come bonded. The

key features of each of these methods, and all other mechanically con-trolled break junctions

(MCBJs) is a molecule in contact with two or more electrodes where one of the electrodes is

mechanically controlled to allow it to create, break, and reform junctions with the molecule

8



incorporated. In this way, the four main features of study in MCBJs are 1) the electrodes

(and the macroscopic system), 2) the electrode-molecule junction, 3) the molecule, and 4)

the environment in which the junction takes place. Often this environment is in solution,1,3

sometimes in vacuum,35–37 and sometimes at cryogenic temperatures.38–40

The methods of MCBJs have come a long way since the early stages of the last decades.

Experiments using MCBJs to measure the conductance of single molecules began in earnest

in the late 90s and the first years of experiments resulted in many discrepancies among the

measured and simulated results of single molecular conductance from different labs. As the

techniques matured, and as more labs took part in the experiments, the re-producibility of

MCBJ experiments became more reliable.5 Today MCBJ techniques are used in conjunction

with other measurement techniques,28,41 either simultaneously or back to back, to derive still

more information about the behavior of molecules at the nanoscopic level.

Some of the more detailed challenges that troubled the field in those early years, such as

the strong sensitivity of MCBJs to contact geometry, behaviors relating to redox reac-tions

in molecules in MCBJs, and the phenomenon of negative differential resistance (NDR) as

well as other nonlinear current-voltage behaviors of molecular junctions have been studied

at length in the last decade, and we know much more about these issues to-day. We hope

to discuss these advancements here as well as discuss new directions for the future.

2.3 MCBJ experimental challenges

Before anything resembling single molecular electronics becomes possible, reliable molecule-

electrode junctions using chemical bonds are essential. Without these, it had been necessary

to rely on approaching the molecule within proximity to the electrodes using increasingly

clever ways: using mercury drops as electrodes,42 using Lorentz force to cross metallic wires,43

and trapping molecules in a nanopore.44,45 Other successful techniques involved sandwiching

the ends of very robust molecules between layers of electrode material, usually by thermal
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evaporation, and using lithographic techniques to etch away undesirable quantities of the

substrate and electrodesthese techniques worked great for long and strong carbon nanotubes

(CNTs), but are too destructive for smaller molecules.46 A different method involved criss-

crossing nanowires by overlaying layer after layer. This, however, usually only produced

large arrays of nanojunctions: the single molecular junction was still out of reach.47,48 It

was still necessary to find ways to bond one end of the molecule to one electrode, the other

end to the second electrode.

Ways to chemically bond the molecule to the electrodes were finally developed using

amine and thiol functionalized molecules which bond readily to metal electrodes. Thiol

functionalized molecules were used in the crossed-wire technique,49 and the first attempts

to use a STM to probe molecular conductance were attempted by functionalizing one side

of the molecule, and scanning the other end in a traditional STM or conducting atomic

force microscopy (C-AFM) method,50,51 or with the probe scanning a gold nanoparticle atop

the molecule.52,53 Finally, both ends of the molecule were functionalized and successfully

incorporated into a mechanical break junction. One of the first truly powerful break junction

techniques used a piezoelectric transducer to arch a platform onto which a metallic wire had

been anchored.1 By lithographically etching the metallic wire until it was nanoscopically

thin, the arching of the platform allowed complete control of the breaking and reforming of

nanojunctions repeatedly with sub-angstrom control.54,55 This three-point arching technique

provides experimentalists today with a way to perform complementary measurements, such

as optical spectroscopy, alongside MCBJ conductance measure-ments because the design of

the apparatus leaves the top exposed.56–58

Another powerful method for creating MCBJs was created by Xu and Tao.3 This method

involved smashing a gold tip into a gold substrate (Fig. 2.1A) starting from a traditional

STM setup, where a liquid cell was placed such that the molecule in solution was on top of

the gold substrate. When the gold tip was withdrawn, many molecules were incorporated
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Figure 2.1: Time lapse of conductance atomic force microscopy (C-AFM) single molecular
break junction. An identical process occurs with a scanning tunneling microscope tip re-
placing the C-AFM cantilever. (A) Au coated C-AFM cantilever collides with Au coated
substrate until a conductance of many conductance quanta are registered indicating a large
contact surface between cantilever and substrate. (B) The cantilever is retracted leaving
multiple molecules in the junction. (C) The cantilever continues to retract until a single
molecule is in the junction. (D) The cantilever retracts until the conductance represents the
vacuum current and then the process is repeated.
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into the gap between the tip and substrate (Fig. 2.1B), but as the tip was withdrawn further,

the molecules broke one-by-one until there was only one left in the break junction (Fig. 2.1C).

All the while, a bias was applied between the tip and the substrate and the current across

the junction was recorded. As the molecules broke away, individual steps in the conductance

were observed, each step differing from the next by a unique value of conductance. For

atomically thin metal junctions, these quantized steps were predicted, and experimentally

shown, to have a conductance of G0 = n ∗ 2e2h−1, where n is an integer, e is the electronic

charge, and h is Plancks constant.59 After the last metallic junction, new steps were observed

for conductance values much smaller than the conductance quantum of G0. These steps

corresponded to integer numbers of molecules in the junction. The last step before the

conductance fell to zero (Fig. 2.1D) was the conductance across a single molecule.

Creating strong bonds with the gold electrode at both junctions was a significant im-

provement upon the previous methods, and created clear data (Figs. 2.2A-D). Proving the

molecule, in this case a 4,4-bipyridine molecule, was indeed present in the junction was the

next task. The new SPM technique developed by Xu and Tao was very destructive, because

it involved smashing the STM tip into the substrate before withdrawing it, and it was nec-

essary to prove that, during the withdrawal, a substrate-molecule-tip junction was indeed

formed. Because the nitrogen was located at either end of the 4,4-bipyridine molecule it was

able to bond simultaneously with both electrodes. By conducting the SPM measurement in

solution without the molecule present, it was trivial to show that the conductance fell off

exponentially, without the presence of the signature steps at the conductance of the molecule

(Figs. 2.2E-F). Next, 2,2-bipyridine was measured in solution. Because the nitrogen in 2,2-

bipyridine is not located at the end of the rod-like aromatic rings, it was not possible for

it to bond simultaneously to both electrodes, and the conduct-ance could not be measured,

resulting once again with conductance traces that fell off ex-ponentially without steps. Be-

cause there was much thermal noise in measurements of this precision,61 it was beneficial to
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Figure 2.2: Representative MCBJ data. (A) Au-Au junction conductance trace with quan-
tized conductance of step G0. (B) Conductance histogram from Au-Au conductance traces.
(C) Au-4,4-bipyridine-Au junction conductance traces with quantized conductance step
0.01 G0. (D) Conductance histogram from multiple traces. (E) Conductance traces with-
out molecule present with no quantized steps. (F) Conductance histogram without peaks.
(G) Conducting atomic force microscopy schematic (C-AFM). (H) Example Au-Au junc-
tion conductance (note semi-logarithmic scale for following conductance traces) and force
traces resulting from C-AFM . (I) Example traces for 4,4-bipyridine junction. (J) Example
traces for 1,2-bis(4-pyridyl)ethylene junction. (A)-(F) Reprinted with permission from the
publisher. Measurement of single-molecule resistance by repeated formation of molecular
junctions. Science. 2003;301(5637):12211223. c©2003 American Association for the Ad-
vancement of Science.3 (G)-(J) Reprinted by permission from Macmillan Publishers Ltd:
Nat Mater, Aradhya SV, Frei M, Hybertsen MS, Venkataraman L. Van der Waals interac-
tions at metal/organic interfaces at the single-molecule level. 2012;11(10):872876. Copyright
2012.60
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create 1D histograms which revealed the statistical average of single molecular conductance

over thousands of repeated measurements (Fig. 2.2B and 2.2D).62,63 Despite the reliance on

statistical methods, this new SPMBJ technique resolved many standing debates surrounding

MCBJs. SPMBJs showed that short strands of DNA can be described most accurately as

a semiconductor.64 Up until this point, there was much debate surrounding the electronic

properties of DNA, with proponents arguing for insulator,65 large band gap semiconduc-

tor,66 conductor,67,68 and even superconductor.69 SPMBJs showed that, especially for short

strands heavy in guanine, DNA acted very much like a semiconductor.64

Reviews from the field of MCBJ written in the first decade of the 21st century all had

one concern in common: reproducibility.2,5, 70 The SPMBJ technique resolved yet another

debate, by confidently and repeatedly measuring the conductance of simple alkanedithiol

chains, molecules which up until that point had discrepancies between different labs, and

between theory and experiment.3,71,72 Experiments on the single molecular conductance

of octanedithiol conducted at different labs in 2001,73 2003,3 and 200474 appeared to have

widely ranging results. After closer attention, these discrepancies have been resolved.5

As is so common in science, the resolution of one concern often is accompanied by new

insight into other concerns. The resolution of the discrepancy in octanedithiol single molec-

ular conductance provided important information about the significance of contact geometry

in MCBJs. It was shown that when the molecule is contacted to a planar crystalline elec-

trode, it is of only minor importance whether it is contacted in a hill or valley of the crystal.

Of significantly more importance is a contact geometry in which the molecule contacts a

pyramidal shaped crystalline electrode instead of a planar electrode. In the pyrami-dal case

the conductance is greatly decreased when compared to the planar case. Thus if the experi-

mental apparatus has a preference for creating one contact geometry over another, than this

can explain why different apparatus produce different single molecular conductance values.
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2.4 Importance of Contact Geometry and Evolution in MCBJs

At the most basic level, progress in controlling physical and chemical properties of a molecular

junction started with the capability of making robust contact to form a single-molecule

junction. This proving a difficult task, the role of the contact interfaces was omit-ted at the

initial time point. Experiments without careful control of the contact parts revealed data

hard to interpret.75,76

It has recently become apparent that electrode geometry and specific orientation at which

the molecule contacts the electrodes has a profound influence on the behavior of MCBJ mea-

surements, and much effort has been devoted to understanding this phenome-non. Detailed

quantum chemical studies have even shown allowed and forbidden states, based on phase

and symmetry groups, influence molecular conductance.36,77

C-AFM (Figure 2G) is especially useful in measuring contact changes and flexibility

during MCBJs. C-AFM uses a similar method as SPMBJs, but replaces the STM tip with

an AFM cantilever. The result is a MCBJ in which force can be measured alongside con-

ductance (Figs. 2.2H- 2.2J).78 This technique was used to study contact phenomenon such as

local heating, where it was predicted that inelastic scattering of electrons caused an in-crease

in the temperature of the molecule.79,80 It has also shown that gold contacts in a tetrahedral

crystal structure have a quantized length slipping, allowing one, two, and three simultaneous

slip events for each of the three tetrahedral faces slipping individually.81

Theoretical formalism describes the MCBJ system as a quantum scattering event with

the molecule in the junction performing the scattering much like any dielectric material.59,82

In this interpretation the mechanism by which electrons are delivered to the junction via

the contacts is of major significance, even when compared to the significance of the molecule

in the junction. As stated above, the shape of the electrode where it contacts the molecule

is of paramount importance. But a MCBJ is a dynamic event which undergoes mechanical
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stretching, thermal fluctuations,83 local current-induced heating,78,80 and redox reactions.84

With this in mind, researchers have been focusing much attention on the progression of the

MCBJ as it is formed, stretched, and finally broken. Computer simulations have been of

immense help in this area because, as of yet, direct observation of contact geometry evolution

in experiments has been difficult.10,25 Simulations reported that with the same molecule

bridged between electrodes with different shape reveal totally different I-V characteristics and

asymmetric binding sites of the anchoring group could also influence the resulting electronic

properties.6,85,86 The same molecule can even have two or more probably orientations within

a junction, each with a unique conductance signature (Fig. 2.3A).60

The conductance across MCBJs as tunneling electron microscopy (TEM) images are

taken show, as multiple atoms are individually added to the chain, the conductance oscillates

in a consistent manner.25,87–90 Careful studies of similar chains occurring when a mol-ecule

is present in the junction have shown that metal chains of four atoms long can occur before

the junction breaks.13 Other simulation work have shown the effects of slipping gold-gold

bonds (Figs. 2.3B and 2.3C), and molecule-electrode slipping (Figs. 2.3D and 2.3E) and

twisting (Figs. 2.3F and 2.3G) on the conductance in MCBJs.7,11 Studies like this reveal the

molecular MCBJ to be flexible at the electrode junction, and this geometric flexibility has

significant influence on the molecular conductance as the junction evolves during the process

of breaking. Some phenomena predicted for molecular electronics, it has been suggested,

require this flexibility, and more.91 In cases where the junction is required to stretch still

further, CNTs have been suggested.92

2.5 Theoretical advancements in electrochemical redox experiments

Most often the overarching goal of MCBJ research is to understand and control the alignment

of the molecules Fermi level with the conducting molecular orbitals (MOs) of the electrodes:

the highest occupied molecular orbital (HOMO) for hole transfer, and the lowest unoccu-
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Figure 2.3: Example of geometric adjustments during MCBJ elongation. (A) 4,4-bipyridine
orients in two ways during junction elongation resulting in two separate values for conduc-
tance. (B) Example slip of Au-Au bond. (C) Simulated changes in energy and force due to
Au-Au bond slip. (D) Example slip of P-Au bond. (E) Simulated changes in energy, force,
bond length, and conductance due to P-Au bond slip. (F) Example N-Au bond twist. (G)
Simulated changes in energy, force, bond length, and conductance due to N-Au bond twist.
(A)-(C) Reprinted by permission from Macmillan Publishers Ltd: Nat Mater, Aradhya SV,
Frei M, Hybertsen MS, Venkataraman L. Van der Waals interactions at metal/organic inter-
faces at the single-molecule level. 2012;11(10):872876. Copyright 2012.60 (D)-(G) Reprinted
from figure with permission from Kamenetska M, Koentopp M, Whalley AC, et al. Phys
Rev Lett, 102, 126803, 2009. c©2009 by the American Physical Society.7
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pied molecular orbital (LUMO) for electron transfer.93 Electrochemical gating of molecular

conductance due to redox reactions is possibly the most powerful method to control this

alignment.94–98 Adding a third terminal to the electrolytic solution within the liquid cell

containing the MCBJ allows the experimentalist great control over the local potential at

the molecule. For junctions with a large HOMO-LUMO gap, this gating has shown little

effect because the Fermi level of the molecule was never able to reach the conducting MOs.99

Some molecules exhibited reduction of nitrite groups, and although conductance was signif-

icantly increased when negative bias was applied to the gating terminal, the re-action was

irreversible. The reaction did have the effect of causing a rectification feature in the current-

bias (I-V) relationship of the molecule, and the reaction also caused negative differential

resistance (NDR) phenomenon.100 Of far greater interest were molecules which experienced

reversible redox reactions, thus allowing the molecule to be gated on and off resulting in

ranges of conductance of as much as 15 magnitudes.101 Cyclic voltammetry revealed that

the molecule switched between a low-conductance reduced state to a high-conductance ox-

idized state.102 There was great control over this reaction, however stochastic switching

between states was also observed. For most molecules, high bias is required to maintain one

state or the other.5

Recently, transition voltage spectroscopy (TVS)103 was used to calculate the energy gap

between the molecular Fermi level and the nearest frontier molecular orbital (FMOs) in

order to quantitatively show that the solution in which the molecule is immersed contributes

to electron transfer, helping resolve questions about the role of solvent in MCBJs.3,104,105

In conjunction with a simplified model and the electrochemical techniques described in the

previous paragraph, TVS was helpful in showing the effects of electrochemical gating on

single molecular conductance.106 The TVS approach was also helpful in comparing the

relative importance of molecular length,107 contact geometry, energy level alignment, and

contact resistance, and showed that contact resistance is the dominant factor in mechanical
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break junction conductance.108 TVS can discern between the effects of Schottky barriers

versus defect barriers at the molecule-electrode junctions.109 TVS analy-sis on experimental

data, along with density function theory simulations, identified the MOs, not merely the

HOMO and LUMO, responsible for electron transport, and furthermore showed that these

MOs can change as the probe-substrate distance is varied.110 TVS has shown potential to

address many questions surrounding MCBJs, even while presenting new questions.111,112

2.6 The role of external bias

Since the electronic properties of a molecular junction, such as conductance and I-V char-

acteristics, has to be measured under an external bias applied on one of the electrodes, this

bias plays a prominent role in affecting the charge transport process across the junction.

Many studies have emphasized the importance of the explicit inclusion of bias effect in

explaining the electrical results of molecular junctions.6,113 Given that the static conductance

is usually measured under a fixed bias, I-V characteristics measured using a bias sweep is

the key feature which reflects the influence of external bias. Rectification be-havior and

NDR have been studied as the main focus of molecular electronics, since the asymmetric

current at the same bias magnitude, but opposite bias polarity, is the first step to ultimately

realizing a molecular diode. To date, in most molecular rectification studies with MCBJ,

the switch-on voltage, where rectification ratio starts going beyond unity, is postponed to

a certain bias voltage38,86,114–116 instead of the ideal case for bulk diode, where the switch-

on voltage is close to zero. Certain rectifying molecules do show immediate switch-on.117

Pati et al reported an electron-phonon interaction mode perpendicular to the direction of

current flow which increases with the increase of external bias, and in turn destroyed part of

the electrode-molecule-electrode current.6 Other simulations6,118 based on the transmission

function, suggested that the FMOs and the MOs away from the Fermi energy of the electrode
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respond differently to the applied bias: the transmission peaks may rise, fall and shift as the

bias increases (Figs. 2.4A and 2.4C). All the effects induced by external bias were responsible

for resulting electrical measurement properties.

NDR, defined as a non-monotonic dependence of current on the bias voltage (for ex-

ample, the current decreases with increasing bias), has been observed for various metal-

molecule-metal junctions.44,119–122 But the sources of this effect are still in controversy. The

main sources are discussed to be bias-dependent electron-phonon interaction, potential-drop-

induced shifting of MOs, nonlinear bias-dependent effective coupling between MOs and the

electrodes (Fig. 2.4B), and even image-charge effects. All possible mechanisms involve the

significance of external applied bias.

2.7 Environmental influences

Besides the structure of a molecular junction, effects from the environment surround-ing

the MCBJ have been of considerable interest as well. To date, the dramatic improvement in

design and fabrication of a molecular junction enables more precise measurements, but it also

requests further investigation into the non-negligible contribution from the ionic transport in

the solution, especially at room temperature. Recently, Doi et al reported on the transient

electrical response of ions in the vicinity of biased electrodes.123 Their results showed that

ions rapidly responded to the strong fields near the electrode surface after turning on an

applied voltage which screened the field in the process. Ions subsequently translocated in the

weak electric field and slowly relaxed within the diffusion layer. The ionic current performed

as a function of bias voltage and also as a function of ionic concentration (Fig. 2.5A). The

interaction between the ions in the solution and the molecule in the junction has been

highlighted in studies focusing on DNA molecules.17,124–126 The interaction mainly consists

of a binding between ions and molecules and a doping of ions into the space within the

molecule, both of which are experimentally and theoretically studied to impact the charge
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Figure 2.4: Bias-dependence electronic properties of molecular junctions. (A) top-left panel:
schematic of the strongly coupled Fe-terpyridine-gold junction; bottom-left panel: calculated
current and conductance as a function of applied bias; right panel: bias dependent trans-
mission as a function of injection energy E. (B) top-panel: schematic of interface columb
interaction; bottom panel: current (blue) and effective coupling Γ (red) as a function of the
bias voltage for the interface Coulomb interaction. (C) left panel: calculated I-V character-
istics for Rubis(terpyridine) molecular wires with different junction configurations (d refers
to the interplanar distance between the sulfur and the nearest gold); right panel: bias de-
pendent transmission as a function of injection energy for interfacial distances of (1) 2.42 Å,
(2) 2.82 Å, and (3) 3.02 Å, respectively. (A) Reprinted from figure with permission from
Pati R, McClain M, Bandyopadhyay A. Phys Rev Lett. 100, 246801, 2008. c©2008 American
Physical Society.118 (B) Reprinted with permission from Dubi Y. Dynamical coupling and
negative differential resistance from interactions across the molecule-electrode interface in
molecular junctions. J Chem Phys. 2013;139(15):154710. Copyright 2013 AIP Publishing
LLC.113 (C) Reprinted with permission from Dhungana KB, Mandal S, Pati R. Switching
of conductance in a molecu lar wire: role of junction geometry, interfacial distance, and
conformational change. J Phys Chem C Nanomater Interfaces. 2012;116(32): 1726817273.
c©2012 American Chemical Society.6
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Figure 2.5: Environmental influence on molecular junction measurements with MCBJ ap-
proach. (A) Left panel: transient current response of NaCl solution under an applied poten-
tial of 0.4 V for several salt concentrations; right panel: current response for a concentration
of 200 mM NaCl at various bias voltages. (B) Left panel: Schematic illustration of the
experimental setup based on MCBJ at 77 K; junction lifetime τB vs junction stretching
rate Vd (middle panel) and junction breakdown length LB vs junction stretching rate Vd
(right panel) for BDT single-molecule junction. Results acquired at 293 K are also shown
for comparison. (A) Reprinted with permission from Doi K, Tsutsui M, Ohshiro T, et al.
Nonequilibrium ionic response of biased mechanically controllable break junction (MCBJ)
electrodes. J Phys Chem C Nanomater Interfaces. 2014;118(7):37583765. c©2014 American
Chemical Society.123 (B) Reprinted with permission from Tsutsui M, Taniguchi M, Kawai
T. Atomistic mechanics and for mation mechanism of metal-molecule-metal junctions. Nano
Lett. 2009;9(6):24332439. c©2009 American Chemical Society, reprinted with permission.40

transport process. Lowering the temperature to cryogenic levels greatly reduced the influence

of thermal fluctuation on conductance, and in turn made the sensitivity to ionic influences

more pronounced.

Temperature also has influences on the molecule-electrode junction. Measurements con-

ducted at 77 K revealed the temperature dependence of a benzenedithiol junction life-time

can be explained in terms of gold single-atom contact stability. This suggested that the
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molecular junction lifetime at 77 K started to become shorter than the lifetime at room

temperature under low strain rate conditions (Fig. 2.5B), where differences in the effects of

thermal fluctuations on gold single-atom contact stability became notable.40 Otherwise local

heating, a common issue of current-carrying devices, is also observed for molecular junctions.

A temperature increase by different degrees due to local heating was revealed for different

molecular junctions. Electron-phonon scattering was suggested as the cause of local heating

in MCBJs, which emerged at molecule-electrode interfaces and conse-quentially destabilized

the junction.78,127 Thus, severe electrical local heating has to be considered when discussing

the resulting electronic properties.

2.8 Conclusion and Outlook

There is still plenty of room for improvement in the techniques involved in MCBJs. The

following suggestions are just some of the potential issues that may be addressed in the near

future.

1. It is now beneficial to incorporate other measurement techniques into multivariate

corre-lation schemes alongside MCBJ conductance. This is already being done with

Raman scattering,28,29,41,128–130 but there is potential to use multivariate correlation

to study mag-netic phenomenon such as the Kondo effect.131,132 Optical manipulation

of molecules in MCBJs is already a common practice,57,58,133 however, further optical

manipulation and measurement is also possible using Fourier transform IV and further

UV/vis techniques.47 Force is easily measured alongside conductance using conduc-

tance atomic force microscopy in much the same way SPMBJs are performed.78,134

New methods for analyzing multivariate data sets are just now emerging, with great
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potential for expansion and development.8,23,26 New coupled multivariate measurement

techniques will have the ability to measure the behavior of MCBJs at finer resolutions,

and retain the essential time-dependent nature of the evolving junction.27,70

2. Water is an essential part in organic molecule junctions when the molecule must be kept

in a natural solution. It has been simulated that water, along with ions in solution,

may incorporate into DNA grooves and alter the available conductance channels.135

However, the effects of water on the conductance of complex molecules have not been

studied thoroughly in laboratory experiments.

3. Along the same line, electrochemical gating too can have a strong effect on the molecule.

Specifically, theoretical investigations into electron transfer and the effects of redox

reactions on molecular orbital changes are beginning to show promise.112 The data

analysis method of TVS provides very simplified models, but far more fundamental

models are necessary.

4. Many of the organic molecules researchers study (DNA and proteins) are too large

for traditional Hartree-Fock ab initio simulations. In order to fully understand these

molecular junctions simulations are required, but often these simulations must be overly

simplified. Better simulation methods for large systems will be required in the future.

5. For the development of far more stable junctions, it will become necessary to utilize

semiconductor electrodes which provide the potential for C-C and Si-C bonds at the

molecule-electrode junction.35,136,137 This will also pave the way for more ad-vanced

semiconducting molecular devices.138

6. It is also necessary to develop stable dielectric and electrolytic media to stabilize molec-

ular junctions for use in future molecular electronics.4
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In 1983, when Binnig and Rohrer were concluding the invention of the STM, they de-

scribed the disadvantage of traditional tunnel junctions available at the time: once a metal-

insulator-metal sandwich was manufactured, it was no longer possible to adjust the junction

further.34 The STM they developed solved this problem by using the vacuum barrier between

the tip and substrate along with a piezoelectric transducer to allow easy adjust-ments to the

junction. MCBJs are a natural extension of the desire to provide dynamic, easily modified

mesoscopic junctions for fundamental physical studies. The STMs ability to scan the local

density of states of the molecule is impressive, and when used as a probe to complete a single

molecular circuit it becomes a fundamental tool for physicists and chemists to explore the

fundamentals of their fields.
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Chapter 3

Force and conductance molecular break junctions

with time series crosscorrelation∗

∗J.M. Hamill, K. Wang, B. Xu. 2014. Nanoscale 6:5657-5661. Reprinted here with permission of the
publisher.
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3.1 Abstract

Force and conductance, measured across 4,4’-bipyridine simultaneously, are crosscorrelated

using a two dimensional (2D) histogram method. The result is a 2D multivariate statistical

analysis superior to current one dimensional histogram techniques for exploring significant

conductance and force modulations within SMBJs. This method is sensitive enough to cross-

correlate signal modulations between force and conductance traces associated with contact

geometry perturbations predicted in literature such as Au-molecule contact twisting and

slipping during junction elongation.

3.2 Introduction

Nanoelectronic devices will incorporate science derived from single molecular break junctions,

but only after the science of molecular-electrode contacts is better understood. Debate sur-

rounds the mechanical and electrical properties of single molecular break junctions (SMBJs);

and much of this concerns nonequilibrium contact geometry irregularities.15,61,108,139–142

Fluctuations in the plateaus of SMBJs have been attributed to shot noise,27 or 1/f noise,2 but

the dynamic nature of break junctions suggests close kinship between force and conductance

in break junction measurements. Variable junction trajectories in SMBJs require researchers

resort to statistical methods to determine expected values of molecular conductance and

forces with standard deviation,14 despite the observation that the statistics of SMBJs should

be treated not as ensemble average measurements, but as time-dependent single molecu-

lar spectroscopy measurements.70 Conductance 1D histograms (C-1DH) have been used to

study SMBJs to determine most likely molecular conductances.143 C-1DHs, however, provide

limited understanding of the nature of SMBJs because larger trends overwhelm small details,

even when displacement is accounted for in analysis.7 Kirchhoff’s superposition law results

in a sum of the relatively large molecular conductance and the relatively small conductance
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changes due to contact reorientation.144 Often these small conductance perturbations are less

than 0.1× the magnitude of the single molecular conductance. The central question in this

letter is whether statistical techniques can distinguish significant contact modulations from

background noise once the larger molecular conductance is removed. These techniques must

preserve details of the time-dependent molecular spectroscopy, but still provide robustness

and statistical confidence by averaging numerous individual traces of large data sets.

Time series analysis (TSA) has recently been adapted for SMBJs,24,26 and for other force

related molecular studies in the past few decades.145,146 Autocorrelation, one TSA tech-

nique, was applied to SMBJ data creating a conductance two-dimensional autocorrelation

histogram (C-2DACH) which revealed correlations between pairs of conductance values from

the data set.147 This is a powerful tool to discover information about the molecule and con-

tact geometry in the break junction. It is suggested that this technique will be useful in

investigating room temperature shot-noise.27

Autocorrelation is in a class of TSA devoted to single variable measurements, and is a

single dimensional analysis. But it is a step towards multivariate TSA. The added dimension

of a second variable, along with the TSA tools to analyze such data, provides insights into

the nature of SMBJs.

Understanding of relationships between peaks in C-1DHs has improved with recent use of

C-2DACH.23 Binning force or conductance versus displacement traces into a 2D histogram

grid (F-2DH or C-2DH) was also shown to be a useful tool to reveal details about the break

point and final conductance in SMBJs.7,9, 23,105,148 This, especially when used in conjunction

with the C-2DACH technique, was used in the past to determine a 4,4’-bipyridine (4,4’-bpy)

molecule in a SMBJ can be oriented in one of two ways, each with a unique conductance

value.23 This phenomenon showed on a C-1DH as separate peaks and on a C-2DACH

as an anticorrelated region at the intersection of the two conductances. Expanding the
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C-2DACH to a multivariate force-conductance two-dimensional crosscorrelation histogram

(FC-2DCCH) distinguishes characteristics of force traces which are statistically correlated

with characteristics from conductance traces (and vice versa).

Herein, the C-2DACH technique is expanded to its multivariate equivalent, the FC-

2DCCH, adding the second dimension of force to a powerful data analysis technique already

being applied to conductance. The technique is then applied to a representative data set of

about 100 conductance atomic force spectroscopy (C-AFM) SMBJ measurements of 4,4’-bpy

(Fig. 3.1). This letter provides a proof-of-concept that the calculated correlated magnitudes

of detailed modulations in force and conductance plateaus are comparable to ab initio inves-

tigations focused on trajectories of molecule-Au junctions reported in the literature.7,11,89,105

This suggests that FC-2DCCH has the ability to discern miniature but significant fluctua-

tions in force and conductance traces and allow deductions about sources and causes of those

modulations.

3.3 Results and Discussion

A Au-4,4’-bpy-Au break junction, Fig. 3.1(d), was repeatedly created by approaching and

retracting (at a rate of 40 nm s−1) a Au coated AFM tip (with stiffness of 40 N m−1) towards

and away from 4,4’-bpy in toluene atop a Au(111) substrate. Labview programs read force

and conductance [Fig. 3.1(b)]. A C-1DH [Fig. 3.1(c)], with bin size of 8.0×10−4 G0, confirmed

the most prominent conductance, corresponding to the first step in a sample trace when a

single molecule was present in the junction, was at 8.65× 10−3 G0. This value is similar to

previously published values.3,149

The saw tooth shape of the force traces yielded a poorly defined force 1D histogram (F-

1DH). However, by subtracting removing the common slope, corresponding related to the

constant rate of retraction of the cantilever, the saw tooth shape [Fig 3.1(b) curve 1] could

be transformed into steps [Fig. 3.1(b) curve 2] which yielded a clearer histogram [Fig. 3.1(a)]
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Figure 3.1: Example force (F) and conductance (G) traces with 1D histograms from about
30,000 data points. (a) Force 1D histogram from constant-slope-adjusted force traces; first
peak at 0.68 nN; bin size is 0.087 nN. (b) Example force (1), constant-slope-adjusted force
(2), and conductance (3) traces; thick lines over force traces depict slope of plateau before
and after adjustment; square is expanded area in (e). (c) Conductance 1D histogram; first
peak at 8.65× 10−3 G0; bin size is 8.0× 10−4 G0 (d) Schematic of experimental apparatus;
force and conductance are measured as top electrode is retracted from bottom electrode while
bias voltage is applied across 4,4-bipyridine. (e) Examples of the first plateau correlations
of force (2) and conductance (3). Arrow illustrates example location of crosscorrelation.
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using Eq. 3.1:

fnew
i [nN] = f old

i [nN]−m [nN s−1] ti [s], (3.1)

where m = 40 nN s−1. This emphasized the flat force plateaus coinciding with the con-

ductance plateaus, and had a negligible effect on the magnitude of step height change and

modulations because these changes are abrupt and local. The prominent peak in Fig. 3.1(a)

with bin size of 0.087 nN is at 0.68 nN, similar to published values.9,12,13 Fig. 3.2(a) com-

bined these two results in one force-conductance 2D histogram contour plot. The darker

regions in Fig. 3.2(a) corresponded to the intersection of the most common conductance and

force for each of the three plateaus. There is a dark region centered on a conductance of

8.65× 10−3 G0, and spanning across the force values associated with the first plateau of the

break junction.

4,4’-bpy is exploited for SMBJs because of its rigid structure which orients itself vertically

within Au-Au break junctions due to Au-H repulsion.11 This orientation allows conductance

to be measured longitudinally across the two benzene rings. Conductance modulations in

phenyldithiolate never exceeded 1× 10−5 G0 in Hartree-Fock simulations,150 suggesting that

Au contacts will be the most likely source of conductance modulations, and not the aro-

matic rings of 4,4’-byp. As a consequence, the conductance modulations studied in this

letter are expected to be due to adjustments occurring in the contacts as the junction pro-

gresses. Certain reorientations of 4,4’-bpy junctions will not be considered because the large

changes involved are comparable to the changes involved when a molecule is removed from

the junction entirely, and because they have been discussed elsewhere.60
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Figure 3.2: 2D histograms of force and conductance created from about 30,000 data points.
(a) Force-conductance 2D histogram contour plot; dark region corresponds to the first plateau
region. (b) Force 2D autocorrelation histogram; white is correlation of 1 and black is cor-
relation of -1. (c) Conductance 2D autocorrelation histogram, intensity plot units same as
(b). (d) Force-conductance 2D crosscorrelation histogram. Bin sizes are the same as those
in Fig. 3.1.
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3.3.1 Conductance autocorrelation

Autocorrelation H calculates the scaled covariance between two elements: 1) bin i of one

trace histogram gi(l) compared with the mean 〈gi(l)〉l of bin i from all the trace histograms

and 2) bin j of the same sample gj(l) compared with the mean 〈gj(l)〉l of bin j from all

of the samples compares the scaled variance of a variable with itself, but itself offset using

Eq. (3.2), where 〈gi(l)〉 is the expected value of the counts g, in histogram bin i, as averaged

over all the traces l, for the measured variable, conductance, and n is the number of bins i

and j :23

Hg(i, j) =
〈[gi(l)− 〈gi(l)〉] ∗ [gj(l)− 〈gj(l)〉]〉l√
〈[gi(l)− 〈gi(l)〉]2〉l〈[gj(l)− 〈gj(l)〉]2〉l

. (3.2)

Usually autocorrelation takes a time-varying signal and offsets it in time, so that i and

j represent moments in time where j is a time lagged behind (or before when the lag is

negative) i, and then calculates the degree with which the signal and its offset are correlat-

edlinearly dependent. However, for this analysis, the histograms are being used instead of

the signal, and therefore in this instance Fig. 3.2(c) i and j represent different binned units of

conductance where j is lagged, or offset, from i by a certain amount of bins of conductance.

The algorithm runs through all possible lags, from a lag of 0 G0 when i = j, to a maximum

lag determined by the bin with the largest value of conductance in the histograms. This

is why the diagonal of Fig. 3.2(b) is 1: when the lag is 0 G0, there is a perfect correlation

between each histogram and itself. Qualitatively, Eq. (3.2) is the variances of the data in bin

i or j, divided by a scaling factor that is the standard deviation which removes the units and

normalizes the results. As stated previously, Eq. (3.2) is essentially a 1D analysis, in terms

of the variable g. Eq. (3.2) was used to calculate Figs. 3.2(b) and 3.2(c), where the intensity

plot ranges from -1 (anticorrelated) in black to 1 (correlated) in white. Autocorrelation is a

useful tool in discovering repeating patterns in a single signal, or in a multiple samples of a

single variable to determine if the signal is noise or information.

33



3.3.1.1 Example application of C-2DACH: DNA with Mg2+ ions and B-DNA

vs. Z-DNA∗

To better illustrate the application of the FC-2DCCH method which will be described in

Section 3.3.3, included here is an experiment using the precursor C-2DACH method just

described. The C-2DACH method is only concerned with the single variable of conductance,

and thus is a single dimensional analysis, although it is plotted on a 2D intensity plot.

However, here I will show that this method provides valuable information in its own right,

and is a nice segue from techniques previously published to the new FC-2DCCH method I

will present in Section 3.3.3. In this example, the method was applied to short stranded

dsDNA data to help elucidate details from the C-1DHs which otherwise would have gone

unnoticed. This experiment was not designed with the C-2DACH method in mind, and the

the results of this analysis only served as a supplementary to clarify the behavior of the

junction. Nonetheless, this only helps to illustrate the broad application of the analysis.

The various forms of dsDNA conformation can be accessed by altering the buffer sur-

rounding the DNA.21,151,152 One such example is the Z- form of DNA induced by increased

cation concentration, Mg2+ being the easiest and most natural example. The goal of this

experiment was to measure the difference in conductance between poly[d(GC)4] in a solution

which should retain the B- conformation of dsDNA, and the same sequence in various con-

centrations of Mg2+ ions which has the potential to shift the dsDNA to a Z-like conformation

at concentrations above about 0.5 M Mg2+ based on previous studies. The actual transition

to Z-DNA is highly dependent on the sequence and length of the dsDNA, and with any

confidence we could not be certain that this full transition occurred, even at the highest

tested concentration of 4.0 M Mg2+. But previous studies on the causes of perturbation in

∗The content of this section is derived from: K. Wang, J.M. Hamill, B. Xu. 2014. Chemical Science
(Accepted Manuscript).
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Figure 3.3: Circular dichroism measurements on poly[d(GC)4] for incrementing concentra-
tions of Mg2+. At low concentrations CD curve resembles B-DNA;21,154,155 the progression
from 0.0 M to 2.0 M resembles the transition from B-DNA to Z-DNA; high concentrations,
3.0 M and 4.0 M, deviate from Z-DNA but possibly resemble λ-DNA indicating considerable
aggregation.18,156–158 Aggregation of ion confuses CD measurements, but has little effect on
SPM conductance measurements due to the nature of the Au-molecule-Au junction.

B-DNA conformation gave us confidence that the dsDNA was altered significantly nonethe-

less.17,20,135,153 This prediction was confirmed by the circular dichroism measurements in

Fig. 3.3 which showed clear conformation change.

Using SPM SMBJs we measured the conductance of the dsDNA at incrementing con-

centrations of Mg2+: 0.0 M, 0.1 M, 0.5 M, 1.0 M, 1.5 M, 2.0 M, 3.0 M, and 4.0 M. At low

concentrations of Mg2+ the primary peak in the C-1DHs was at 1.03× 10−3 G0 (Fig. 3.4B),

and we associated this to B-DNA because this conductance had been previously measured

for similar sequences.64,135 The primary peak was always accompanied with a second peak

at about twice the conductance of the primary peak corresponding to junctions with two

molecules in the junction. As the concentration of Mg2+ increased, these peaks did not move

position, but shrank in height and overall area. At a Mg2+ concentration of 0.5 M and more

so until 4.0 M (Fig. 3.4A) a second pair of peaks became obvious at a value of 2.79×10−5 G0.
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Figure 3.4: Conductance measurements on the scales (A)≈ 1×10−5 G0 and (B)≈ 1×10−3 G0

for dsDNA in 1.0 M Mg2+. The profile of C-1DHs for each concentration of Mg2+ are nearly
indistinguishable: only the relative height and area varies as depicted in Fig. 3.5. Intensity
plots are C-2DACHs for both concentrations. Anticorrelated (blue) regions are seen at the
intersection of the first and second peaks of the C-1DHs.

As the Mg2+ concentration increased, the height and area of these peaks increased, but they

did not change location. These could be tentatively associated with a Z-like conformation

of dsDNA.

Unfortunately, the conductance of these separate pairs of peaks did not make it possible

to measure them together in the same trace. However, by creating C-1DHs from equal

numbers of traces, the areas of the primary peaks in each pair could be compared using

Eq. 3.3:

TDSPM = AZ/(AZ + AB). (3.3)
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Figure 3.5: B-Z DNA transition plot using SPM conductance measurements and Eq. 3.3 in
blue, and CD measurements in red.

We showed (Fig. 3.5) that the manner at which the B-DNA decreased in frequency while the

Z-like form increased followed the pattern measured in the CD, which is the traditionally

accepted tool to measure this transition.

So our interpretation of the data was that in each junction the DNA measured was either

B-DNA or Z-like DNA, and nothing in between. One possible way for this to occur is for each

junction to involve only a single molecule, or two similar conformed molecules. We employed

the C-2DACH to help verify this hypothesis. The anticorrelation regions in Fig. 3.4 show

that, statistically, each junction either involved only one or two molecules, but never two

molecules breaking to one. This information would have been impossible to derive from the

C-1DHs alone, and could only be spoken of in qualitative terms from subjective observations

made by comparing in person all of the conductance traces. Instead, quantitative values can
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be assigned to the degree at which the physical phenomenon occurs in the data. This is the

value of the C-2DACH in its broad application. A more detailed discussion of this algorithm

is included in Appendix A.

3.3.2 Correlation

Eq. (3.4) calculates correlation ρ of two variables without a time lag, where

ρf,g(i) =
〈[fi(l)− 〈fi(l)〉] ∗ [gi(l)− 〈gi(l)〉]〉l√
〈[fi(l)− 〈fi(l)〉]2〉l〈[gi(l)− 〈gi(l)〉]2〉l

. (3.4)

Bin i of variable f was only compared with bin i of variable g. Because there is no offset,

it is not beneficial to plot this in a 2D grid, although this is now a 2D analysis. Correlation

calculates how much two variables depend upon one another at each point.

3.3.3 Force and conductance crosscorrelation

Finally, crosscorrelation r reintroduces the time lag from autocorrelation into the correlation

calculation for two variables using Eq. (3.5):

rf,g(i, j) =
〈[fi(l)− 〈fi(l)〉] ∗ [gj(l)− 〈gj(l)〉]〉l√
〈[fi(l)− 〈fi(l)〉]2〉l〈[gj(l)− 〈gj(l)〉]2〉l

. (3.5)

In other words, autocorrelation is the special case when a variable is crosscorrelated with

itself, and correlation is the special case when i = j for two variables. For Fig. 3.2(d), the

conductance array was substituted for one of the arrays in the force calculation to result in a

FC-2DCCH. Because each sample pair is parameterized by time, direct comparisons between

the force and conductance within that pair were permissible. The result is a calculation for

the correlation (anticorrelation) between a measured value of conductance and a measured
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value of force. Specifically, this is a crosscorrelation calculation between two variables with

the second variable offset by incrementing lag as with autocorrelation. Correlated regions are

found at the loci of the conductance and force values associated with each of the plateaus.

Two dimensional autocorrelation histograms for both force (F-2DACH) and conductance

and force (F-2DACH) were created [Figs. 3.2(b) and 3.2(c)]. This involved a calculation of

autocorrelation in which multiple samples of a single variable were binned individually, and

each histogram was autocorrelated against the average of the histograms of the whole data

set, resulting in a calculation of which values of the variable occurred together, on average, in

individual traces. Noticeable features in Fig. 3.2(b) were the bands of anticorrelation parallel

to the center diagonal of width 0.7 nN. This was the average separation between adjacent

force plateaus in the constant-slope adjusted-force traces. A similar feature was observed in

Fig. 3.2(c) in which a separation of about 0.01 G0 was the average.

It is standard procedure in TSA to remove global trends in the data in order to observe

behavior on smaller time scales. To this end, Labview subroutines parsed the segment of

each force and conductance pair where the conductance trace entered and left a window

around 8.65 × 10−3 G0. This removed the larger trend related to the decreasing number

of molecules in the junction. These segments were then checked to ensure they were of

minimum length to exclude any conductance samples which did not have a plateau in that

window. Fig. 3.1(e) shows an example pair of traces clipped down to the first plateau where

close relationships between modulations in force and conductance are observed. Finally, the

mean of each trace, both force and conductance, were subtracted to offset each trace to

zero. This ensured that when the correlation calculations were conducted, only the force

changes ∆F and conductance changes ∆G, measured from the plateau, were compared and

not global trends encompassing the entire plateau. These were the segments which were

used to create the plots in Fig. 3.6.
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∆F and ∆G 2DHs [Figs. 3.6(a), 3.6(c), and 3.6(e)] were created to emphasize the distri-

bution of values. Bin sizes were 0.077 ms for time, 0.020 nN for force, and 1.4× 10−4 G0 for

conductance. Fig. 3.6(c) revealed no significant trend in ∆G aside from the Gaussian distri-

bution. Fig. 3.6(a), however, showed a tendency towards a multi-modal behavior in ∆F , an

attribute also reflected in the FC-2DH of Fig. 3.6(e). This multi-modal distribution of ∆F

suggested it favored specific magnitudes of change. This is further clarified in the F-2DACH

[Fig. 3.6(b)] and G-2DACH [Fig. 3.6(d)]. In Fig. 3.6(b) the change in force of −0.21 nN was

correlated to a change in force of 0.29 nN. Similarly, in Fig. 3.6(d), a ∆G of −3.8× 10−5 G0

was anti-correlated to a ∆G of −1.5 × 10−3 G0. In both cases, this change was from the

average plateau value. The sign not only revealed significant correlations in the changes,

but it specified whether those changes result in an increase or a decrease in conductance and

force. The correlation (anticorrelation) of pairs of force (conductance) values indicated that

within any given trace, there was a strong possibility that when a change of ∆F (∆G) of one

value was observed, so too was the ∆F (∆G) of the other. Fig. 3.6(f) indicated that there

was a correlation, for example, between a decrease in force of 0.21 nN and an increase in

conductance of 5.0×10−4 G0; but Fig. 3.6(f) also indicated a correlation between a decrease

in force of 0.1 nN and a decrease in conductance of 1.0× 10−3 G0.

The black circle in Fig. 3.6(f) highlighted the correlated region at the location (∆F,∆G)

= (0.1 nN, 6.0× 10−4 G0). When a molecule twisted during the initial stages of a break

junction there was a corresponding effect on the conductance and force.7,105,159 During

the relaxation of the twist, when bond distances between the conducting π−orbital of the

molecule and the s−orbital of the Au were slowly returning to an overlapped orientation,

there were periods of rapid change. One such jump resulted in a rise and fall of force

of magnitude 0.08 nN and corresponding increase in conductance of 6 × 10−5 G0. High

conductance could be achieved either when the molecule was in a perpendicular orientation

within the junction and the N-Au bond was minimized, or when the molecule was orientated
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Figure 3.6: Histograms for traces clipped to the first plateau from about 10,000 data
points. a) Force 2D histogram. b) Force 2D autocorrelation histogram. c) Conductance
2D histogram. d) Conductance 2D autocorrelation histogram. e) Force-conductance 2D
histogram. f) Force-conductance 2D crosscorrelation histogram; square and circle highlight
(anti)correlated regions. Time bin size is 0.077 ms; force bin size is 0.020 nN; conductance
bin size is 1.4× 10−4 G0.
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at a close angle to the substrate, allowing the π∗−LUMO to be more favorably aligned with

the s-orbital of the Au. These competing influences on the conductance of the 4,4’-bpy

break junction made the conductance highly sensitive to the orientation of the molecule

and the contacts, resulting in modulations of the conductance and force when any of these

factors changed during elongation. The DFT simulation calculated the predicted changes

in force and conductance due to specific orientation changes, and the FC-2DCCH results

suggested promising agreement with the predictions, within a reasonable order of magnitude

and limitations of the uncertainties as a consequence of discrete bin sizes and resolution.

The second region of interest, marked with a black square in Fig. 3.6(f), corresponded to

(∆F,∆G) = (−0.40 nN, 1.2× 10−4 G0). This pair was similar to the area marked with an

arrow in Fig. 1(e). A nitrogen terminated molecule bonding initially to the second tier of

the Au contact, before slipping down to the apex under strain, showed similar characteristics

in the force and conductance traces.11 During this slip the force quickly changed by −0.6 nN

and a rise and fall of conductance of magnitude 4×10−4 G0 was calculated.7 Within an order

of magnitude, the simulated results of this precise junction trajectory, and the FC-2DCCH,

as calculated from experimental data here, are in agreement.

Au-Au chains formed at the contacts in a 4,4’-bpy SMBJ were predicted to undergo both

conductance increase and decrease as the bond angles of the zigzag chain adjusted during

junction elongation.89 Oscillations in the conductance of about 20% due to Peierl’s distortion

were reported when the number of Au atoms in a chain went from odd to even. Au chains

as long as four Au atoms were possible when involved in a SMBJ,13 so these oscillations

occur more than once as more Au atoms are added to the chain in a single plateau, prior

to rupture. Other studies suggested large force changes do not necessarily result in large

conductance changes.10 Various other possible Au junction trajectories have been considered

with consequences for the correlated force and conductance modulation.11,25,81
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3.4 Conclusion

We have shown the FC-2DCCH technique provides the experimentalist with tools not yet

available to plumb molecular-electrode interfaces in nonequilibrium junctions. Higher reso-

lution samples of Au-Au junctions will allow for smaller bin sizes and may reveal the types

of conductance oscillations referred to in the previous paragraph. Furthermore, dynamic be-

havior within molecules will also be measurable. Simulation on the unfolding of a molecule

shows promising correlation between a force change of 0.044 nN and changes in the trans-

mission function of the molecular junction.160 Other possibilities might include quantum

chemistry calculations predicting isomers with transition energies less than 1eV can be mea-

sured with CM-AFM to experimentally establish the transition force and identify the effects

this transition has on the orbitals and conductance. Such low transition energies might be

associated with a ruptured hydrogen bond, or the disruption of a van der Waal’s interaction.

Short polymers seem a likely candidate.

In conclusion, by expanding upon recent developments in SMBJ data analysis techniques,

and drawing upon established formulations in TSA, a 2D crosscorrelation analysis approach

is presented with the ability to allow experiments to compare results to predictions made

by first principle simulations for fields including quantum chemistry, molecular force spec-

troscopy, and molecular electronics. Force and conductance, when measured in unison, were

crosscorrelated to compare correlations between modulations of each. Specific changes within

conductance plateaus were correlated to modulations within the corresponding force trace,

and the magnitude of these modulations found good agreement with break junction trajec-

tories predicted using ab initio calculations. This suggested the capacity for TSA to discover

many of the subtleties of single molecular conductance still hiding in the data and allow for

closer cooperation between experiments and simulations.
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Chapter 4

Conclusion

4.1 A Review of the past with an eye on the future

The method presented here offers immense flexibility. Two time-dependent variables, mea-

sured concurrently, can be crosscorrelated using this algorithm. The dependency of single

molecular conductance on numerous factors suggests that a better understanding of SMBJs

can be achieved by developing imaginative ways to measure these variables alongside conduc-

tance. Ch. 2 explores this in some detail, after it first reviews the current state-of-the-art of

SPM SMBJs. Optical correlation is already showing promise, but more dependencies should

be considered.

4.2 An Experiment with future potential

While 4,4’-bpy has proven time and again to be a valuable test bed for SMBJs, the analysis

presented in Ch. 3, though a good start, provides only limited insight. This is mainly due

to the limited degrees of freedom provided by the 4,4’-bpy molecule. What is needed is a

molecule which can be perturbed between multiple states by small manipulations of force.
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If such a molecule were used in the FC-2DCCH analysis, it may be possible to distinguish

the conductance of each state by correlating these states with the force necessary to achieve

the state.

4.3 Final thoughts

The time-dependence of the current algorithm is removed early on in the calculation. A more

robust algorithm must be developed for true time-dependence to be apart of this analysis.

There is a library of methods available in the discipline of time-series analysis, and it is

a matter of simply choosing the most appropriate. Current publications are numerous on

the topic of multifractal stochastic nonlinear time-series in physical journals, mainly used to

study chaotic systems. This is evidence that the methods are being developed for physical

systems.
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Appendix A

2D Correlation Histogram Algorithm

A.1 Pearson’s Correlation Coefficient

Pearson’s familiar formula for crosscorrelation is described in Section 3.3.3. In short, the

crosscorrelation between two time-dependent variables is the scaled covariance between them.

The poignant feature, as can be seen in Eq. 3.5, is the denominator which effectively scales

the covariance based on the scale and units of the two variables. This not only allows for

small changes in conductrance to be compared to larger changes in force, but also removes

the units so that the resulting value for a force-conductance pair is unitless, and lies between

[−1, 1]. As stated in the text, to achieve the formula for autocorrelation, it is only necessary

to replace the force variable with the conductance variable. Thus, when in this appendix the

crosscorrelation is described, so too is the autocorrelation.

The algorithm for producing the FC-2DCCH is shown as a flow chart in Fig. A.1. Broad

strokes, the algorithm requires the data to be processed in the following steps:

1. Read in data

2. Clip data down to area of interest

3. Create 1D histograms of individual traces
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Figure A.1: Flow chart of entire algorithm which reads in the [t,F,C] data files, calculates
the FC-2DCCH, and plots it.

4. Calculate crosscorrelation of traces

5. Plot, and

6. Print FC-2DCCH

Item 4 above is the meat of the algorithm, and is contained within the boolean block in

the upper right corner of Fig. A.1, where the black boxes represent the subroutines shown

in Fig. A.2. The subroutine in Fig. A.2a reads in the histograms as a block array of size

R × N , where R is the total number of traces in the data set, and N is the user-defined

number of bins in the histograms. Because bin i of each trace histogram is data counts in

a unique range of the variable, column i of the array of histograms for that variable is the

same bin for all traces. The mean of this column is the average data counts for that bin or
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Figure A.2: Subroutines which compute the FC-2DCCH.

range of the variable. Subtracting this mean from element i of each trace histogram begins

the process of calculating the covariance and the standard deviation. These variances for

variables 1 and 2 are passed out of the subroutine in Fig. A.2a and into Fig. A.2b.

In the subroutine shown in Fig. A.2b the numerator and denominator of Eq. 3.5 are

calculated. The denominator is essentially the standard deviation for each of the variables

at bins i and j. The numerator is the covariance for each of the variables at bins i and j.

Because the calculation is made for each variable at bins i and j, the output is a single

value for each locus (i,j) and accounts for the ability to plot this calculation on a 2D intensity

plot.

The rest is to interpret the results. The first features to notice in Fig. 3.6 is that when

autocorrelation is being calculated for a single variable, the 2D histogram is symmetric about

the diagonal, and the diagonal is always 1. This is reasonable, because each 1D histogram
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is perfectly correlated with itself, and (i,j)=(j,i). These two features are not present in the

crosscorrelation plots because force bin i is not perfectly correlated to conductance bin i in

the same trace.

Were this method be developed more maturely, a complete description of the null hy-

pothesis would be necessary to distinguish between acceptable noise variation in the data,

and statistical artifacts that bear no physical significance.

61


