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Abstract

Photomechanical Response of Molecular Nanostructures

by

Ivan Viktorovich Pechenezhskiy

Doctor of Philosophy in Physics

University of California, Berkeley

Professor Michael F. Crommie, Chair

This dissertation focuses on the optomechanical behavior of molecular adsorbates on
semiconducting and metal surfaces. Specifically, light-induced conformational changes of
an azobenzene derivative on a semiconducting surface and infrared active vibrational modes
of diamondoid molecules on a metal surface were studied in a scanning tunneling microscopy
setup.

Using conventional scanning tunneling microscopy, the self-assembly and light-induced
mechanical switching of 3,3′,5,5′-tetra-tert-butylazobenzene deposited on GaAs(110) were
explored at the single-molecule level. After exposure to ultraviolet light, tetra-tert-butyl-
azobenzene molecules exhibited conformational changes attributed to trans to cis photoiso-
merization. Photoisomerization of the molecules was observed to occur preferentially in one-
dimensional stripes, a behavior that is significantly different from optically induced switching
behavior observed when these molecules were placed on a gold surface.

To characterize infrared absorption of submonolayers of molecules on electrically con-
ducting crystals, a new scanning-tunneling-microscopy-based spectroscopy technique was
developed. The technique employs a scanning tunneling microscope as a precise detector to
measure the expansion of a molecule-decorated crystal that is irradiated by infrared light from
a tunable laser source. Using this technique, the infrared absorption spectra of adamantane,
[121]tetramantane, and [123]tetramantane on a Au(111) surface were obtained. Significant
differences between the infrared spectra for the two tetramantane isomers show the power
of the new technique to differentiate chemical structures even when single-molecule-resolved
scanning tunneling microscopy images look quite similar. For adamantane on Au(111),
the simplest studied system, ab initio calculations allowed for the interpretation of the mi-
croscopic vibrational dynamics revealed by the measurements. The infrared spectrum of
an adamantane monolayer on Au(111) was found to be substantially modified with respect
to the gas-phase infrared spectrum due to both the adamantane-adamantane interaction and
adamantane-gold interactions.

The results presented in this dissertation improve our understanding of photoisomeriza-
tional and optically induced vibrational properties of molecules placed in a condensed matter
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environment, and highlight the important role played by the molecule-surface and molecule-
molecule interactions. These results are highly relevant to the field of molecular electronics
and optically actuated molecular nanomachines.
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Chapter 1

Introduction

1.1 Towards Molecular Nanomachines

In 1959 Richard Feynman in his talk at the annual meeting of the American Physical Society
at Caltech [1] outlined the scope, the potential and the problems of a new field of creating,
manipulating and controlling things at very small scale, the field that would be later called
‘nanotechnology’ [2]. Over the past few decades nanotechnology has undergone remarkable
developments and these developments have already benefited many different scientific and
practical fields ranging from electronics and energy efficient technologies to biology and
medicine. Nevertheless, it is generally believed that the field of nanotechnology is still in
its very early age. In fact, many questions that Richard Feynman brought up in his famous
talk have not been yet fully resolved. Specifically, among many other things, he questioned
how we can characterize objects at the atomic and molecular scales, how we can build tiny
machines made from only few hundreds of atoms that can still do some useful work, and how
we can control such machines? There can be little doubt that the answers to these profound
questions will eventually lead to numerous technological applications.

Regarding the instrumentation to characterize things at the nanoscale, one of the most
important breakthroughs arrived in 1982 with the invention of a new microscopy technique,
scanning tunneling microscopy (STM), by Gerd Binnig and Heinrich Rohrer [3, 4]. This de-
velopment revolutionized the field of nanoscience since it became possible for the first time
to directly observe atoms and molecules. Scanning tunneling microscopy allows local investi-
gation of the electronic properties of surfaces [5, 6]. More impressively, a scanning tunneling
microscope (STM) can be used to manipulate atoms and molecules that are adsorbed to
a surface [7–10]. Due to these outstanding capabilities, STM has become the instrument
of choice for many studies at the nanoscale. A number of other scanning probe microscopy
techniques have also been developed following the success of STM, such as atomic force
microscopy [11] and near-field scanning optical microscopy [12, 13]. Although extremely
powerful in their realms, scanning probe microscopy techniques do suffer from some serious
limitations. Therefore, novel experimental techniques are still widely sought after to advance
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our capabilities of probing things at the nanoscale.
We are still far away from achieving the ultimate goal of constructing molecular-scale

machines with pre-defined useful behavior, despite significant achievements in recent years.
In principle, the basic laws of quantum mechanics and electromagnetism, which should gov-
ern the behavior of such machines, are very well understood. However, due to the fact that
the number of possible chemical structures is enormous and the interactions of molecules
with their environment can be extremely complex, solving a general theoretical problem of
designing a nanomachine with a specified functionality is currently an impossible task given
modern computational capabilities. First principle computations without any significant ap-
proximations can be performed at best only for molecular systems consisting of hundreds
of atoms [14], and the computations can become unmanageably intensive in the presence of
a dissipative environment. Since the simulations of relatively complex systems are extremely
challenging, a more feasible strategy to achieve the ultimate goal is required. Specifically,
one can start with some molecules that are known to exhibit certain behavior in a specific
environment (for example, in a biological system), then place these molecules in another well
controlled environment (potentially suitable for applications) and characterize the molecular
behavior in this new environment with the available experimental tools. Once the observa-
tion is done, some computations with appropriate approximations can be done in order to
find out whether it is possible to understand the observed behavior. Such computations can
potentially identify the most important interactions in the system and suggest improved de-
signs. Additionally, comparing the results of computations to the experimental observations
can help improve the computational methods by validating the appropriate approximations.
In subsequent iterations, either the redesigned molecular structures can be synthesized (un-
fortunately not yet in the ‘atom-by-atom’ fashion that Richard Feynman dreamt about but
rather using conventional chemistry synthesis) and studied in the same environment or the
previously studied molecular structures can be placed in a new environment for further ob-
servations. The hope is to develop a set of functional building blocks that can be used for the
design of molecular nanomachines and a set of empirical rules that can describe the behav-
ior of these building blocks. Eventually, successful development of functional nanomachines
should become possible.

While quantum mechanics may allow, in principle, molecular machines with quite novel
behavior, it appears reasonable to focus the early practical efforts on the design and synthesis
of molecular machines that exhibit very simple mechanical behavior. In other words, while
the behavior of molecular machines is governed by the laws of quantum mechanics, the
motion of this class of machines can initially be visualized (for simplicity) as being classical.

Finally, there should be a way to control functional nanomachines. This control might be
implemented with external stimuli, such as electrical fields, electrical currents, temperature,
solution acidity, and light [15, 16]. Employing light for this purpose is definitely a very
appealing approach since light naturally provides a remote way to control objects at the
nanoscale. In addition, light can supply energy to nanomachines, and it is compatible with
fast operations. Frequency-dependent response of molecular nanostructures may allow for
selective control and for communication of various commands to achieve complex behavior.
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One of the simplest systems that can be considered as a starting point for building
functional nanomachines is a single molecule that is adsorbed to a surface and is irradiated
with light. Such systems are the focus of this dissertation, and the content here should be
viewed in the context of the preceding introductory remarks. It will be shown here how local
environments can affect the photoisomerizational behavior of molecules, how advances in
characterization instrumentation can provide new insights into the photoinduced oscillatory
behavior of molecules on a surface, and how our understanding of different molecular-scale
interactions can be enhanced with first principle calculations.

1.2 Photoinduced Mechanical-Like Motion of

Molecules at Surfaces

For many practical applications, photoactive molecules are expected to be integrated into
larger devices. In many cases, therefore, molecules will experience the influence of the
condensed matter environment. A model system for exploring effects of the condensed matter
environment involves molecules that bind to the surface of a crystal that is placed in vacuum
to reduce the number of possible interactions. The surface of the crystal is irradiated with
light and the response of the molecules is detected with a probe. One of the primary goals
of such a study would be to investigate how conversion of electromagnetic energy into the
mechanical activity of molecular nanostructures is affected by the presence of a surface and
other molecules that might be adsorbed to the same surface.

The two most important forms of photoinduced mechanical-like motion that will be
considered in this dissertation are photoisomerization and vibrational motion. In fact the
useful functionality of future nanomachines might be thought of as arising from different
active molecular building blocks that exhibit combined photoisomerizational, vibrational
and/or rotational behaviors since proper combinations of such active elements could result
in complex, useful dynamics.

Photoisomerization can be viewed as photoinduced mechanical switching from one me-
tastable conformation of a molecule to another in response to light illumination [17]. Not
surprisingly, molecules that exhibit this optomechanical switching behavior are very promis-
ing building blocks for synthetic molecular machines. These molecules, due to their ability
to reversibly change mechanical conformation upon illumination, are nearly ideal mechani-
cally metastable active elements, capable of converting light energy into directed mechanical
motion. The problem, however, is that this photomechanical switching behavior can be
significantly modified or even quenched in the presence of a dissipative environment, and,
specifically, in the presence of a surface [18]. Photoisomerizational processes are typically
considered as a sequence of several steps: the photon-induced excitation from a ground elec-
tronic state to an excited state (i.e., to a wave packet formed according to the Franck-Condon
principle), the wave packet evolution along the reaction pathway on the potential energy sur-
face of the excited state, the radiative decay or the radiationless relaxation through a conical
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intersection to the ground state, and, finally, the vibrational relaxation to a new metastable
configuration of atomic nuclei [19–21]. The dynamics of this complicated process can be
significantly modified when molecules are adsorbed to a surface. Bonding of the molecules
to the surface can modify the electronic and vibrational energy levels of the molecules due to
hybridization of the molecular states with the states of the surface, charge transfer between
the molecules and the surface, and/or surface screening effects [22]. In addition, bonding to
the surface can reduce the accessible space of molecular conformations due to high energy
costs associated with specific arrangements of atoms in the presence of the surface. This
steric hindrance is, therefore, expected to significantly reshape the potential energy surfaces.
Finally, the surface can drastically reduce the lifetimes of the excited states by providing
extra relaxation channels for the excited states. (Surfaces, however, can also introduce new,
useful excitation mechanisms for photoisomerization [23, 24].) Interaction with the surface,
steric hindrance, and the reduced lifetimes of excited states can easily alter and even quench
the photoisomerization of nanomachine molecules [25, 26].

Light can also excite various vibrational modes of molecules. While vibrational motion
alone cannot serve as the single working principle of nanomachine operation, the vibrations
can play an important role as part of more complex motion (including activation over an en-
ergy barrier). More importantly, the molecular vibrations can provide information about
molecular structure as well as the local environment that molecules experience. This is due
to the fact that natural vibrational frequencies of molecules are very sensitive to external
forces that the molecules experience in the presence of other molecules or solid state systems.
Photoisomerizational properties can be extremely sensitive to the local environment but the
dynamics of photoisomerizational processes can be complex. In fact, photoisomerizational
dynamics of even an isolated molecule can be extremely involved [19]. Vibrations, on the
other hand, are relatively simple excitations of a molecule and the theory of molecular vibra-
tions is very well understood [27]. Because of this, detailed computations even for relatively
large systems are often possible. Thus, vibrational spectroscopy, enhanced by computational
results, can be employed to probe local molecular environment.

Since molecules can exhibit surprisingly complex behavior as they convert energy into
mechanical motion in a dissipative environment, a reasonable strategy to understand the
fundamental behavior of such systems is to explore a range of different systems that ex-
hibit one or both types of behavior. The ultimate goal here is to find common principles
and empirical rules that can help us to understand the molecular motion and to allow the
mechanical control at a fundamental level.

1.3 Summary of Thesis Contents

This dissertation is organized as follows. Following a very brief overview of STM and STM
instrumentation in Sections 1.4 and 1.5, the main results of the work will be presented.

In Chapter 2 an investigation of photoswitching properties of an azobenzene derivative
adsorbed onto a GaAs(110) surface will be presented. The reversible photoswitching proper-
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ties of azobenzene have been previously studied on metal surfaces [25, 26, 28–32], but not on
semiconductors. Semiconductors, however, provide a more desirable substrate due to their
lower electron density, better optical properties, and potential for integration with existing
technology. It will be shown that the photoswitching behavior of the azobenzene derivative
differs significantly from optically induced switching behavior previously observed when the
molecules were placed on a gold surface.

In Chapter 3 a simple technique whereby an STM can achieve vibrational spectroscopy
of molecular adsorbates at the submonolayer level will be described. As the molecules on
the surface absorb infrared light in resonance with one of their vibrational modes they relax
back to the unexcited state and transfer the vibrational energy to the substrate, causing sub-
Ångström expansion of the surface, and thus allowing the STM to detect the infrared modes
of the adsorbed molecules. Spectra of higher diamondoid molecules, specifically [121]tetra-
mantane and [123]tetramantane, deposited on a Au(111) surface will be presented and the
performance of the new spectroscopy technique will be discussed.

The new spectroscopy technique was also used to study the vibrational properties of
adamantane on a Au(111) surface, and this study will be reported in Chapter 4. The exper-
imental adamantane spectra will be compared to spectra computed via density functional
theory to reveal the roles played by adamantane-gold and adamantane-adamantane interac-
tions.

1.4 Scanning Tunneling Microscopy

An STM is a very sensitive instrument that allows sub-Ångström-resolution imaging of atoms
and molecules on conducting substrates. Furthermore, STM-based scanning tunneling spec-
troscopy can be used to probe local electronic structure of bare surfaces [5, 6], defects [33],
dopants [34], atomic adsorbates [35], etc., and vibrational properties of molecular adsor-
bates [36–38]. An STM can also be used to manipulate single atoms and molecules that
adsorb to surfaces [7–10, 39].

An STM employes a metallic tip that is positioned within several Ångströms from the
surface of a conducting substrate, so that quantum mechanical tunneling is possible between
the tip and the surface when a bias is applied across the tip-sample junction. The tunneling
current depends exponentially on the tip-surface distance [3] and this is the origin of the
extreme topographical sensitivity of STM measurements. The resolution in the direction
perpendicular to the surface (the ‘Z direction’) can be easily as good as 10 pm and an order
of magnitude better in the best instruments [40]. For practical reasons, STM topography
measurements are typically done in a constant-current mode, i.e., with the tunneling current
kept constant by a feedback control loop implemented on the tunneling current while the
tip moves in a raster-like manner above the sample surface. Such motion of the tip can be
realized with a piezo tube scanner that holds the tip. By applying appropriate voltages to
the piezo scanner electrodes, the apex of STM tip can be moved along all three spatial axes.
The voltage that is applied to the piezo scanner to control the distance between the surface
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and the tip and keep the tunneling current constant is recorded as a function of the position
above the sample, yielding the topography of the sample surface. This voltage is referred
to as the ‘Z signal’ and can be calibrated in units of length. The imaging capabilities of
the STM and its remarkable resolution in the Z direction are indispensable for the studies
presented in this dissertation.

A solid theoretical treatment of STM using Bardeen’s tunneling formalism [41] has been
given by J. Tersoff and D. R. Hamann [42, 43].

Extensive discussions of the numerous questions related to STM can easily be found in
the literature [3, 4, 6, 44, 45].

1.5 Instrumentation

1.5.1 Scanning Tunneling Microscope

The STM measurements presented in this dissertation were performed using a home-built
variable-temperature ultra-high vacuum scanning tunneling microscope with optical access
to the sample. This STM machine was designed and built by Katsumi Nagaoka, Mike
Crommie, Matt Comstock, Hadrian Knotz, and David Kwon [46]. Subsequent significant
modifications (and repairs) to the machine have been performed by Matt Comstock [46], Niv
Levy [47], Jong Cho [48], Luis Berbil-Bautista, Giang Nguyen, and me. The overview of the
major recent modifications to the microscope are given below.

Gwyddion, an open-source software, was used to analyze the STM data and process the
STM images [49].

1.5.2 Control System Upgrade

A scanning probe microscopy (SPM) control system, which consists of special electronics and
software installed on a computer to run the STM scanhead, is required to operate the STM
instrument and acquire data.

Though the data reported in this dissertation were acquired using the RHK SPM 1000
Control System (RHK Technology), we have recently upgraded both the software and hard-
ware to the Nanonis SPM Control System (SPECS Zurich GmbH) since the Nanonis SPM
Control System provides a higher degree of flexibility in setting up and conducting our exper-
iments. The transition to the new electronics was fairly straightforward and did not require
any modifications to the other parts of the STM instrument. (Switching back to the RHK
SPM 1000 Control System is possible, should it be necessary.)

The only undocumented piece of information with regard to the upgrade is that pin 7 of
the DIO PORT A THROUGH on the backside of the Nanonis HVA4 (SPECS Zurich GmbH)
can be used for the controlled (‘fine’) stage of the tip approach procedure (see Section A.3
of the appendix for details).
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1.5.3 Shear Piezo Stacks for the Piezo Motor

The controlled tip motion towards and away from the sample surface is achieved with a coarse
approach mechanism (‘piezo motor’) of the ‘Pan-type’ design [40]. This piezo motor operates
in the so-called ‘stick-slip’ motion mode, which is well-described in the literature [40, 46, 48,
50]. In the STM used in this work, the coarse approach mechanism consists of six shear
piezo stacks that are glued inside the STM body cavity in three sets of two on each face of
the cavity [46, 48]. When the voltage across a piezo stack is ramped, the unglued face of
the piezo stack can either slide along or move together with the STM sapphire prism, which
holds the STM scanner [46], depending on the voltage slew rate and the shear motion of the
other piezo stacks. It had been found that the original design of these shear piezo stacks
was prone to short circuit. After an accident that destroyed the coarse approach mechanism,
I rebuilt the piezo stacks using new design principles [47]. The new design of the piezo stacks
has been already reported in Reference 48 and all details of the corresponding assembling
process are given in Reference 47. The new shear peizo stacks have been working without
any serious problems for five years by the time of writing this dissertation.

1.5.4 Electronics for Driving the Piezo Stacks

Originally, the STM shear piezo stacks were powered by a custom control box (the ‘walker
box’) built by the Physics Electronics Support Group (University of California, Berkeley).
The walker box generates high voltage waveforms that actuate the piezo stacks and the piezo
stacks move the STM prism step by step in the stick-slip mode. There had been a serious
problem with the retraction waveforms generated by the original walker box. The origin of
the problem is explained here. Two motion phases must be distinguished during each piezo
motor step in either direction: a slow piezo shear (‘stick phase’) in which the piezo stacks stay
attached to the STM prism and a fast slip (‘slip phase’) in which the piezo stacks break the
frictional contact with the prim and slide along it. Therefore, both approach and retraction
single-step waveforms have two corresponding phases: a slow phase when a slowly varying
voltage is applied across the piezo stacks to shear the piezo stacks simultaneously in order
to move the STM sapphire prism, and a fast phase when the voltages across the piezo stacks
are abruptly but asynchronously changed, so that the piezo stacks shear quickly, one after
another, and ideally do not carry the sapphire prism with them [40, 46, 48, 50]. It is implied
that each step begins and ends with the piezo stacks being discharged.

To move the prism a single step towards the sample, the original walker box rapidly
ramped the voltages across the piezo stacks to a positive value, shearing the piezo stacks
in turns without disturbing the sapphire prism, then slowly and synchronously drove the
voltages back to zero, pushing the sapphire prism towards the sample surface. To retract the
prism one step back, the voltages across the piezo stacks were quickly but asynchronously
raised to a negative value and then slowly and synchronously brought back to zero. Thus, the
reversion of the motion direction was achieved by flipping the polarity of the driving voltage
waveforms. It appeared that the performance of the piezo motor during the fast slip phases
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of the retraction process was not perfect when the original walker box was used to power the
piezo stacks. Specifically, some incidental motion of the sapphire prism towards the surface
occurred when the piezo stack voltages were quickly driven to the negative value. Such
unintended motion often caused very undesirable crashes. When the tip was reapproached
to the same spot on the sample surface, these crashes revealed themselves via the resulting
extremely poor surface conditions. It should be noted here that one of the great advantages of
the Pan-style walker is its reproducibility of walking, i.e., the walker can repeatedly approach
the exact same spot after many cycles of retraction and approach (in other words, the tip
can be macroscopically moved away from the surface and brought back to the exact same
microscopic spot). This advantage was partially compromised when the original walker box
was used. There were no simple workaround because the shape of the waveforms was set by
the original walker box hardware design and thus the waveforms could not be modified.

To eliminate the crashes during the initial steps of the retraction procedure, new electron-
ics has been designed. The new electronics is controlled by a program run in the LabVIEW
environment (National Instruments Corporation), and modifications to the approach and
retraction waveforms can be readily done by replacing the content of the waveform files that
are external to the LabVIEW program. The design of the new electronics and an overview
of its performance is given in Appendix A. A waveform that is very similar to the original
waveform is used for the approach [i.e., the voltage across a piezo stack is quickly driven
towards a positive value and subsequently slowly driven back to zero as can be seen in Fig-
ure A.4(a)]. However, to retract the prism a step away from the surface, a slowly increasing
voltage is applied across all the piezo stacks to shear the stacks and move the prism away
from the surface; and only after this motion the piezo stack voltages are quickly but asyn-
chronously driven back to zero, bringing all the piezo stacks to the initial state, one piezo
stack after another [Figure A.4(b)]. Reversal of the coarse motion direction is achieved by
flipping the fast and slow phases in a single-step waveform while the driving voltage polarity
stays the same. The new walker electronics, being very reliable in general, have eliminated
the problem of the crashes. Without any hardware modifications the new electronics can be
used together with either the Nanonis SPM Control System or the RHK SPM 1000 Control
System (see Appendix A for details).

1.5.5 Cryogenic System

An extensive overview of the STM cryogenic system is given in M. J. Comstock’s disserta-
tion [46] and subsequent improvements to the STM design that led to a lower STM base
temperature are described in J. Cho’s dissertation [48]. Nevertheless, it has been found that
the absence of a good seal between the Heli-tran transfer line dewar bayonet and the bayonet
extension was a cause of periodic oscillations in the STM base temperature. These thermal
oscillations had been notably interfering with the STM measurements. The thermal oscilla-
tions have been eliminated by applying an indium wire seal as described in Appendix B.
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1.5.6 Sample Preparation

Successful preparation of many different atomically clean surfaces can be achieved in the
STM setup used for this work. This dissertation is, however, focused on measurements
taken on the GaAs(110) and Au(111) surfaces. GaAs(110) surfaces were obtained by in-situ
cleaving of GaAs crystals in ultra-high vacuum as described in J. Cho’s dissertation [48].
The Au(111) surface of a single crystal was cleaned by repeating cycles of sputtering and
annealing [48].

The tetra-tert-butylazobenzene molecules studied in Chapter 2 were deposited onto
GaAs(110) using a standard thermal sublimation technique. The design of the home-built
evaporator used for this purpose is described in Reference 48. The tetramantane isomers
studied in Chapter 3 were deposited using a home-built Knudsen cell evaporator, which is
described in Reference 51. Due to a relatively high vapor pressure, the adamantane molecu-
les studied in Chapter 4 were deposited using a precision leak valve as described in details
in Section 4.2.
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Chapter 2

Self-Assembly and Photomechanical
Switching of
Tetra-Tert-Butylazobenzene on
GaAs(110)

In this chapter an STM study of self-assembly and light-induced mechanical switching of
an azobenzene derivative deposited on GaAs(110) is presented. 3,3′,5,5′-Tetra-tert-butylazo-
benzene (TTB-AB) molecules in the trans isomer configuration were found to form well-
ordered islands on GaAs(110). After exposure to ultraviolet light, the TTB-AB molecules
exhibited conformational changes attributed to trans to cis photoisomerization. Photoiso-
merization of TTB-AB/GaAs(110) is observed to occur preferentially in one-dimensional
stripes. This one-dimensional cascade behavior differs significantly from optically induced
switching behavior observed when TTB-AB molecules are placed on a gold surface.

This chapter is adapted with permission from I. V. Pechenezhskiy et al., “Self-Assembly
and Photomechanical Switching of an Azobenzene Derivative on GaAs(110): Scanning Tun-
neling Microscopy Study”, J. Phys. Chem. C 116, 1052 (2012). Copyright 2011 American
Chemical Society.

2.1 Introduction

Azobenzene-derived molecules are an appealing candidate for future nanometer-scale op-
tomechanical applications [15, 53] due to their ability to robustly convert light into me-
chanical motion at the single-molecule level. When irradiated by ultraviolet (UV) and
visible light, azobenzene-derived molecules undergo reversible photoisomerization between
trans and cis structural isomers [17]. The isomerization of these molecules has been widely
studied in both gas and solution phases [17], leading to many proposals for light-powered
nanomachines [15], molecular electronics [53], and new biochemical elements [54, 55]. Many

http://dx.doi.org/10.1021/jp209835n
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potential nanotechnology applications of these molecules, however, require placing them
on a surface. Compared to gas- and solution-based environments, molecular structures on
surfaces exhibit substantially different photomechanical switching properties. This has been
observed through electron energy loss spectroscopy [56], two-photon photoemission spectros-
copy [23, 57], and scanning tunneling microscopy [25, 26, 28–32]. Most of these molecular
surface switching studies have been conducted on metal substrates and, in particular, on
Au(111) [23, 25, 26, 29, 30, 56, 57]. Semiconductor surfaces are an appealing alternative
for surface-bound molecular photoswitching studies due to their more tunable electronic and
optical properties.

In this chapter we describe an STM study of molecular photomechanical switching for
an azobenzene derivative adsorbed to the surface of a GaAs single crystal. The (110) sur-
face of GaAs was chosen for this study because it does not possess surface states within
its direct band gap (1.43 eV)[58]. We find that 3,3’,5,5’-tetra-tert-butylazobenzene (TTB-
AB) molecules adsorbed onto GaAs(110) self-assemble into well-ordered molecular islands
of trans isomers that have two preferred orientations with respect to the surface. Grain
boundaries between these orientations are clearly resolved, and the molecular island struc-
tures are consistent with a commensurate overlayer model. Upon UV exposure (λ = 375 nm)
TTB-AB molecules on GaAs(110) exhibit conformational changes that lead to formation of
one-dimensional stripes of mechanically altered molecules. We are able to use the STM tip
to reverse this switching, which supports our conclusion that these changes can be attributed
to molecular photoisomerization. This switching behavior differs significantly from previous
observations of TTB-AB photoswitching on Au(111), suggesting that stronger molecule-
molecule interactions occur on GaAs(110) compared to Au(111).

2.2 Experimental Methods

Atomically clean GaAs(110) surfaces were obtained by in-situ cleaving of GaAs crystals
in ultra-high vacuum at room temperature [48]. Both n-type (Si doped, carrier concentra-
tion (0.1–0.5)×1019cm−3) and p-type (Zn doped, carrier concentration (0.8–1.5)×1019cm−3)
GaAs wafers were used. Before deposition of TTB-AB, the surface of each sample was imaged
by STM to ensure its cleanliness. These images were consistent with previously reported
GaAs images [58–61]. No significant difference in molecular behavior was observed between
n- and p-type GaAs. TTB-AB molecules were synthesized via oxidative coupling reactions
of 3,5-di-tert-butylaniline [62]. Submonolayer coverages of the trans isomer of TTB-AB were
achieved via thermal evaporation onto GaAs(110) substrates held at 13± 2 K. Samples were
then annealed at room temperature for 10–30 minutes in order to achieve ordered molecular
islands. All STM images were acquired in the temperature range of 11–15 K with tunnel
currents below 30 pA for stable imaging (unless otherwise specified). An electrochemically
etched tungsten tip was used [48]. A cw laser aligned at an external viewport provided UV
radiation at λ = 375 nm wavelength with an average intensity of 92 mW/cm2 at the sample
surface. During laser exposures the STM tip was retracted several millimeters away from



CHAPTER 2. AZOBENZENE DERIVATIVE ON GALLIUM ARSENIDE 12

the surface to avoid shadowing effects of the tip and the sample temperature was maintained
between 11 and 15 K. Checks were performed to ensure that shining light into the chamber
did not cause surface contamination (i.e., light was shined on a bare surface for more than
17 hours and the surface was observed to remain clean).

2.3 Self-Assembly of Tetra-Tert-Butylazobenzene on

GaAs(110)

Figures 2.1(a) and 2.1(b) show STM images of a typical monolayer island of TTB-AB on
GaAs(110), prepared as described in Section 2.2. Comparison of the dimensions of the
features in the STM image with expected TTB-AB size reveals that each lobe seen in the
image corresponds to the position of one of the four tert-butyl groups of a TTB-AB molecule.
This four-lobed structure is clearly seen in the close-up image shown in Figure 2.1(b) where
a single molecule is outlined (a similar four-lobed structure has been seen for TTB-AB
on metal surfaces [24, 25, 63–67]). This planar configuration indicates that TTB-AB is
adsorbed onto GaAs(110) in the trans state. The orientation of TTB-AB molecules with
respect to the underlying GaAs surface atoms was determined by comparing the four-lobed
molecular structure [Figure 2.1(b)] with the atomic row configuration of the bare GaAs
surface [Figure 2.1(a)]. This suggests a molecular arrangement of TTB-AB on GaAs(110) as
shown in Figure 2.1(c). In this model structure the TTB-AB molecules are commensurate
with the GaAs surface, and the molecular lattice can be described by lattice vectors aligned
with the [3̄34] and [11̄1] crystallographic directions of GaAs. The lengths of the lattice vectors
for this periodic molecular structure (averaged over many molecular islands) are found to be
16.7± 0.3 and 9.9± 0.2 Å, respectively. Our data is thus consistent with a commensurate
molecular overlayer, in which case one would expect molecular lattice constants of 16.5 and
9.8 Å, respectively. The TTB-AB molecules are also observed to exhibit an arrangement
that can be described as a reflection of this structure across [11̄0], leading to two different
orientational domains for TTB-AB/GaAs(110). Figure 2.2 shows an ordered TTB-AB island
which consists of domains having both possible orientations.

2.4 Photoswitching of Tetra-Tert-Butylazobenzene on

GaAs(110)

After illumination with UV light (λ = 375 nm) the TTB-AB molecules on GaAs(110) undergo
a conformational change. Figure 2.3 shows images of the same molecular island obtained
before and after an 18-hour exposure to UV light. New morphological features appear as
a result of this exposure, the highest concentrations of which occur near the molecular island
edges and domain boundaries. These features appear as molecule-sized protrusions in the
STM topographs. Most of the optically induced protrusions have similar apparent height,
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(c)

Figure 2.1: (a) STM constant-current im-
age of TTB-AB molecules in trans configu-
ration on a GaAs(110) surface (Vsample =
2.0 V, I = 15 pA). Crystallographic di-
rections of the GaAs(110) surface are de-
picted by white arrows. The color scale
within area bordered by the white dashed
box has been modified to allow observa-
tion of underlying GaAs atomic rows (high-
est pink point is 0.10 nm high, while lowest
green point is 0.08 nm high). (b) Close-up
scan of the region inside the black dashed
square in (a) shows trans-TTB-AB mole-
cules in a highly ordered phase (Vsample =
2.5 V, I = 15 pA). A single trans-TTB-
AB molecule is surrounded by a white box.
(c) Ball-and-stick model of trans-TTB-AB
on GaAs(110) representing the arrange-
ment seen in (b). Red, blue and gray balls
correspond to carbon, nitrogen and gallium
atoms, respectively. Only gallium atoms
in the first surface layer of GaAs(110) are
depicted. A black box surrounds a sin-
gle TTB-AB molecule corresponding to the
molecule shown in the white box in (b).
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Figure 2.2: STM topograph of a monolayer island of trans-TTB-AB molecules on GaAs(110)
exhibiting domains with different molecular orientations (Vsample = −2.0 V, I = 20 pA). The
red solid line outlines a portion of the border between two adjacent molecular domains, and
the green dashed arrows show separate rows of molecules in the two domains.

suggesting that they represent molecules that have switched to some new structure. Such
photoswitched molecules typically appear as a bright lobe surrounded by dimmer peripheral
lobes in a configuration similar to what has been previously reported for cis-TTB-AB iso-
mers on metals [24, 25, 63–67]. The photoswitched molecules on GaAs(110) often appear
in short one-dimensional stripes along either the [1̄11̄] or [1̄11] crystallographic directions
(depending on molecular island orientation). Several photoswitched stripes along [1̄11] are
indicated by blue arrows in Figure 2.3(b). Analysis of photoinduced switching rates shows
that after 20 hours of UV illumination typically about one-third of the TTB-AB molecules
have isomerized from trans to cis.

2.5 Discussion

It is possible to reverse molecules from the photoswitched state back to the initial trans state
by changing STM tunneling parameters between consecutive scans. Figure 2.4 shows STM
images of a photoswitched molecule both before [Figure 2.4(a)] and after [Figure 2.4(b)]
switching it back to the trans state via scanning (this process does not reverse all switched
molecules, as seen by the fact that other optically switched molecules in the figure did not re-
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Figure 2.3: Photoisomerization of TTB-AB molecules on GaAs(110). The same TTB-AB
molecular island is shown (a) before and (b) after an 18-hour exposure to UV irradiation at
375 nm and 92 mW/cm2 (Vsample = −2.0 V, I = 25 pA). Molecules in the cis configuration
appear to have one brighter lobe and occur in one-dimensional stripes, as indicated by blue
arrows.
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Figure 2.4: Two successive STM scans showing tip-induced reverse switching [from cis (a) to
trans (b)] of a single TTB-AB molecule on GaAs(110) (the switched molecule is surrounded
by the dashed white box). Red arrows point to TTB-AB molecules in photoswitched cis con-
figuration. Inset shows schematic ball-and-stick structural model of photoswitched molecule
in cis state. Tunneling parameters: (a) Vsample = −2.0 V, I = 20 pA, (b) Vsample = −2.0 V,
I = 80 pA. Reverse switching is caused by scanning at the higher tunnel current of (b).
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Figure 2.5: (a) STM constant-current image of an ordered TTB-AB molecular island that was
formed after annealing a sample at room temperature for 2 hours and 30 minutes (Vsample =
−2.0 V, I = 30 pA). (b) Close-up scan of another TTB-AB island that was formed after
annealing a sample at room temperature for about 1 hour (Vsample = −2.0 V, I = 30 pA).
The molecules appear in a self-assembly phase that is notably different from the one observed
in Figures 2.1 and 2.2.
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verse during this particular scan). Reverse switching in this case occurred when the set point
current was changed from 20 to 80 pA while keeping the sample bias at −2.0 V. The slightly
changed appearance of other molecules in Figure 2.4(b) is attributed to increased molecule-
tip interactions during the scan at the higher current set point (note, for example, that the
raised tert-butyl groups of the cis molecules sometimes shift during scanning). The observed
structural reversibility implies that the photoswitched structures are TTB-AB molecules in
the cis isomeric configuration [Figure 2.4(a) inset], rather than simply reflecting contamina-
tion or optically induced molecular decomposition. This interpretation is bolstered by the
fact that our control experiment of shining light on a bare surface rules out light-induced con-
tamination, as well as the fact that forward (from trans to cis) tip-induced transitions were
also observed (although not shown in Figure 2.4). Tip-induced switching occurred randomly
for a range of biases between −2.5 and +2.5 V. For typical scanning parameters, however,
tip-induced switching events are very rare and, therefore, can be ruled out as the origin of the
switched molecules observed after light irradiation (tip-induced switching accounts for less
than 2% of switched molecules observed). The observed photoinduced changes can not be
attributed to a possible local increase of the sample temperature when the sample is exposed
to UV radiation. This possibility of thermally induced conformational changes is ruled out
by our control experiment of annealing the TTB-AB/GaAs(110) samples at room temper-
ature for 1 hour or longer. The main effect of such annealing is an occasional formation of
islands in a new self-assembled phase that is shown in Figure 2.5. No one-dimensional strips
formed by cis-TTB-AB isomers were observed in this control experiment.

Since the energy of the 375 nm photons used here (3.3 eV) is larger than the band gap
of GaAs (1.43 eV), the electron-hole pairs created in GaAs may interact with the TTB-
AB molecules, resulting in substrate-induced isomerization. On the other hand, UV-visible
absorption spectra of TTB-AB in cyclohexane suggest that the molecules do have direct
absorption near 375 nm [23, 57]. It is, therefore, difficult to determine from our experiment
whether the photoisomerization arises from direct excitation of a charge carrier within the
molecule or from indirect excitation via transfer of charge carriers excited in GaAs. Experi-
ments performed on azobenzene derivatives on metals suggest that both of these mechanisms
can contribute to surface-bound molecular photoswitching [23, 31].

In contrast to the photoswitching behavior observed here for TTB-AB on GaAs(110),
the majority of TTB-AB molecules that photoswitch on Au(111) exhibit spatially random
switching (i.e., on Au(111) the vast majority of molecules show no tendency to preferentially
switch in the vicinity of other switched molecules or near island edges) [66]. On GaAs(110)
the TTB-AB molecules show a clear enhancement of switching rate for molecules near island
edges and domain walls. These switching nucleation sites are likely due to reduced steric
hindrance at these locations, and indicate that a switched molecule causes adjacent molecules
to switch more easily on GaAs(110) [a behavior not observed on Au(111)]. This increase
in switching probability propagates to the interior of molecular islands in a cascade-like
process. This suggests a stronger molecule-molecule interaction for TTB-AB on GaAs(110)
compared to TTB-AB on Au(111), and that disorder in the molecular layer on GaAs(110)
leads to a reduced energy barrier for switching.
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2.6 Conclusion

In conclusion, self-assembly and photomechanical switching of individual TTB-AB molecules
on a bare GaAs surface have been experimentally observed. The results reveal a defect-
induced triggering pattern that differs from switching mechanisms previously observed for
TTB-AB on gold. The varied switching behaviors seen for TTB-AB on different substrates
highlight the important role played by the substrate in determining the photomechanical
switching properties of molecules.
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Chapter 3

Infrared Spectroscopy of
Tetramantane Isomers on Au(111)

In this chapter a new scanning-tunneling-microscopy-based spectroscopy technique to charac-
terize infrared absorption of submonolayers of molecules on conducting crystals is described.
The technique employs a scanning tunneling microscope as a precise detector to measure the
expansion of a molecule-decorated crystal that is irradiated by infrared light from a tunable
laser source. Using this technique, the infrared absorption spectra of [121]tetramantane and
[123]tetramantane on Au(111) were obtained. Significant differences between the infrared
spectra for these two isomers show the power of this new technique to differentiate chem-
ical structures even when single-molecule-resolved scanning tunneling microscopy images
look quite similar. Furthermore, the new technique was found to yield significantly better
spectral resolution than STM-based inelastic electron tunneling spectroscopy, and to allow
determination of optical absorption cross sections. Compared to infrared spectroscopy of
bulk tetramantane powders, infrared scanning tunneling microscopy spectra reveal narrower
and blueshifted vibrational peaks for an ordered tetramantane adlayer. Differences between
bulk and surface tetramantane vibrational spectra are explained via molecule-molecule in-
teractions.

This chapter is adapted with permission from I. V. Pechenezhskiy et al., “Infrared
Spectroscopy of Molecular Submonolayers on Surfaces by Infrared Scanning Tunneling Mi-
croscopy: Tetramantane on Au(111)”, Phys. Rev. Lett. 111, 126101 (2013). Copyright 2013
American Physical Society.

3.1 Introduction

Simultaneously probing the vibrational behavior and local electronic or geometric structure
of molecular adsorbates is important for understanding their physical and chemical proper-
ties. Scanning tunneling microscopy is a powerful tool for this purpose since it can yield
subnanometer-resolved topographical information and orbital energetics, as well as vibra-

http://dx.doi.org/10.1103/PhysRevLett.111.126101
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tional properties through inelastic electron tunneling spectroscopy (STM-IETS) [36, 37].
Electron-based STM-IETS, however, does not allow direct probing of optical processes and
has a spectral resolution limited by thermal broadening. STM-induced luminescence [69–73]
and tip-enhanced Raman spectroscopy (TERS) [74–76] are related techniques that do give
simultaneous local and optovibrational information. STM-induced luminescence, however,
can so far probe only selected vibrational modes through vibronic transitions and has energy
resolution that is partially limited by electronic excited state lifetimes, while TERS is limited
to dyelike molecules with large Raman cross sections and usually requires satisfying the res-
onant Raman condition [77]. Atomic force microscopy infrared spectroscopy (photothermal
induced resonance) [78–81] is an additional technique that has been employed to acquire
local infrared (IR) absorption spectra and images of surface structures, but this technique
works only for high-coverage aggregates of thickness > 40–80 nm [80, 81] and so cannot yet
address the adsorbate-dominated submonolayer regime.

Here we demonstrate a new STM-based vibrational spectroscopy which overcomes many
of the drawbacks of the above-mentioned techniques by using the STM as a sensitive de-
tector to probe the IR response of adsorbed molecular assemblies. Although our technique
is not yet capable of performing single-molecule-resolved IR spectroscopy (it averages over
a wider surface area), the technique can be used to probe a wide range of molecular species at
submonolayer coverages and with the subthermal energy resolution inherent to IR spectros-
copy, while the surface can be simultaneously characterized by conventional STM imaging.
We refer to this new technique as IRSTM. Using IRSTM we have obtained IR absorption
spectra and STM images of submonolayer coverages of the diamondoid molecules [121]tetra-
mantane and [123]tetramantane deposited onto Au(111). Significant differences in IRSTM
spectra for these two isomers demonstrate the power of IRSTM to differentiate individual
chemical species and to determine molecular vibrational properties in different surface envi-
ronments. Our analysis of tetramantane IRSTM spectra allows us to conclude that tetra-
mantane vibrational resonances are more strongly affected by intermolecular interactions
than by interactions between the tetramantane molecules and the gold surface.

3.2 Infrared Scanning-Tunneling-Microscopy-Based

Spectroscopy: Basic Principle

The main idea of IRSTM is to employ an STM tip in tunneling mode to detect the thermal
expansion of a sample due to the molecular absorption of tunable, monochromatic IR radi-
ation. When a bare crystal is irradiated, thermal expansion of the crystal in the direction
perpendicular to its surface can be measured by monitoring the motion of an STM tip in
constant-current mode. When the surface is covered by adsorbed molecules, however, a new
absorption channel appears whenever the wavelength of light is tuned to a molecular vibra-
tional resonance. Excited vibrational states of a molecule typically relax in ∼ 10 ps [82] and
the associated energy is transferred to the substrate. Therefore, the extra expansion (the
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Figure 3.1: Schematic illustration of the IRSTM operating principle. When a crystal is
irradiated, thermal expansion of the crystal in the direction perpendicular to its surface
can be measured by monitoring the motion of an STM tip in constant-current mode. In
the left panel, the frequency of the IR light does not excite any vibrational modes of the
adsorbates. However, when the frequency of the IR light is tuned to a vibrational resonance
(middle panel) a new light absorption channel appears: the molecules absorb the IR light
and the associated energy is transferred to the substrate. The extra expansion at a given IR
frequency characterizes the molecular absorption at this wavelength.

difference between the surface expansion with and without molecules) at a given wavelength
yields the molecular absorption at this wavelength. A spectroscopy measurement for the case
when the crystal is covered by adsorbed molecules is schematically illustrated in Figure 3.1.

3.3 Infrared Scanning-Tunneling-Microscopy-Based

Spectroscopy: Instrumentation

IR excitation of the tetramantane/Au(111) surface was performed using a homemade tunable
mode-hop-free laser. The main components of the tunable IR laser are schematically shown
in Figure 3.2. A singly resonant optical parametric oscillator (OPO) based on periodically
poled MgO-doped lithium niobate was employed to down-convert the light frequency from
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Figure 3.2: Experimental setup combining a tunable IR laser and a UHV STM. The IR light
intensity is stabilized by a feedback loop consisting of an acousto-optical modulator (AOM),
a beam splitter (BS), and a diode detector. The IR light was directed into the STM as
described in the text. A lock-in amplifier and chopper were used for AC measurements.

a pump laser. The pump laser consists of an external cavity laser diode as a seed laser light
source and an optical amplifier. Pump tuning with synchronous periodically poled MgO-
doped lithium niobate temperature control was used to deliver continuous frequency tuning
of the IR OPO output as reported elsewhere [83]. A feedback loop was used to stabilize
the IR light intensity at the OPO output to suppress fluctuations down to about 0.5% of
the overall intensity. The laser beam (total power ∼ 30 mW) was guided into the UHV
STM chamber through a CaF2 viewport. The beam was converged via an external lens to
achieve a spot size of 1.2 mm diameter on the sample. The beam center was intentionally
targeted to a point on the surface 0.8–1.5 mm away from the STM junction. This was done
to avoid direct light excitation of the tip-sample tunnel junction, thus eliminating the effects
of tip thermal expansion, rectification, and thermoelectric current generation [84]. Under
these conditions no significant difference, apart from overall amplitude variation, was found
between IRSTM spectra taken at different lateral distances between the laser spot and the
tunnel junction, or with different laser spot sizes.
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Figure 3.3: (a) STM topography of [121]tetramantane molecules on Au(111) (Vsample = 1.0 V,
I = 50 pA, T = 13 K). The molecular lattice has an oblique structure with lattice con-
stants |a| = 11.1± 0.1 Å, |b| = 8.3± 0.1 Å, and an interior angle of 59◦ ± 1◦. The inset
shows a model of [121]tetramantane (gray and white balls represent carbon and hydrogen
atoms). (b) STM topography of [123]tetramantane on a Au(111) surface (Vsample = −2.0 V,
I = 100 pA, T = 13 K). Within experimental resolution [123]tetramantane molecules form
a hexagonal structure with |a| = |b| = 9.8± 0.1 Å. The inset shows a model of P [123]tetra-
mantane (our [123]tetramantane/Au(111) samples were prepared from a racemic mixture
containing P and M enantiomers).

3.4 Scanning Tunneling Microscopy of Tetramantane

on Au(111)

Tetramantane molecules at coverages of less than one monolayer on a Au(111) surface were
studied by STM and IRSTM. [121]tetramantane [inset of Figure 3.3(a)] and [123]tetraman-
tane [inset of Figure 3.3(b)] were chosen because they are structural isomers described by
the same chemical formula C22H28, and also because [121]tetramantane on Au(111) exhibits
a pronounced CH stretch mode that has been previously observed using STM-IETS [38].
The molecules were extracted from petroleum and purified into powder form [85]. The
powders were sublimated in vacuum at temperatures in the range of 30 ◦C–34 ◦C onto
a clean Au(111) surface held at room temperature, resulting in coverages ranging from 0.5
to 1.0 monolayer (ML). STM measurements were performed at T = 13–15 K. Figures 3.3(a)
and 3.3(b) show typical STM images of [121]tetramantane/Au(111) and [123]tetraman-
tane/Au(111), respectively. The two molecules look similar in their topography, although
the [121]tetramantane packaging is slightly elongated in the direction of the molecular lattice
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vector labeled a [Figure 3.3(a)].

3.5 Infrared Scanning-Tunneling-Microscopy-Based

Spectra of Tetramantane on Au(111)

IRSTM spectra were measured via two different modes: with optical chopping of the laser
light (AC mode) and without optical chopping (DC mode). Figure 3.4(a) shows the IRSTM
spectrum of a single monolayer of [121]tetramantane measured using the AC mode. Here
the differential STM Z signal was measured under constant-current feedback conditions
(via lock-in detection at the chopping frequency) while sweeping the IR excitation from
2830 to 2940 cm−1. The same measurement was performed on bare Au(111) as a refer-
ence. Six IR absorption peaks can clearly be seen for [121]tetramantane/Au(111) compared
to the bare Au(111) spectrum at 2850± 1, 2855± 1, 2881± 1, 2897± 1, 2909± 1, and
2920± 1 cm−1. The appearance of these peaks indicates a larger thermal expansion ampli-
tude at the corresponding IR frequencies and, therefore, can be attributed to extra energy
absorption by [121]tetramantane vibrational modes at these frequencies. The ratio of the
peak heights [∼ 7× 10−4 Å for the major peaks shown in Figure 3.4(a)] to the background
level [∼ 1× 10−2 Å in Figure 3.4(a)] corresponds to the relative absorption of the [121]tetra-
mantane monolayer compared to the bare gold absorption. Assuming that polished gold
at low temperatures absorbs ∼ 1 % of incoming IR light [86, 87], the ratio of the major
peak height to the background level yields a molecular absorption coefficient of ∼ 0.07%
for one monolayer of [121]tetramantane. This corresponds to an absorption cross section of
∼ 6× 10−18 cm2 per molecule.

We also performed IRSTM measurements of [121]tetramantane using the DC mode
(a measurement with no optical chopping). This is a simpler measurement than the AC
mode, since the AC mode requires low optical chopping frequencies and long lock-in time
constants. Figure 3.4(b) shows the DC IRSTM spectrum of 0.7 ML of [121]tetramantane on
Au(111), as well as a bare Au(111) reference spectrum. The [121]tetramantane/Au(111)
spectrum shows peaks relative to the bare Au(111) spectrum at the same energy positions as
in Figure 3.4(a). These peaks are therefore attributed to extra light absorption by [121]tetra-
mantane molecules. The DC IRSTM spectra reflect the same information as AC spectra,
but the peak amplitude is harder to quantitatively interpret due to the lack of a well-defined
overall absorption reference point (i.e., such as the bare gold absorption). The DC spectra
are also more strongly affected by unavoidable drifts in the experimental setup. These drifts
are caused by redistribution of the thermal fluxes inside the STM due to the fact that the
tip-sample temperature equilibrium depends very sensitively on parameters such as sample
orientation, beam path, and laser power stability. We note, however, that after a baseline
subtraction (i.e., subtraction of a third order polynomial fit to the estimated bare Au(111)
contribution to the spectrum) the vibrational spectra look very similar for both AC and DC
measurement modes.
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Figure 3.4: (a) Differential AC surface expansion due to absorption of modulated IR light,
measured via lock-in amplifier for constant-current STM Z signal (chopper modulation fre-
quency ∼ 13 Hz, lock-in amplifier time constant 3 s). The black (lower) and red (upper) lines
show AC surface expansion of bare gold and [121]tetramantane-decorated gold, respectively.
(b) DC surface expansion of bare gold (black lower line) and [121]tetramantane-decorated
gold (red upper line) as a function of incident IR frequency, measured via constant-current
STM Z signal.
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Figure 3.5: DC surface expansion due to molecular IR absorption as a function of incident
IR frequency. (a) The black solid line shows the average DC surface expansion of [121]tetra-
mantane/Au(111) (five sweeps) with gold baseline signal subtracted. The blue solid line
(with a single broad peak) shows an STM d2I/dV 2 spectrum of [121]tetramantane/Au(111)
from Reference 38. (b) The black solid line shows the average DC surface expansion of
[123]tetramantane/Au(111) (twelve sweeps) with gold baseline signal subtracted. The red
dashed lines are (a) six-peak and (b) five-peak Lorentzian fits to the experimental data.
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In order to demonstrate the potential of IRSTM for chemical characterization, IRSTM
spectroscopy was additionally performed on samples of [123]tetramantane. As seen in Fig-
ure 3.3, both molecular species form similar self-assembled overlayer structures on Au(111).
Figure 3.5 shows DC IRSTM spectra of 1 ML of [121]tetramantane on Au(111) versus 0.9 ML
of [123]tetramantane on Au(111) (after baseline subtraction). The two spectra are clearly
distinct from each other, and both exhibit several well-resolved peaks. Peak energies were
extracted by fitting Lorentzian lines to the spectra [fits can be seen in Figure 3.5]. [123]tetra-
mantane/Au(111) vibrational peaks are found at 2852± 1, 2866± 1, 2876± 1, 2908± 1, and
2915± 1 cm−1, while the [121]tetramantane/Au(111) peaks are seen at 2850± 1, 2855± 1,
2881± 1, 2897± 1, 2909± 1, and 2920± 1 cm−1. This illustrates the power of IRSTM to
distinguish submonolayer amounts of even closely related chemical compounds.

3.6 Discussion

It is instructive to discuss some differences between IRSTM spectroscopy and STM-IETS.
Figure 3.5(a) shows a d2I/dV 2 spectrum of [121]tetramantane/Au(111) from Reference 38
(the blue line having only one broad peak). The IETS peak (obtained at the lower temper-
ature of T = 7 K with bias modulation voltage amplitude Vm = 1–10 mV) is much broader
in energy and cannot resolve any of the multiple CH stretch modes that exist in this energy
range. Since IETS energy resolution depends on temperature and bias modulation voltage
amplitude [88], the IETS spectral resolution in Reference 38 is estimated to be 30 cm−1 at
best. In contrast, the energy resolution for IRSTM is determined by the spectral accuracy
of the laser. For tunable IR lasers the spectral uncertainty mainly arises from mode hops
which cause sudden changes in the frequency of emitted light. The laser used here was
found to be nearly free of mode hopping over the scanned frequency range from 2830 to
2940 cm−1 (an average of three hops occurs per scan, each of magnitude < 1 cm−1) [83].
We therefore conservatively estimate the spectral resolution of IRSTM to be no worse than
1 cm−1 across the frequency range explored here. It should be noted that IRSTM also differs
from STM-IETS in that IRSTM probes IR active vibrational modes with the dipole moment
perpendicular to the metal surface, while STM-IETS active modes do not obey rigorous
selection rules [89, 90].

The linewidths observed using IRSTM carry information regarding molecular interac-
tions. Our tetramantane/Au(111) linewidths were found to be in the range of 4–12 cm−1

(full width at half maximum), corresponding to vibrational lifetimes in the range of 0.4–
1.3 ps. Our experimental energy resolution (≤ 1 cm−1) and the homogeneity of our sam-
ples imply that this broadening is not instrumental but is rather due to molecule-molecule
and molecule-substrate interactions (as well as possibly overlapping modes). We observed
notably less broadening of tetramantane CH stretch modes for molecules on Au(111) com-
pared to previously measured powder samples (typical widths for the powder measurements
reported in Reference 91 are on the order of 10–20 cm−1). Two main factors likely account
for this difference: measurement temperature (13–15 K for the surface measurements versus
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room temperature for the powder measurements) and structural differences between sur-
face and bulk systems. Regarding structure, our surface measurements were performed on
well-ordered adlayers, while the spectra reported in Reference 91 were obtained on powders
lacking perfect crystalline order. Inhomogeneous broadening of the vibrational peaks in the
powders is thus expected to be larger than in monolayers on Au(111). Other aspects of the lo-
cal environment, such as the number of nearest neighbors and the relative coupling strengths
between them, can also affect peak broadening. Molecules arranged in two-dimensional lat-
tices (as measured here) are surrounded by a smaller number of nearest neighbors and so can
be expected to exhibit smaller broadening compared to the three-dimensional environment
experienced by molecules in a powder. Interaction of molecules with a metal substrate, on
the other hand, is expected to broaden peaks. Since we see an overall narrowing of vibra-
tional peak widths compared to bulk measurements, we conclude that the narrowing effects
of lower temperature and reduction in coordination dominate over the broadening effects of
the molecule-surface interaction.

Further information regarding molecule-molecule interactions can be inferred by compar-
ing IRSTM measurements to bulk measurements performed on powder samples. Peaks at
notably different energies are observed in bulk powders of different tetramantane isomers,
specifically at 2840, 2863, 2884, and 2901 cm−1 for [121]tetramantane and at 2847, 2871,
and 2903 cm−1 for [123]tetramantane [91]. There is not a perfect one-to-one correspondence
between these bulk vibrational modes and the adsorbate modes reported here, but the peaks
for the surface measurements do appear overall to be shifted to higher frequencies. We as-
sume this is not due to mechanical renormalization [92] since the molecules are not strongly
bonded to the metal surface [38]. Furthermore, neither chemical nor electrostatic shifts are
expected to be significant since tetramantane molecules have a large gap between the highest
occupied and lowest unoccupied molecular levels, and therefore very little charge transfer
between molecules and the gold surface is expected to occur [38]. Two mechanisms that
might be at work here are the coupling of dynamic molecular dipole moments to substrate
image charges (a redshifting effect) and dynamic dipole-dipole coupling between molecules
(a blueshifting effect) [92]. The fact that the vibrational peaks for surface-adsorbed molecules
tend to be blueshifted relative to the peaks for powder samples implies that intermolecular
dipole-dipole coupling for the surface samples plays a more important role than coupling of
the dynamic dipole moments to their images in the substrate. This is consistent with re-
cent observations of appreciable attractive van der Waals interactions in diamondoid dimer
structures [93, 94].

3.7 Conclusion

In conclusion, we have demonstrated the feasibility of IRSTM for performing IR spectro-
scopic studies of molecular submonolayers on metallic surfaces by combing a tunable IR laser
and an STM. We have shown that the excellent spectral resolution of IRSTM can be used
for chemical characterization of molecular adlayers, as well as for measurements of single-
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molecule optical absorption cross sections. IRSTM measurements of tetramantane molecules
on gold reveal that adsorbed tetramantane vibrational peaks are narrowed and blueshifted
relative to bulk measurements, implying that intermolecular interactions for adsorbed tetra-
mantane have a stronger influence on molecular vibrational resonances than the interaction
between tetramantane molecules and the gold surface. Regarding the ultimate sensitivity of
this new technique, we believe that lasers with better intensity stabilization and substrates
with an increased thermal expansion coefficient (such as based on a bimetallic strip principle)
could significantly improve the IRSTM sensitivity compared to the sensitivity achieved in
this work.
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Chapter 4

Vibrational Properties of
Adamantane on Au(111)

In this chapter both theoretical and experimental studies of the infrared spectrum of an ada-
mantane monolayer on a Au(111) surface are presented. Using the scanning tunneling
microscopy-based infrared spectroscopy technique described in Chapter 3 we were able to
measure both the nanoscale structure of an adamantane monolayer on Au(111) as well as
its infrared spectrum, while density-functional-theory-based ab initio calculations allowed us
to interpret the microscopic vibrational dynamics revealed by our measurements. We found
that the infrared spectrum of an adamantane monolayer on Au(111) is substantially modi-
fied with respect to the gas-phase infrared spectrum. The first modification is caused by the
adamantane-adamantane interaction due to monolayer packing and it reduces the infrared
intensity of the 2912 cm−1 peak (gas phase) by a factor of 3.5. The second modification orig-
inates from the adamantane-gold interaction and it increases the infrared intensity of the
2938 cm−1 peak (gas phase) by a factor of 2.6, and reduces its frequency by 276 cm−1. We
expect that the techniques described here can be used for an independent estimate of sub-
strate effects and intermolecular interactions in other diamondoid molecules, and for other
metallic substrates.

This chapter is adapted with permission from Y. Sakai et al., “Intermolecular interactions
and substrate effects for an adamantane monolayer on a Au(111) surface”, Phys. Rev. B
88, 235407 (2013). Copyright 2013 American Physical Society.

4.1 Introduction

Diamondoids form a class of hydrocarbon molecules composed of sp3 hybridized carbon
atoms. They can be regarded as small pieces of diamond whose dangling bonds are termi-
nated with hydrogen atoms. Diamondoids are known to exhibit negative electron affinity
and have potential to be used in future applications as electron emitters [96, 97] and as
building blocks for other nanoscale devices [38]. Diamondoids have also attracted much in-

http://dx.doi.org/10.1103/PhysRevB.88.235407
http://dx.doi.org/10.1103/PhysRevB.88.235407
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Figure 4.1: (a) Model of molecular structure of an adamantane molecule. Hydrogen and
carbon atoms are represented by white and gray spheres, respectively. (b) STM topogra-
phy of a self-assembled island of adamantane molecules on a Au(111) surface (sample bias
Vsample = −1.0 V, current setpoint I = 100 pA, temperature T = 13 K). (c) Schematic
picture of alignment of the molecules on the Au(111) surface. Gold atoms in the topmost
layer, second layer, and third layer are represented by gold, blue, and green color spheres of
different shades. Black lines show the supercell of the

√
7×
√

7 molecular alignment. Upper
case letters indicate the location of adsorption sites: A for atop site, B for bridge site, and
H for hollow site. Top view of an adamantane in the hollow-atop geometry is also illustrated
[the center of the molecule is in the hollow site and the three bottom hydrogen atoms are in
the atop site; the three bottom hydrogen atoms can be seen at the bottom of Figure 4.1(a),
but not be seen in Figure 4.1(c)].

terest because of their possible appearance in the interstellar medium [98, 99]. The smallest
diamondoid is adamantane (C10H16), which has a highly symmetric cage-like structure (Td

point group) illustrated in Figure 4.1(a). Various theoretical and experimental results on IR
spectroscopy of both gas and solid adamantane have been reported in the literature [99–107].
Self-assembled monolayers of larger diamondoids than adamantane (i.e. tetramantane) on
a Au(111) surface system has been studied with scanning tunneling microscopy in Section 3.4
of this dissertation and in Reference 38. The IR spectrum of a functionalized adamantane
on a Au(111) surface has been studied by Kitagawa et al. [108]; however the functionaliza-
tion prevents adamantane molecules from being in direct contact with the Au(111) surface.
Therefore a detailed characterization of the adamantane monolayer-gold surface interaction
is missing.

In this chapter we investigate a submonolayer of adamantane in direct contact with
a Au(111) surface. We present experimentally obtained the IR spectrum of a self-assembled
adamantane submonolayer on a Au(111) surface by using IRSTM, a technique which com-
bines IR spectroscopy and scanning tunneling microscopy as described in Chapter 3. The
observed spectrum of the adamantane monolayer on Au(111) is significantly altered with
respect to the gas and solid phase of adamantane. To account for this difference theoreti-
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cally, we study the IR spectrum within the framework of density functional theory (DFT)
and density functional perturbation theory. Our analysis reveals that intermolecular and
molecule-substrate interactions cause mixing (hybridization) of the gas-phase vibrational
modes. As a result, IR active vibrational modes of adamantane molecules on a gold sub-
strate are found to be considerably different than those of the gas phase. For example, our
calculations show that the intermolecular interaction in the adamantane monolayer reduces
the IR intensity of one of the gas-phase IR peaks by a factor of 3.5. In addition, the interac-
tion between adamantane molecules and the Au(111) substrate increases the IR intensity of
another gas-phase mode by a factor of 2.6 and causes a significant redshift of 276 cm−1 for
this mode.

This chapter is organized as follows: in Section 4.2, the details of our experiment are
described. In Section 4.3 the computational methods are introduced. In Section 4.4 the
theoretical and experimental IR spectra are described and analyzed. In Sections 4.4.2, 4.4.2
and 4.4.2 we study theoretically the IR spectrum of a single adamantane molecule, the IR
spectrum of an adamantane monolayer, and the IR spectrum of an adamantane monolayer
on a Au(111) surface, respectively. In Section 4.4.3 we compare experimental and theoretical
IR spectra. Finally, the conclusions are given in Section 4.5.

4.2 Experimental Methods

Adamantane (Sigma-Aldrich, purity ≥ 99%) was deposited onto a clean Au(111) surface
using a source consisting of adamantane powder contained in a sealed glass tube (the sur-
face was exposed to adamantane vapor at room temperature through a precision leak valve
between the adamantane source and the main vacuum chamber). In order to improve the
adamantane vapor quality, the sealed tube containing the adamantane powder was passed
through five pump/purge cycles utilizing argon as a purge gas. Before the deposition, it
was necessary to precool a freshly cleaned gold crystal to 15 K to facilitate adsorption of the
molecules onto the Au(111) surface. The precooled gold crystal was then transferred into
a chamber with base pressure of ∼ 1× 10−11 Torr where the crystal was held in a room tem-
perature manipulator during the adamantane deposition which lasted for about ten minutes
(pressure rose to ∼ 1× 10−9 Torr when the adamantane valve was opened for deposition).
After the deposition, the sample was immediately transferred into the scanning tunneling
microscope operating at T = 13–15 K for STM surface characterization. The adamantane
molecules on Au(111) were observed to self-assemble into hexagonally packed molecular is-
lands with a lattice constant of 7.5± 0.2 Å. Figure 4.1(b) shows a typical STM image of
an adamantane island on a Au(111) surface.

IR absorption spectra of adamantane submonolayers on the Au(111) surface were ob-
tained by using IRSTM. The detailed description of the IRSTM technique and the discus-
sion of its performance were given in Chapter 3. Here we briefly note that IRSTM employs
an STM tip in tunneling mode as a sensitive detector to measure the thermal expansion of
a sample due to molecular absorption of monochromatic IR radiation [68, 109]. The surface
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thermal expansion of the sample, recorded as a function of IR frequency, yields the IR molec-
ular absorption spectrum. Frequency-tunable IR excitation of the samples can be achieved
by using a tunable mode-hop-free laser source based on a singly resonant optical parametric
oscillator [83].

4.3 Theoretical Calculations

4.3.1 Geometry of Adamantane on Au(111)

We start with a discussion of the orientation of an adamantane monolayer on the Au(111)
surface as shown in Figure 4.1. Based on the STM topography shown in Figure 4.1(b), we
modeled the molecular arrangement on a Au(111) surface. In our model, the adamantane
molecules are arranged in a

√
7 ×
√

7 structure as shown in Figure 4.1(c). The intermolec-
ular distance in this model is 7.40 Å, which is close to the observed intermolecular distance
7.5± 0.2 Å. In our calculations we placed the adamantane molecules in the way that the
threefold axis of the molecule is perpendicular to the surface, with three bottom hydro-
gen atoms facing down towards the Au(111) surface. Because of its threefold symmetry,
this configuration is compatible with the hexagonal self-assembled island seen in the STM
topography Figure 4.1(b).

We determined the most stable adsorption geometry of adamantane by computing the
total energy for various adsorption sites. We performed ab initio total energy calculations
within the framework of DFT [110, 111] to understand the properties of an adamantane
monolayer on a Au(111) surface. We used the local density approximation (LDA) for the
exchange and correlation energy functionals based on the quantum Monte Carlo results
of Ceperley and Alder [112] as parameterized by Perdew and Zunger [113]. Vanderbilt ultra-
soft pseudopotentials [114] were adopted in combination with a plane wave basis with cut off
energies of 30 and 360 Ry for the wavefunctions and charge density, respectively. A Brillouin
zone integration was done on an 8× 8× 1 uniform k-grid. Gaussian smearing with a 0.01 Ry
width was used for the calculation of metallic systems. The Quantum ESPRESSO was used
package [115] to perform DFT calculations and XCrySDen [116] was used to visualize the
results.

We modeled the Au(111) surface by a finite slab with a thickness of seven gold layers
with seven gold atoms in each layer in a supercell geometry [117]. The primitive unit cell
of the slab included one adamantane molecule. Therefore, in total the primitive unit cell
contained 75 atoms. The width of the vacuum region was 15.5 Å.

Binding energies and molecule-surface distances of four different optimized geometries
are listed in Table 4.1. The name of each geometry is based on the position of the center of
the molecule and the positions of the three bottom hydrogen atoms shown in Figure 4.1(a).
In the most stable geometry (hollow-atop) the center of the molecule is on the hollow site
and three hydrogen atoms are close to the gold atoms in the topmost layer [see Figure 4.1(c)].
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Table 4.1: Theoretical binding energies and surface-molecular distances of several adsorption
geometries obtained within the LDA approximation. The binding energies in the Table are
computed as the sum of the total energy of the gold slab and the isolated adamantane
molecule minus the total energy of an adamantane adsorbed on a Au(111) surface system.
The convention for the binding sites of Au(111) (atop, bridge, hollow) is as in Figure 4.1(c).
In our naming convention (for example atop-bridge), the first part (atop) represents the
position of the center of the adamantane molecule, and second part (bridge) represents
position of the three bottom hydrogen atoms of adamantane.

Geometry Distance Binding Energy
Å meV/molecule

atop-bridge 2.25 379
atop-hollow 2.25 384
hollow-atop 2.29 490
hollow-hollow 2.32 355

The calculated distance between the bottom hydrogen atoms and the gold surface is 2.29 Å
after optimization of the atomic coordinates.

Our structural model does not explicitly include the herringbone reconstruction of the
Au(111) surface. Nevertheless, we approximated the effect of the herringbone reconstruc-
tion either by slightly compressing the intermolecular distance (by 4%), or by changing the
binding geometry. In both cases, we found only a slight change (shift of at most 5 cm−1) of
the adamantane IR spectrum.

It is well known that LDA energy functionals do not correctly describe long-range in-
teractions such as the van der Waals (vdW) interaction. Thus we also cross-checked our
results with van der Waals density functionals (vdW-DFs) [118–122]. In particular, we used
an improved version [119] of the nonlocal vdW correlation functional together with Cooper
exchange [120]. We optimized the four different structures to compare the energetics with
those of the LDA. After the structural optimization with a vdW functional, the hollow-atop
geometry remained the most stable configuration although the binding energy differences
were reduced compared to the LDA (the binding energy difference between the hollow-atop
geometry and the atop-bridge geometry was reduced from 111 meV/molecule (in LDA) to
44 meV/molecule). In addition, the distance between the molecule and surface using the
vdW functional was increased from 2.29 Å (in LDA) to 2.45 Å in the hollow-atop geometry.
Since both of these changes are not large, we expect that the use of the vdW-DF functionals
throughout this study has not qualitatively affected the computed IR spectra.

4.3.2 Phonon and Infrared Intensity Calculations

Next, we describe the methods with which we computed the frequency and IR intensity
of the adamantane vibration modes, in various environments (gas, monolayer, and on the
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Au(111) substrate).
For this purpose we used density functional perturbation theory as described in Refer-

ence 123. All calculations were done only in the Brillouin zone center point (Γ). We define
the phonon effective charge of the jth phonon branch as

Qα(ωj) =
∑
β,s

Zαβ
s Uβ

s (ωj). (4.1)

Here Z is the Born effective charge tensor, U(ωj) is the eigendisplacement vector, and
ωj is the phonon frequency of the jth phonon branch. Cartesian vector components are
represented by α and β, while s represents the atom index. The Born effective charge Zαβ

s is
defined as the first derivative of the force F β

s acting on an atom s with respect to the electric
field Eα,

Zαβ
s =

∂F β
s

∂Eα
. (4.2)

The IR intensity of the jth phonon branch can be computed from the phonon effective
charge [124]:

IIR(ωj) =
∑
α

|Qα(ωj)|2 . (4.3)

Once we obtained the IR intensities IIR(ωj), we modeled the IR spectrum at any fre-
quency ω by assuming a Lorentzian lineshape with a constant linewidth of 10 cm−1 (full
width at half maximum). In general, all nine Cartesian components of the Born effective
charge must be calculated to obtain the IR intensities. However, on the metallic surface,
one can focus only on the components of the electric field perpendicular to the surface
(α = z) [125–127].

To compute the Born effective charge, we used a finite-difference approximation of Equa-
tion 4.2, and we applied the electric field using a saw-tooth like potential in the direction
perpendicular to the slab (z). Therefore we were able to obtain the Born effective charge
by dividing the force induced by the electric field (∆F ) with the strength of the electric
field (Ez).

Using this method we calculated the IR spectra of a single molecule, of a molecular
monolayer without a substrate, and of molecules on a Au(111) substrate. To track the
changes in the IR spectrum due to intermolecular interaction and due to substrate effects,
we performed the following interpolation procedure. We define an interpolated dynamical
matrix Dint and Born effective charge Zint between any two configurations A and B as

Dint = (1− λ)DA + λDB,

Zint = (1− λ)ZA + λZB. (4.4)
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Here Dint = DA for λ = 0 and Dint = DB for λ = 1 and is continuously tuned from A to
B for 0 < λ < 1 (same for Zint). Diagonalizing Dint for each λ and using interpolated Zint

we obtained interpolated IR intensity for each λ with 0 < λ < 1.
For the start and end configurations A and B, we use either no subscript, subscript M,

or subscript Au to denote either an isolated molecule, molecules in an isolated molecular
monolayer, or a monolayer on a Au(111) substrate, respectively. We first interpolated the
spectra from the isolated molecule phase to the monolayer phase (M) to determine the
effect of the intermolecular interactions. Finally, to estimate the effect of the molecule-
substrate interactions, we interpolated the spectrum of the monolayer phase (M) to the case
of molecules on the gold substrate (Au). (The case of a single adamantane molecule on the
Au(111) surface was not considered, because it would require a too large computational unit
cell size.)

In the interpolation procedure, we took into account only dynamical matrix elements of
carbon and hydrogen atoms (neglecting the displacements of gold atoms). We found that
the effect of gold atom displacements on vibrational frequencies is only 0.3 cm−1 and on the
IR intensity less than 10%.

In addition to the interpolation method we also quantitatively analyzed the similarity
of eigendisplacement vectors between various configurations. We did this by computing the

norm of the inner product
∣∣〈uAi |uBj 〉∣∣2 between ith phonon eigendisplacement vector 〈uAi | in

configuration A, and jth phonon eigendisplacement vector |uBj 〉 in configuration B. We use
the same subscript convention as for the interpolation procedure (Au, M, or no subscript for
molecules on the substrate, the molecular monolayer, or single molecule case respectively).
Since an adamantane molecule consists of 78 phonon modes, we have simplified the analysis
by only considering inner products between the 16 predominantly CH stretch modes.

4.4 Results and Discussion

4.4.1 Experimental Infrared Spectra of Adamantane

Figure 4.2 shows an experimentally measured IRSTM spectrum (green line) of 0.8 ML of
adamantane adsorbed on a Au(111) surface. The spectrum was obtained by measuring the
STM Z signal under constant-current feedback conditions while sweeping the IR excitation
from 2840 cm−1 to 2990 cm−1 (the spectrum shown was averaged over 15 frequency sweeps
and corrected for background by subtracting a linear fit to the estimated bare gold contri-
bution to the spectrum). Two IR absorption peaks for adamantane/Au(111) can clearly be
seen at 2846± 2 and 2912± 1 cm−1 in Figure 4.2. The other small peaks seen in Figure 4.2
were not reproducible and thus we were not able to unambiguously relate them to the ada-
mantane absorption. The black dashed lines in Figure 4.2 show the IR peak positions of
an adamantane molecule in the gas phase [107]. Comparing the green curve and the black
dashed line in Figure 4.2, it is clear that the IR spectrum of adamantane on the Au(111)
surface is considerably different from the gas-phase spectrum.
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Figure 4.2: The green line shows the experimentally observed spectrum (averaged over 15
sweeps) of 0.8 ML of adamantane on a Au(111) surface with gold baseline signal subtracted.
The IR absorption peaks are seen at 2846± 2 and 2912± 1 cm−1. The vertical black dashed
lines show the IR peak positions of an adamantane molecule in the gas phase as listed in
Table 4.2 (2859, 2912, and 2938 cm−1).

4.4.2 Theoretical Analysis of Adamantane Infrared Spectra

To understand the origin of IR spectrum modification of adamantane on Au(111) we com-
puted IR spectra for an isolated adamantane molecule, for an adamantane monolayer, and
for an adamantane monolayer placed on the Au(111) substrate. We discuss these three cases
in the following three subsections.

Single Molecule

We computed the vibrational frequencies and IR intensities of an isolated single molecule
of adamantane by placing the molecule in a large unit cell (length of each side is 16 Å) to
minimize the interaction between periodic replicas. The calculated vibrational frequencies
of the CH stretch modes (and phonon effective charge) are listed in Table 4.2 and compared
with the experimental frequencies from the literature [104, 107]. Our calculation reproduces
quite well the vibrational frequencies as compared to the experimental data. We found the
largest discrepancy of ∼ 30 cm−1 for two modes (labeled ω2 and ω7 in Table 4.2), while the
discrepancy for the other modes is only ∼ 10 cm−1.

There are 16 CH stretch modes in adamantane (equal to the number of CH bonds). Out
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Table 4.2: Calculated vibrational frequencies (in cm−1) and phonon effective charge Qz (in
elementary charge e) of an isolated adamantane molecule from 2850 to 2950 cm−1. Experi-
mental values are shown for the gas phase [107] and solution phase [104]. We label phonon
modes by ω1–ω7 with one label corresponding to one irreducible representation (irrep). Only
T2 modes can be observed in the gas IR spectroscopy. A1, E, and T2 are Raman active,
while T1 modes are inactive (both in IR and Raman).

Irrep Frequency Qz Previous Experiments
Reference 107a Reference 104b

ω1 A1 2924 - - 2913
ω2 A1 2891 - - 2857
ω3 E 2892 - - 2900
ω4 T1 2938 - - -
ω5 T2 2940 0.25 2938 2950
ω6 T2 2918 0.32 2912 2904
ω7 T2 2892 0.19 2859 2849

a IR spectroscopy of gas-phase adamantane.
b IR and Raman spectroscopy of adamantane solution. Mode

assignment is based on Reference 105.

of 16 modes, there are three modes corresponding to the T2 irreducible representation, one
T1, one E, and two A1 modes. In the highly symmetric adamantane molecule (point group
Td) only these three T2 modes are IR active while other CH stretch modes are IR inactive.
The IR active modes have the following approximate characters: asymmetric stretching of
the CH2 bonds (labeled ω5 in Table 4.2), symmetric CH stretch mode (ω6), and symmetric
CH2 stretch mode (ω7). Their eigendisplacement vectors are also shown in Figures 4.3(d),
(e), and (f).

The calculated IR spectrum of an isolated adamantane molecule is indicated in Figure 4.4
by a black dashed line. Here we computed only the α = z component of the IR intensities
(Equation 4.3) to simplify the comparison with the IR intensities of adamantane in molec-
ular monolayer and monolayer on the Au(111) surface. We obtained three substantial IR
absorption peaks of a single molecule of adamantane in the frequency region from 2850 to
2950 cm−1. The highest, middle, and lowest frequency peaks correspond to the ω5, ω6, and
ω7 modes, respectively. The ω6 peak has the largest IR intensity, followed by the ω5 peak.
This order of the IR intensities is consistent with a previous DFT result [106].

Adamantane Monolayer

Before analyzing the IR spectrum of an adamantane monolayer on a Au(111) surface, we
first analyzed the IR spectrum of an isolated adamantane monolayer (with the same inter-
molecular distance as in the monolayer on the gold substrate).
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Figure 4.3: Eigendisplacement vectors of (a) ω1, (b) ω2, (c) ω4, (d) ω5, (e) ω6, and (f) ω7

modes of an isolated adamantane molecule (notation is from Table 4.2). Gray and white
spheres represent carbon and hydrogen atoms, respectively. Blue arrows indicate the dis-
placements of the atoms (mostly hydrogen atoms). Some of the atoms and eigendisplace-
ments are overlapping since the molecule is shown from a high-symmetry direction.

Table 4.3: Calculated vibrational frequencies (in cm−1), phonon effective charges Qz (in
elementary charge e) of an adamantane monolayer, and and inner products of CH stretch
modes of an adamantane monolayer. We label monolayer phonon modes by ωM

1 –ωM
6 with one

label corresponding to one irreducible representation (irrep). Norm of the overlap between
gas-phase phonon eigenvector (〈uj|) and monolayer phonon eigenvector (|uMi 〉) is shown,
indicating nature of the hybridization of the gas-phase phonons into the monolayer-phase
phonons. In the table we have neglected all overlaps whose norm is smaller than 0.1.

Gas-Phase Overlap
Irrep Frequency Qz

ω1 ω2 ω3 ω4 ω5 ω6 ω7

ωM
1 0.36 . . . . 0.63 . A1 2921 0.19
ωM
2 . 0.95 . . . . . A1 2879 0.03
ωM
3 . . . 0.99 . . . A2 2931 -
ωM
4 . . . . 0.90 . . A1 2934 0.22
ωM
5 0.58 . . . . 0.33 . A1 2902 0.06
ωM
6 . . . . . . 0.94 A1 2884 0.13
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Figure 4.4: Calculated IR spectra of an isolated adamantane molecule (black dashed line),
an adamantane monolayer (blue dotted line), and an adamantane monolayer on Au(111)
(red solid line). The IR spectra are displayed in arbitrary units (chosen so that the intensity
of the IR peak around 2650 cm−1 equals 1.0). The black vertical line in the figure sepa-
rates lower and higher frequency regimes (there are no IR active modes in the intermediate
regime between 2730 and 2840 cm−1). Here only the IR spectra close to the CH stretch
mode frequencies are shown (the closest IR mode not corresponding to CH stretch is below
1500 cm−1).

Placing adamantane in the monolayer arrangement (see Section 4.3.1) lowers the symme-
try of the system from Td (in the gas phase) to C3v. This symmetry reduction is followed by
splitting of the threefold degenerate T2 representation (in Td) to a twofold E representation
and a onefold A1 representation. The basis functions of the E representation are x and y,
therefore they have no IR activity in the z direction (perpendicular to the monolayer). In
contrast, the modes with A1 representation are active along the z direction. In addition,
symmetry reduction to the adamantane monolayer splits the T1 representation into E and
A2, both of which are IR inactive in the z direction (E is active in x and y). Therefore, the
adamantane monolayer has in total five CH stretch modes that are IR active along the z
direction. We label these five modes corresponding to the A1 representation with ωM

1 , ωM
2 ,

ωM
4 , ωM

5 , and ωM
6 .

The blue dashed line in Figure 4.4 shows the calculated IR spectrum of the adamantane
monolayer. The changes in the IR spectrum of the adamantane monolayer compared to the
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Figure 4.5: Interpolated IR spectra going from an adamantane single molecule (solid black
line) to an adamantane monolayer (solid blue line). The dashed (λ = 0.2), dotted (λ = 0.4),
and chain (λ = 0.8) lines are interpolated spectra between two cases (using techniques from
Section 4.3.2). The arrows indicate the peaks evolution from the isolated molecule case to
the monolayer case.

single molecule are presented in more detail in Figure 4.5 and in Table 4.3. Figure 4.5 shows
interpolated IR spectra between a single molecule and a molecular monolayer case (using the
interpolation method described in Section 4.3.2). Table 4.3 shows the calculated vibrational
frequencies, phonon effective charges, and inner products between phonon eigenvectors of
gas and monolayer adamantane.

From Figure 4.5 and the inner products in Table 4.3, we found that there is one-to-one
correspondence between the ω2, ω4, ω5, ω7 modes of a single-molecule adamantane phase
and the ωM

2 , ωM
3 , ωM

4 , and ωM
6 modes of the monolayer adamantane phase, respectively. This

correspondence is also evident in the similarity of the phonon eigendisplacement vectors of
these two phases [compare Figures 4.3(b), (c), (d), (f) with Figures 4.6(b), (c), (d), (f)].
Three of these modes (ω2, ω5, and ω7) are redshifted by about 10 cm−1 in the monolayer
phase (see arrows in Figure 4.5) which is close to the redshifts found in the solid phase
diamondoids [99]. The IR inactive mode ω4 is redshifted by 7 cm−1 in the monolayer phase.

The remaining IR active CH stretch modes in the adamantane monolayer (ωM
1 and ωM

5 )
result from a strong mixing of the ω1 and ω6 modes in the gas phase (the inner products
shown in Table 4.3 are between 0.33 and 0.63) which also affects their eigendisplacement
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Figure 4.6: Phonon eigendisplacement vectors of (a) ωM
1 , (b) ωM

2 , (c) ωM
3 , (d) ωM

4 , (e) ωM
5 ,

and (f) ωM
6 modes of an adamantane monolayer without a gold substrate.

patterns [compare Figures 4.3(a) and (e) with Figures 4.6(a) and (e)]. In addition, the ωM
5

mode is redshifted by about 20 cm−1 with respect to the ω1 and ω6 mode in the gas phase.

Monolayer on Au(111)

Finally, we studied the vibrational properties of an adamantane monolayer on a Au(111)
surface. Introduction of the Au(111) surface further reduces the symmetry of the system
from C3v (in the monolayer) to C3. Due to symmetry reductions, both the IR active A1

mode and the IR inactive A2 mode having C3v symmetry (monolayer) are changed to the IR
active A representation having C3 symmetry. The IR inactive E modes, remains inactive in
the C3 symmetry along the z direction. The red solid line in Figure 4.4 shows the calculated
IR spectrum of a molecular monolayer on a gold substrate. Vibrational frequencies and
phonon effective charges are shown in Table 4.4. The most notable difference compared to
the spectrum of the isolated adamantane monolayer and gas-phase molecule is the significant
redshift of one of the modes ωAu

6 (to 2664 cm−1) with a sizable increase in the phonon effective
charge (to 0.40 e).

Figure 4.7 shows the interpolated IR spectra between the isolated monolayer case and
the monolayer on Au(111). This analysis shows that the ωAu

1 mode is nearly unaffected by
the Au(111) substrate as it originates from the stretching of a topmost CH bond, relatively
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Table 4.4: Vibrational frequencies (in cm−1), phonon effective charges Qz (in elementary
charge e), and inner products of CH stretch modes of adamantane molecules on a Au(111)
surface. Norm of the overlap between adamantane monolayer-phase phonon eigenvec-
tor (〈uMj |) and monolayer-on-gold phonon eigenvector (|uAui 〉) is shown, indicating the nature
of the hybridization of the gas-phase phonons into the monolayer-phase phonons. In the table
we have neglected all overlaps whose norm is smaller than 0.1.

Monolayer-Phase Overlap
Irrep Frequency Qz

ωM
1 ωM

2 ωM
3 ωM

4 ωM
5 ωM

6

ωAu
1 1.00 . . . . . A 2922 0.17
ωAu
2 . 0.35 . . 0.27 0.33 A 2878 0.10
ωAu
3 . . 1.00 . . . A 2935 0.01
ωAu
4 . 0.34 . 0.21 0.42 . A 2904 0.06
ωAu
5 . . . . 0.29 0.63 A 2891 0.07
ωAu
6 . 0.27 . 0.70 . . A 2664 0.40

far from the Au(111) surface. In fact, the eigendisplacement vectors of the ωAu
1 mode and

ωM
1 mode are nearly the same (compare Figure 4.6(a) and Figure 4.8(a)).

Interpolation analysis of the remaining IR peaks is quite involved in this case. Therefore
we turned to the analysis of the inner products of the phonon modes in the isolated monolayer
and the monolayer placed on Au(111). These inner products are shown in Table 4.4. From
this table we again confirm that the ωAu

1 mode originates from the ωM
1 mode. In addition,

we found that the ωAu
3 mode has one-to-one correspondence with the ωM

3 mode.
For the remaining IR active modes (ωAu

2 , ωAu
4 , ωAu

5 , and ωAu
6 ) we found strong influence

by the monolayer-substrate interaction. Analyzing Table 4.4 reveals that the ωAu
2 mode of

adamantane on the Au(111) substrate is a mixture of the ωM
2 , ωM

5 , and ωM
6 modes of the

isolated monolayer phase. Similarly, the ωAu
4 mode is composed of the ωM

2 , ωM
4 , and ωM

5

modes, while the ωAu
5 mode comes mostly from the ωM

6 mode with some admixture of the
ωM
5 mode. The IR intensity of modes ωAu

2 , ωAu
4 and ωAu

5 are relatively small since these
modes include only a small amount of CH bond stretch perpendicular to the surface (see
phonon eigendisplacements in Figure 4.8).

On the other hand, Table 4.4 shows a rather remarkable change in the frequency and IR
intensity of the ωAu

6 mode. This mode is a mixture of the ωM
4 (2934 cm−1) and ωM

2 (2879 cm−1)
modes of the isolated monolayer phase and its frequency is redshifted to 2664 cm−1. Further-
more, its IR intensity is increased from 0.05 to 0.16 e2 (effective charge in Table 4.4 changes
from 0.22 to 0.40 e) compared to the ωM

4 mode. The ωAu
6 mode consists of the in-phase

perpendicular vibration of the three bottom hydrogen atoms near the Au(111) surface [see
Figure 4.8(f)], therefore it is not unexpected that this mode will be significantly affected by
the Au(111) surface. Comparison of the charge density of the isolated adamantane monolayer
to the charge density of the monolayer on the Au(111) surface reveals that the molecule-
surface interaction reduces the electron charge density on the adamantane CH bonds. We
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Figure 4.7: Interpolated IR spectra going from an isolated molecular monolayer to a mono-
layer on Au(111). The blue solid line shows the IR spectrum of the isolated molecular
monolayer, while the red solid line shows the IR spectrum of the monolayer on the Au(111)
substrate. The dashed (λ = 0.1), dotted (λ = 0.2), and chain (λ = 0.4) lines show an in-
terpolated spectra between the two cases. The arrow shows the transition from ωM

1 to ωAu
1 .

The peak position of the relatively weak ωAu
2 mode is also indicated. The severely redshifted

peak ωAu
6 is not shown in this figure (see left panel of Figure 4.4).

speculate that this reduction of charge density within the CH bonds is responsible for the
decrease in the ωAu

6 mode frequency as well as increase of its effective charge.

4.4.3 Comparison of Theory and Experiment

Figure 4.9 shows a comparison of the experimental (green line) and theoretical (dashed
blue line) IR spectra for an adamantane monolayer on the Au(111) surface. We found good
qualitative agreement between the two spectra, both in the peak position and in their relative
intensities (the experimental vertical scale is chosen so that the peak height at 2846 cm−1

matches the theoretical peak height at 2851 cm−1). Agreement is even better after applying
a correction to the calculated phonon frequencies (red line in Figure 4.9) as it is described
below in Section 4.4.3.

We have assigned the relatively large experimentally obtained IR peak at 2912 cm−1 to the
theoretically obtained ωAu

1 mode (2922 cm−1, corrected frequency 2914 cm−1, phonon effective



CHAPTER 4. ADAMANTANE ON GOLD 46

Figure 4.8: Eigendisplacement vectors of (a) ωAu
1 , (b) ωAu

2 , (c) ωAu
3 , (d) ωAu

4 , (e) ωAu
5 , and

(f) ωAu
6 modes of an adamantane monolayer on a Au(111) surface. Yellow spheres illustrate

gold atoms in the topmost layer of the Au(111) surface.

charge 0.17 e). Furthermore, we have assigned the relatively weaker mode at 2846 cm−1 to the
theoretically obtained ωAu

2 mode (2878 cm−1, corrected frequency 2851 cm−1, phonon effective
charge 0.10 e). Remaining features in the experimental data (green line in Figure 4.9) were
not reproducible and therefore cannot be reliably assigned to the additional IR phonon
modes. This is consistent with our theory, as the remaining IR active modes ωAu

3 , ωAu
4 , and

ωAu
5 have a much smaller phonon effective charge (from 0.01 to 0.07 e).

Finally, our calculation predicts the existence of a significantly redshifted IR active mode
ωAu
6 at 2664 cm−1 (corrected value is 2644 cm−1) with a large phonon effective charge (0 40e).

Although the frequency of this mode was outside of our experimentally attainable frequency
range (from 2840 to 2990 cm−1), we expect that it will be accessible to future experimental
probing.
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Figure 4.9: Uncorrected (blue dashed line) and corrected (red solid line) theoretical IR
spectra and experimentally observed IR spectrum (green solid line). The frequency region
between 2730 cm−1 and 2840 cm−1 is not shown. The vertical scale is chosen so that the
theoretical and experimental peaks around 2850 cm−1 have almost the same height. Left
and right vertical axes correspond to theoretical and experimental IR intensity. Corrected
theoretical values of ωAu

1 , ωAu
2 , ωAu

4 , ωAu
5 , and ωAu

6 modes are 2914, 2851, 2893, 2869, and
2644 cm−1, respectively.

Dynamical Matrix Correction

Here we present the method we used to correct the DFT-LDA IR spectrum of the adamantane
monolayer on the Au(111) substrate (red line in Figure 4.9). First we obtained the correction
Dcorr to the calculated dynamical matrix of the adamantane gas phase so that it exactly
reproduces the experimentally measured frequencies of adamantane gas and solution phase,

Dcorr =
∑
i

(∆2
i − 2ωi∆i) |ui〉 〈ui| . (4.5)

Here ωi and |ui〉 are the phonon frequencies and eigenvectors of the original dynamical
matrix, while ∆i is the difference between the computed and the measured adamantane gas
and solution phase frequency. In the second step, we added this same correction matrix Dcorr

to the dynamical matrix of the adamantane monolayer on the Au(111) surface. Finally, we
used the eigenvalues and eigenvectors of the corrected dynamical matrix to compute the
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corrected IR spectrum.
Our correction procedures improved the agreement of the calculated IR spectrum of ada-

mantane on the Au(111) surface with the experimental spectrum (see Figure 4.9). The
theoretical peak position of the ωAu

1 mode has been redshifted by 8 cm−1 (from 2922 to
2914 cm−1) and it now sits closer to the experimental peak position (2913± 1 cm−1). Simi-
larly, the ωAu

2 mode has been redshifted by 27 cm−1 (from 2878 to 2851 cm−1), again closer to
the experimental value (2846± 2 cm−1). The dominant components of the correction matrix
(Equation 4.5) correspond to the CH and CH2 bonds (the corresponding amplitudes are
about 1.2× 104 cm−2).

4.5 Conclusion

Our work combining IRSTM measurements and ab initio calculation of the IR spectrum
of an adamantane monolayer on Au(111) demonstrates the complex nature of adamantane-
adamantane and adamantane-gold interactions. In Section 4.4.2 we have described in detail
the effect of each of these interactions on the mixing (hybridization) of adamantane vibra-
tional modes, the changes in their frequencies, and the IR intensities. Figure 4.10 summarizes
the main results of this chapter. The black dashed line in Figure 4.10 shows the calculated
isolated adamantane gas-phase IR spectrum, while the red line shows the severely modified
spectrum of the adamantane monolayer on the Au(111) surface. The green line shows the
experimental spectrum of an adamantane submonolayer on Au(111).

The IR spectrum of the isolated adamantane molecule (black dashed line in Figure 4.10)
consists of three IR active CH stretch modes (ω5, ω6, ω7). The adamantane-adamantane
interaction (packing effect) reduces the IR intensity of one of these modes (ω6) by a factor
of 3.5. On the other hand, the adamantane-gold interaction severely redshifts the gas-phase
ω5 mode (by 276 cm−1), and increases its IR intensity by a factor of 2.6. In addition, both
ω5 and ω6 are hybridized with IR inactive gas-phase modes (ω2 and ω1 respectively). See
Sections 4.4.2, 4.4.2 and Tables 4.3, 4.4 for more details.

In conclusion, we expect that these experimental and theoretical techniques can be used
to study intermolecular and molecule-substrate effects of other molecular systems, including
the use of other metallic substrates. In particular, we expect that the IR intensity reduction
of the gas-phase ω6 mode (or equivalent, for other molecules) can be used as a direct measure
of intermolecular interactions. Similarly, the increase in the IR intensity and the redshift of
the ω5 mode can be used as a direct measure of molecule-substrate interactions.
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Figure 4.10: Summary of the main results. There are three IR active CH stretch modes in the
isolated (gas-phase) adamantane molecule (black dashed line). The interaction between the
neighboring adamantane molecules in the monolayer (packing effect) reduces the IR intensity
of the central IR active mode by a factor of 3.5. The interaction between the monolayer and
the Au(111) surface (Au substrate effect) reduces the highest frequency gas-phase mode by
276 cm−1 and it increases its IR intensity by a factor of 2.6. The remaining third IR active
gas-phase mode is affected both by the Au(111) substrate and by the packing effect. See
Section 4.4.2 for more detailed analysis. The calculated IR spectrum of an adamantane
monolayer on Au(111) is shown with a red line, while the experimental spectrum is shown
with a green line.
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[49] D. Nečas and P. Klapetek, “Gwyddion: an open-source software for SPM data anal-
ysis”, Cent. Eur. J. Phys. 10, 181 (2012).

[50] K. Chatterjee, M. C. Boyer, W. D. Wise, and E. W. Hudson, “An auxiliary capacitor
based ultrafast drive circuit for shear piezoelectric motors”, Rev. Sci. Instrum. 80,
095110 (2009).

[51] M. K. Grobis, “Scanning Tunneling Spectroscopy of Fullerene Nanostructures”, PhD
thesis (University of California, Berkeley, 2005).

[52] I. V. Pechenezhskiy, J. Cho, G. D. Nguyen, L. Berbil-Bautista, B. L. Giles, D. A.
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Langreth, and B. I. Lundqvist, “Van der Waals Density Functional for Layered Struc-
tures”, Phys. Rev. Lett. 91, 126402 (2003).
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Appendix A

Electronics for Driving Piezo Stacks

A.1 Walker Electronics Overview

We initially experienced unintentional tip crashes into our samples’ surface. These crashes,
which destroyed the atomically flat surfaces, had often occurred during the initial steps of the
tip retraction process. The crashes were caused by the original walker box that was used to
actuate the STM piezo stacks. This original walker box was built by the Physics Electronics
Support Group. As it has been discussed in Section 1.5.4, the problem was due to the fact
that the retraction (the backward motion of the sapphire prism assembly, which includes the
tip) was achieved by changing the polarity of the approach waveform whereas a better way
to achieve the same motion is to time-reverse the approach waveform. To fix the problem,
we built new course worker electronics; its design is described in this appendix. The new
electronics, a schematic diagram is shown in Figure A.1, includes a data acquisition (DAQ)
board, a high voltage amplifier, and a relatively simple circuit that employs triacs as fast
switches (the circuit with the triacs is referred to as the main circuit board in Figure A.1).
The idea to use triacs came from Professor Joseph Stroscio’s group [128]. It should be
also noted that I recently became aware of the work by Chatterjee et al. [50] where many
questions directly related to the design are discussed.

In order to achieve a greater flexibility, a National Instruments DAQ board is used to
generate low voltage waveforms as well as to handle all the timings. The user interface with
the board can be easily realized with a LabVIEW virtual instrument (VI). The use of a DAQ
card also helps keep the design of the drive circuit with the triacs very simple.

The low voltage waveforms generated by the DAQ board have to be amplified up to 350–
400 V to be capable of efficient actuation of the piezo stacks. As it has been already explained
in Section 1.5.4, a single-step waveform should include two phases: a slow (‘stick’) phase in
which the piezo stacks stays attached to the STM prism and a fast (‘slip’) phase in which
the piezo breaks frictional contact with the prism and slides along it. The most demanding
part of the driving process is the actuation of the slipping motion. This requires rapid
(typically within few microseconds) charging or discharging of the piezo stacks. Since each
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Figure A.1: Schematic of the new walker electronics for driving the STM piezo stacks.

piezo stack can be viewed as a capacitor with Cpiezo ≈ 5 nF at room temperature, charging
and discharging currents may be as high as a few amperes. The bipolar dual-channel Trek
Model PZD350A Piezo Driver/Power Amplifier (TREK INC.) has the output voltage limits
of Vlim = ±350 V, the output current limits of Ilim = ±200 mA per channel, and the slew
rate greater than 550 V/µs. With a given piezo stack capacitive load these numbers put
a serious constraint on the shortest rising/dropping time tmin achievable with this amplifier:
tmin = CpiezoVlim/Ilim = 5 nF × 350 V/200 mA ≈ 8.8 µs. It should be mentioned that with
three dual-channel amplifiers, using one channel per each piezo stack, we were actually able to
observe some motion of the STM prism but the motor performance was extremely unreliable
even at room temperature.

To overcome the challenge of rapid charging and discharging of the piezo stacks with
the given amplifier, a drive circuit with triacs has been designed and built. A schematic
diagram of this circuit is shown in Figure A.2. The core idea of the circuit is auxiliary
(storage) capacitors C1–C5 placed at the high voltage amplifier output to supply an extra



APPENDIX A. ELECTRONICS FOR DRIVING PIEZO STACKS 62

MOC3010

MOC3010

MOC3010

MOC3010

MOC3010

MOC3010

680

680

680

680

680

680

301

301

301

301

301

301

Z0607

Z0607

Z0607

Z0607

Z0607

Z0607

10
SIGNAL_GND

SIGNAL_GND

SIGNAL_GND

SIGNAL_GND

SIGNAL_GND

SIGNAL_GND

100n

100n

100n

100n

100n

TO_PIEZO_STACK1

TO_PIEZO_STACK2

TO_PIEZO_STACK3

TO_PIEZO_STACK4

TO_PIEZO_STACK5

TO_PIEZO_STACK6

AO1

AO2

AO3

AO4

AO6

HV_IN

AO5

OC1
1

2 4

6

OC2
1

2 4

6

OC3
1

2 4

6

OC4
1

2 4

6

OC5
1

2 4

6

OC6
1

2 4

6

R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

T1

T2

T3

T4

T5

T6

R13

C1

C2

C3

C4

C5

GND

Figure A.2: Electronic schematic of the piezo driving circuit (the main circuit board in
Figure A.1).



APPENDIX A. ELECTRONICS FOR DRIVING PIEZO STACKS 63

AO5

AO6

AO5

AO6

0

2

4

6

8

10

0 1 2 3 4 5

approach

AO0

Time (ms)

V
o

lta
g

e
 (

V
)

(a)

0 1 2 3 4 5

0

2

4

6

8

10retraction(b)

AO0 V
o

lta
g

e
 (

V
)

Time (ms)

0 1 2 3 4 5
0

5

10

15

20

25

30

35

approach(c)

V
o

lta
g

e
 (

V
)

Time (ms)

AO4

AO1

AO2

AO3

0 1 2 3 4 5
0

5

10

15

20

25

30

35

retraction(d)

V
o

lta
g

e
 (

V
)

Time (ms)

AO4

AO1

AO2

AO3

Figure A.3: Waveforms generated by the NI PCI-6713 DAQ board for actuating the piezo
motor. (a) Signal from the analog output AO0 for a single approach step. This signal,
after passing through the Trek Model PZD350A Power Amplifier, controls the charge on
the auxiliary capacitors. (b) Signal from the analog output AO0 for a single retraction
step. (c) Signals from the analog outputs AO1–AO6 that control the states of the triacs for
a single approach step. The AO2–AO6 lines are vertically offset for clarity. (d) Signals from
the analog outputs AO1–AO6 that control the states of the triacs for a single retraction step.
The AO2–AO6 lines are vertically offset for clarity.

current during the rapid phase of charging or to serve as a charge sink during the fast
discharging phase. Five 100 nF auxiliary capacitors are connected in parallel to increase the
overall capacitance. The triacs T1–T6 are used as fast switches and can be driven into the
conducting state by the corresponding trigger signals from the DAQ board.

The basic principle of operation is described as the following. During the approach,
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each step starts with charging of the auxiliary capacitors [Figure A.3(a)] while all the triacs
are switched off. After this, the triacs are switched on, one after another [Figure A.3(c)],
causing the rapid rise of the voltages on the corresponding piezo stacks. Then the high
voltage amplifier slowly reduces the voltage across the capacitors [Figure A.3(a)] and the
piezo stacks to zero. Finally, all the triacs are switched off when the T1–T6 gate voltages
are set to zero and all the piezo stacks are discharged (i.e., when there is no current flowing
through the main terminals MT1 and MT2 of the triacs T1–T6). Conversely, during the
retraction, each step starts with all the triacs being in the conducting state. The piezo stacks
and the auxiliary capacitors are slowly charged to a desired voltage [Figure A.3(b)]. When
the charging stops there is no current flowing through the triacs T1–T6 and they can be
switched off [Figure A.3(d)]. After this, the auxiliary capacitors are discharged through the
high voltage amplifier [Figure A.3(b)]. Finally, the triacs are prompted to switch on, driving
rapid discharges of the piezo stacks.

A.2 Walker Electronics Design Details

As it is schematically shown in Figure A.1, a NI PCI-6713 DAQ Board (National Instru-
ments Corporation) is plugged in a computer and connected to a NI BNC-2110 Shielded
Connector Block (National Instruments Corporation) with a SH68-68-EP Cable (National
Instruments Corporation). The analog output AO0 of the DAQ board is used to generate
a low voltage waveform to be amplified with a Trek Model PZD350A Power Amplifier. The
DAQ board also generates six signals to trigger the triacs. The analog outputs AO1–AO6
were chosen for this purpose to simplify the design. However, the DAQ digital lines can
be used instead, should it be desired. The DAQ board is run by a VI (a program in the
LabVIEW environment).

The analog output signal AO0 is amplified by the Trek Model PZD350A power amplifier
and the high voltage output of the amplifier is connected to the auxiliary capacitors C1–C5.
The analog output signals AO1–AO6 are used to control the triacs T1–T6 (Z0607). The low
voltage waveform and the trigger signals are shown in Figure A.3. An isolation of the high
voltage part of the circuit in Figure A.2 from the low voltage electronics is required. This
is achieved with the optocouplers OC1–OC6 (MOC3010). Instead of the Z0607 triacs and
the MOC3010 optocouplers, one can use the Q6008L5 triacs and the IL4218 optocouplers.
The resistors R1–R6 are employed to limit the current through the photodiodes inside the
optocouplers. The triac gate currents are supplied by the auxiliary capacitors and the power
amplifier. The circuit in Figure A.2 was assembled on a ProtoBoard-6H-3U (BusBoard
Prototype Systems Ltd), and it is refereed to as the main circuit board in Figure A.1. MT1
terminals of the triacs T1–T6 are connected to the piezo stacks with a long cable going
from the walker box to the STM. To minimize the electrical noise, the switches SW1 and
SW2 (Figure A.1) can be used to ground the piezo stacks when the piezo motor is stopped.
The connection to the piezo stacks is provided via the PIEZO STACKS GROUND BNC
connector on the front panel of the walker box. It should be noted that grounding the piezo
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stacks to the walker box chassis may not be necessarily the best option to minimize the
electrical noise.

During the retraction, there are times when the triacs should be switched off with the high
voltage on both of its main terminals. This did not happen reliably before the introduction
of an auxiliary 100 Ω resistor. The resistor was placed in between the HIGH VOLTAGE
OUTPUT of the Trek power amplifier and the HV IN BNC connector wired to the HV IN
port of the main circuit board (Figure A.1).

A.3 Connecting SPM Control Systems to Walker

Electronics

The controlled (‘fine’) stage of the tip approach (referred to as ‘Stage 2’ in Reference 46)
requires at least a one-way communication channel between the SPM control system and the
piezo motor electronics. The controlled approach is a procedure that is used to gently bring
the STM tip close enough to the surface, so that the tunneling current of a specified value
can be established. During this approaching process, the STM control electronics retracts
the tip, the piezo motor makes a coarse approach step forward, and then the tip is released
under feedback to probe for any tunneling current. If the measured current is lower than
the feedback set point current, then the tip is retracted, and the piezo motor makes another
step. This process continues until the tunneling current is equal to the set point current.

The described approach protocol requires synchronization of the SPM control system
and the walker electronics. The SPM control system should send a request to the walker
electronics to make a step and then wait for a specified amount of time. When the walker
electronics detects a request for an extra piezo motor step, it should make an approach
step within the given amount of time. Should the walker electronics be used with the RHK
SPM 1000 Control System, the fine approach transistor-transistor logic (TTL) trigger signal
has to be supplied to the TRIGGER IN BNC connector of the walker box (Figure A.1).
The TRIGGER IN input is connected to the PFI9 input of the connector block and can
be monitored by a VI (see one of the previous versions of the Walker VIs, for example,
Walker 2.3).

Pin 7 of the DIO PORT A THROUGH on the backside of the Nanonis HVA4 unit
provides a TTL trigger signal that can be used for the controlled stage of the tip approach
procedure when the Nanonis SPM Control System is used. With the Nanonis SPM Control
System the trigger signal can also be monitored using the Nanonis BP4-PI Programming
Interface Software Module (SPECS Zurich GmbH). The later does not require any physical
connections between the Nanonis SPM Control System and the walker electronics. If the
real TTL signal is used, a connection between pin 7 of the DIO PORT A THROUGH and
the inner pin of the TRIGGER IN BNC connector should be made. However, there have
been three known cases in our group when this connection was suspected for damaging
the NI PCI-7833R board (National Instruments Corporation), which could be found inside
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the Nanonis RC4 Real-Time Controller (SPECS Zurich GmbH). Therefore, it is strongly
suggested that in the future this connection should be done through an optocoupler. It is
recommended to monitor the trigger signal using the Nanonis BP4-PI Programming Interface
Software Module and this is implemented with the Walker 4.1 VI, which provides the best
way to control the walker electronics. The approach waveforms, the retraction waveforms,
and the corresponding trigger signals for each of the triacs are stored in the text files that are
external to the VI. Therefore, most modifications to the waveforms can be done by simply
modifying these files.

It should be noted here that in order to avoid the tip crashing during the controlled
approach, the approach step size must be always shorter than the piezo tube Z range. Since
the actual piezo motor step size depends not only on the applied voltage amplitude but also
on the tension of the spring plate holding the walker [46], on the STM operating temperature,
and on the conditions of the sapphire prism surface, there is no specific voltage amplitude
that should be used all the time. The voltage amplitude of the waveform for the controlled
approach should be rather determined experimentally. An equal voltage amplitude should be
used for the initial steps of the retraction to avoid the tip crashing. The Walker VIs provide
a simple interface for controlling the amplitude of the approach and retraction waveforms.

A.4 Performance of Walker Electronics

The performance of the new electronics was documented with a 5 nF capacitive load. The
voltages across the capacitive load and the auxiliary capacitors, which were measured with
high voltage probes, are shown in Figure A.4. Rapid rises and drops of the voltages from
10% to 90% levels within ∼ 300 ns were achieved. There are some transient artifacts that
have not been seriously investigated since these artifacts do not compromise the performance
of the piezo walker in any detectable way. Optimizations to the electronics are likely possible
to improve the shape of the actual high voltage waveforms.

Given the typical voltage rising/dropping times, currents as high as 5 A are expected to
flow through the triacs T1–T6. According to the component datasheet, the root-mean-square
on-state current for the Z0607 triacs must not exceed 0.8 A. While for the short periods of
time this limit is significantly exceeded, the average root-mean-square current through the
triacs should be well within the rating. The Q6008L5 triacs might be a better option.

The new electronics for the piezo motor has been working very reliably. No crashes have
been detected on reapproaches of the same microscopic sample spots when the proper piezo
motor step sizes were chosen.
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Figure A.4: Performance of the piezo electronics tested with a 5 nF capacitive load: (a) an ap-
proach oscillogram, (b) a retraction oscillogram, (c) a zoomed-in oscillogram of the sharp
edge of the approach waveform, (d) a zoomed-in oscillogram of the sharp edge of the retrac-
tion waveform. The yellow lines indicate the voltage across the capacitor load, while the
green lines show the voltage across the auxiliary (storage) capacitors C1–C5.
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Appendix B

Heli-tran Transfer Line Sealing

The results reported in this dissertation have been obtained with an STM that is equipped
with an LT-3B Heli-tran Open Cycle Cryogenic Refrigeration System (Advanced Research
Systems Inc.). An overview of the STM cryogenic system is given in Reference 46. Subse-
quent improvements to the STM design decreased the base temperature down to ∼ 13 K [48].

To keep the STM at the base temperature a 100-liter helium dewar can be used to
supply liquid helium for 3.0–3.5 days (this corresponds to an average flow of 1.1–1.4 L/hr).
However, thermal oscillations had been notably interfering with the STM measurements. The
temperature was typically stable during the first day of the STM operation with an initially
full dewar but the thermal oscillations became present during the second and the third days.
Figure B.1 shows these periodic thermal oscillations that were especially pronounced at the
refrigerator cold stage (or ‘cold finger’ [46]). These thermal oscillations often appeared to
have a period of about 21 sec and a peak-to-peak amplitude of more than 1 K. The STM
temperature sensor, mounted to the STM sample holder near the sample, showed relatively
minor oscillations in the temperature. Nevertheless, these thermal oscillations almost always
appeared in the STM topographs due to high sensitivity of the tunneling current to any drifts
in the setup caused by the thermal fluctuations. Measurement artifacts due to the thermal
oscillations can be seen, for example, in Figure 2.5(a) in the form of alternating horizontal
light and dark regions. Increasing the helium flow typically helped achieve slightly lower
temperatures but never resulted in effective damping of the oscillations.

It turned out that the oscillations due to the absence of a good seal between the dewar
bayonet of the Heli-tran transfer line and the bayonet extension. During the first day of
the operation, the oscillations were not seen because the liquid level was above the junction
between the extension and the dewar bayonet. Once the liquid level dropped below the
junction the oscillations appeared due to two-phase (liquid and gas) flow in the transfer line.

The two-phase flow can be prevented by applying an indium seal between the extension
and the dewar bayonet. A piece of an indium wire that has a 1 mm diameter (Advanced
Research Systems Inc. or Goodfellow) may be used. The wire should be bent into a ring
with a diameter equal to the outer diameter of the extension thread (the thread that goes
into the dewar bayonet). The seal should be placed around the bottom of the thread (the
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Figure B.1: Temperature oscillations at the refrigerator cold stage (blue line) and at the
STM sample holder (red line). The temperature was recorded after 15 hours of the STM
operation with an initially full helium dewar.

thread end that is farther away from the dewar bayonet). Finally, the extension has to be
screwed into the transfer line bayonet and tighten relatively well with pliers, or very gently
with vice grips. After tightening, the indium seal should be visibly compressed.

Introduction of the indium seal was found to completely eliminate the thermal oscillations
provided that the high enough liquid helium flow was used.
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