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ABSTRACT OF THE DISSERTATION 
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 Scanning tunneling microscopy (STM) has given the scientific community a method to 

view, characterize, and manipulate the world at the atomic scale. Thirty years after the Nobel Prize 

in Physics was awarded for its invention, the remarkable instrument is still being used to deepen 

our understanding of physical and chemical processes. Tantamount to this has been the 

development of new techniques to expand its capabilities allowing STMs to answer increasingly 

more difficult scientific questions. This dissertation describes three technological thrusts in 

expanding the STMs capabilities in studying physics at the single molecule level.  

 First, I have helped developed a new technique called the RF-STM which has the potential 

to snapshot femtosecond and picosecond processes by locking into the high frequency tunneling 

component generated from the 80MHz laser pulse train. This technique solves the problem of low 

frequency thermal oscillations when choppers are used in the beam line and if only tunneling signal 

is monitored, sub-angstrom spatial resolution should be simultaneously possible.   

 Second, I have helped develop the itProbe technique by increasing its ability to map out 

the interaction potential energy surface (iPES) between a tip-CO molecule and a surface adsorbed 



xxii 

molecule. I present a study conducted on the bridge-like 1,4 phenylene diisocyanide molecule 

where the iPES is probed at different heights and different energies. The result is an ability to 3-

dimensionally map out the iPES and provide reliable insight into developing itProbe simulations.  

 Third, I have developed a new technique called Energy Resolved Laser Action STM 

(ERLA-STM) where we can observe the change in molecular dynamics as a function of the 

illumination wavelength. In our pyrrolidine study, we demonstrated the kinetic changes that occur 

when an overtone of the CH stretch mode is excited by a near-IR laser pulse. By sweeping the 

excitation energy, we can characterize and control single molecule switches for use in potential 

molecular electronics applications.  

 All three approaches mentioned above are driven by the goal of understanding chemical 

processes at the atomic level. Such studies are integral to increasing our fundamental knowledge 

and providing technological foundations for further development.  
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CHAPTER ONE 

Introduction to Scanning Tunneling 

Microscopy 

 

 

 

1.1 Background and Overview 

The scanning tunneling microscope is a marvelous feat of engineering and science.   It’s a 

wonder really that a vacuum gap of angstroms can be held through the measurement of mere 

nanoamps of current! Originally patented in 1979 by Binnig and Rohrer [1], the first experimental 

results came in 1982 where the exponential dependence of the tunneling current with gap size was 

first shown [2]. In the years that followed, the field exploded. First, Binnig and Rohrer came out 

with the landmark result in 1983, resolving the 7x7 surface reconstruction of Si(111) at the atomic 

scale [3]. This was the first time that this new technique was used to answer a serious scientific 

question at the time, and laid to rest numerous other theories of the surface reconstruction. This 
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was followed by the development of a now widely used theory by Tersoff and Hamann also in 

1983 [4]. In the years that followed, local spectroscopy was performed on Si(111) [5,6], Au 

reconstructions, and oxide on Ni by ramping the bias voltage while measuring the current [1]. In 

1986, Feenstra, Strocio and Fein published a study on the electronic structure of Si(111) [5] and 

was followed by a study of the electronic states of Graphite in 1987 by Fuchs and Tosatti [7]. In 

total, over 20 scientific papers regarding the construction, theory, and application of the scanning 

tunneling microscope were published before the Nobel prize was given to Binnig and Rohrer in 

1986. 

Atomic resolution itself could only be achieved by Binnig and Rohrer for the first few 

years. As they tell their tale, they mention that scientists ‘would bet cases of champagne that our 

results were mere computer simulations’.  Fortunately, this changed in 1985 where Feenstra and 

Fein imaged GaAs [8], Behm et al. imaged Pt(100) [9], and Golochenko presented Ge films on 

Si(111) at the American Physical Society’s March Meeting that year [10]. 

Simultaneously, many new designs and modifications of the original STM were invented 

in that period, with the most important advancement being that of viton stacking for vibrational 

damping [11]. Unlike the spectroscopy performed using sandwiched oxide layers between metal 

plates, vacuum tunneling was very vibrationally sensitive, small motions of only 1 angstrom 

resulted in currents that vary up to an order of magnitude. Fluctuations in the gap distance had to 

be kept as small as possible and the very first STM was levitated using permanent magnets on a 

superconducting lead bowl, which while functional, posed many design constraints on the 

system [2]. In subsequent designs, metal plate stacks with viton layers proved sufficient for the 

very stringent vibrational requirements [12,13]. 
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Since the mid 1980s, STMs have continued to become developed and used by the broader 

scientific community to tackle a host of other problems not only involving reconstructions, but 

also in the manipulation of adsorbates, studies of proteins, molecules, defects and catalysts, and 

direct control of chemical reactions, molecular dynamics, bond breaking, intermolecular 

interactions, diffusion, tautomerization and many others. 

In this chapter, I will discuss some of the widespread uses of the STM, operating principles 

of the STM, and breakthroughs in single molecule measurements. Lastly, I will discuss recent 

work done to advance the spatial and temporal limits of the STM followed by a summary of the 

contents of this thesis. 

 

1.2 Breadth of Scanning Tunneling Microscopy 

There were many ideas about how to use the amazing spatial resolution of the STM to 

solve real-world scientific problems. One of which was in the field of catalysis, where perhaps 

only a small subset of the surface binding sites would actually perform the work. Besenbacher was 

part of a team conducting two of the most groundbreaking experiments in this area and was the 

first to combine STM imaging with other surface techniques and DFT modeling to complete the 

scientific understanding and design a catalyst. In his first study, he looked at the steam-reforming 

process, converting methane and other hydrocarbons with water to create hydrogen and carbon 

monoxide  [14]. Unfortunately, Ni nanoclusters also catalyze the formation of graphite leading to 

catalytic breakdown and the industry’s initial solution was include H2S into the reactants to 

preferentially poison the graphite formation. Besenbacher used the STM to observe the effect of 

Au alloying of the surface and found that the density of states of the Ni atoms near surface Au 

impurities was higher, leading to a change in the chemical activity. Subsequent DFT and molecular 
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beam scattering experiments then confirmed that indeed a few percent of Au would lead to greatly 

enhanced catalytic activity by reducing C atom binding compared to the detrimental effects on the 

CH4 catalysis.   

In his second work, Besenbacher’s team targeted MoS2, a model system for a process called 

hydrosulfurization (HDS) whereby sulfur impurities in petrochemical processing are 

removed [15]. MoS2 catalyzes the reaction of H2 with sulfur containing compounds to make H2S, 

a gas that can later be extracted out. Prior to this study, the preferred structure and active sites were 

unknown, a perfect system for STM study. Besenbacher and his colleagues produced the first ever 

real space images of the shape and edge structure of single-layer MoS2 nanoparticles on 

Au(111) [16]. In a later study, they then exposed the clusters to various sulfur compounds and 

realized that only once sulfur edge sites were vacant would there be chemical activity in the form 

of adsorption to the MoS2 island [15]. For example, in the case of alkanethiol, they were able to 

determine that first a hydrogen strips a sulfur atom and then the sulfur atom of the thiol binds to 

this site allowing the alkane to pick up a hydrogen and become freed. Only through the use of STM 

could they have determined the exact configurations and action of the catalyst.  

I’d also like to introduce the topic of atomic and molecular manipulation. In their 1990 

paper, Eigler and Schweizer at IBM demonstrated atomic manipulation for the first time [17]. 

Through picking up and dropping Xe atoms on the Ni surface, they created the iconic IBM logo, 

an image that is still widely distributed in STM texts. This level of atomic control was only 

previously dreamt about, and brought upon a number of experiments involving the ability to 

construct devices or arrangements at the single atom and molecule level.  

One such experiment was conducted by Crommie, Lutz and Eigler involving the 

positioning of 48 Fe atoms on Cu(111) [18]. The Cu(111) surface has a well defined surface state 
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(>100nm coherence lengths near the Fermi energy), not unlike that of a 2D electron gas. In their 

1993 paper, they created a circular corral of iron atoms and observed the standing wave pattern 

developed in the topography from the electron gas scattering at the boundaries. LDOS 

measurements at the center and off center of the corral revealed discrete states that could be 

modeled as states deriving from a particle in a 2D circular box. This opened up the possibilities to 

shape the surface states of Cu(111), a property that was later exploited by Manoharan in 2012 in 

forming a graphene-like surface state on Cu(111) using CO molecules arranged in a honeycomb 

lattice [19].  

Devices can also be constructed using atomic manipulation. Heinrich, Lutz, Gupta, and 

Eigler reported in their 2002 landmark paper “Molecular Cascades” the creation of AND and OR 

logic gates using CO hopping in a manner similar to dominos falling [20]. The chevrons created 

on the surface with CO molecules decay at a rate near 0.4 Hz below 6K, and increases 

exponentially at higher temperatures. Arranging these chevrons into patterns and initiating them 

with the drop of a single CO at the right location starts the cascade which can be visualized in 

subsequent scans due to the low reaction rate. A higher temperature is all that is needed to speed 

up the effect, potentially paving the way towards chemical computation.  

In 1959, Richard Feynman presented a lecture titled “There’s Plenty of Room at the 

Bottom” to the American Physical Society conceptualizing his thought that we should be able to 

design machines to ‘arrange the atoms the way we want’ [21]. In his lecture, he asked, “Why 

cannot we write the entire 24 volumes of the Encyclopedia Britannica on the head of a pin?” and 

offered a prize of “$1,000 to the first guy who can take the information on the page of a book and 

put it on an area 1/25,000 smaller in a linear scale in such a manner that it can be read by an 

electron microscope.” It took 25 years before this was completed by Tom Newman in 1985 using 
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focused electron beams, not an STM. The STM is actually far more powerful in this respect, and 

it’s thought that the entire Library of Congress could fit onto the head of a pin if using the style of 

writing demonstrated by IBM in 1990. To take this idea further, A. F. Otte and his team 

demonstrated the ultimate in areal storage density [22]. While conventional hard drives are at or 

near the 1Tb/in2 mark, their Cl vacancy data writing of 0’s and 1’s was able to push beyond the 

500Tb/in2 mark! Not only that, they actually wrote a passage of Feynman’s lecture as a nod to his 

original concept, a full 1 kB of data.  

 

1.3 Operating Principles 

1.3.1 Tunneling 

Having demonstrated some remarkable uses of the STM, I’d like to focus in this section 

on the operating principles and theoretical underpinnings of the types of data received from the 

measurements.  

The STM’s standard operation is based upon the quantum mechanical concept of tunneling. 

Suppose two electrodes were biased with respect with one another using a battery (voltages much 

less than the work function), charges will move from one electrode to another until the potential 

difference is established, the system is then static. Now if the electrodes were brought to within a 

few nanometers from one another, a tiny current would be seen as the charges are transporting 

back to their host metal. If the electrodes touched, then the current is only limited by the power 

supply, but at this small gap distance, the physics is entirely quantum. Classically, low energy 

electrons have no possibility of traversing this vacuum gap, much in the same way that we would 

never expect a tennis ball to transport through a wall. The quantum mechanics at the single particle 
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level though actually does provide for a way for this phenomenon to occur and this effect is called 

‘Tunneling’.  

To see why this can occur, consider a particle travelling into a finite barrier of known 

thickness w. In the quantum regime, the electron is then described by a wavefunction as a solution 

to Schrodinger’s equation [Eqs. (1.1)-(1.4)]. Upon matching all boundary conditions we arrive at 

the full solution as illustrated in Figure 1.1.  

 

 − ℏ2 Ψ( ) + ( )Ψ( ) = Ψ( ) (1.1) 

 Ψ ( ≤ 0) = Ψ(0) ( )ℏ ∗  (1.2) 

 Ψ (0 ≤ ≤ ) = Ψ(0) ( )ℏ ∗  (1.3) 

 Ψ ( ≥ ) = Ψ( ) ( )ℏ ∗  (1.4) 

 

As demonstrated, the probability of observing this particle within the barrier or even 

outside of the barrier is non-zero. Only when the barrier is infinitely high and wide can we expect 

no tunneling to occur. The electrons on one electrode can tunnel through the finite vacuum gap 

and into the next electrode, producing a finite measurable current. This occurs even if the gap is 

not a vacuum. Any thin insulator will also provide a low enough barrier for tunneling as seen in 

traditional tunnel junction measurements done since the early 60s [23–25]. In a vacuum, this 

barrier can best be thought of as the work-function itself and when the bias is sufficiently low, the 

primary current generation is through tunneling.  
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Consider a metal tip held distance w angstroms away from a surface held at a bias ‘V’. This 

elevates the Fermi-level of the surface, by a value V above the Fermi-level of the tip, allowing for 

net tunneling to occur from the sample to the tip. The current is then proportional to the number 

of occupied states in the surface that can tunnel into unoccupied states of the tip (elastic tunneling) 

AND is proportional to the wavefunction amplitude at the end of the barrier, an exponential factor, 

as shown in Eq. (1.5). The number of occupied states able to tunnel is the product of the voltage 

and density of states (p) near the Fermi-level, while the barrier height can be approximated to the 

vacuum work function of the electrodes (typically 4-5 eV).  

 

 ∝ |Ψ( )| ≈ ∗ ( )ℏ  (1.5) 

 ∝ ( . ∗ )( )( . ∗ / ). ∗ ∗  Å ∗ ≈ .  Å  
(1.6) 

 
(( + 1) Å)( Å) = . = 0.129 (1.7) 

 

By approximation, Equation (1.7) shows that the current decays by 87.1%, almost an order 

of magnitude per Angstrom of tunneling gap. This remarkable dependence on the tunneling gap 

ensures that a majority of the tunneling current is ONLY being produced from the nearest tip atom 

to the nearest surface atom. By scanning the surface with this tip, a map of the tunneling current 

can be produced, or by using a feedback circuit to keep the current constant, a map of the tip height 

can be plotted. The tunneling is so localized and sensitive that the atomic lattice of the surface 

itself can be imaged! 
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1.3.2 Bardeen’s Tunneling Theory 

While the simple 1D model correctly demonstrates the principles of the tunneling junction, 

a much deeper understanding is needed to model the behavior of real systems.  Bardeen in 1961 

used a time-dependent perturbation approach to demonstrate that the tunneling matrix M  is 

determined by the electrode wavefunction overlap at a position within the tunneling gap [Equation 

(1.8)] [26]. The tunneling probability is then determined by Fermi’s golden rule [Eq. (1.9)]. We 

only consider here the elastic tunneling where the electron does not lose energy in the process. 

Taking the sum over all available occupied states in one electrode that can tunnel into unoccupied 

states in the other electrode, we get Eq. (1.10). The Fermi distribution [Eq. (1.11)] is a step function 

at zero temperature and is a sufficient approximation in this case, giving Eq. (1.12).  

 = ℏ2 ∗ − ∗ =  (1.8) 

 = 2ℏ | | ( − ) (1.9) 

 
( ) = 4ℏ [ ( − + ) − ( + )] (

− + ) ( + )| |  

(1.10) 

 ( ) = 11 +  (1.11) 

 ( ) = 4ℏ ( − + ) ( + )| |  (1.12) 
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The result is that the tunneling current is determined by the convolution of the DOS of both 

the tip and sample as well as by the spatial extent of the wavefunctions into the tunneling gap. 

Additionally, the matrix element M may not change significantly within the bias ranges used, 

causing the bias dependence to be primarily driven by the DOS overlap.  

A further approximation can be made if we assume an s-wave tip, a model developed by 

Tersoff and Hamann in the early 1980s [4,27]. In their theory, the tip was modeled as a single 

spherically symmetric wavefunction centered at r with a radius R. The matrix element M then 

simplifies to a form proportional only to the value of the surface wavefunction evaluated at the tip 

central position r as shown in Eq. (1.12). Constant current images are then interpreted as being a 

map of the local density of states at the tip center position r. This model actually predicts low 

lateral resolution, such that the atomic images seen at the time were not well described. 

Nevertheless, the approachability of the theory has made it one of the most widely used 

approximations for simulating STM images.   

 

1.3.2 Constant Current and Constant Height Scanning 

There are two main types of images an STM can produce, constant current and constant 

height, both involving a static bias voltage. For constant current imaging, a setpoint is given to a 

feedback controller. This controller measures the tunneling current and adjusts the voltage to the 

piezos controlling the vacuum gap. As the tip raster scans the surface, the current will be held 

constant as the piezo voltage adjusts. This piezo voltage can be read out to produce an image 

frequently denoted as the topography.  
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The other method of scanning is the constant height method. In this type of image, the 

feedback is turned off during the scan. The current is then read out to make the image. One of the 

disadvantages of this type of image is that small changes in the gap distance exponentially change 

the current. Sometimes the result is an image where part of the scan has current that goes below 

the noise floor, or overloads the preamplifier. Surface tilt also causes the gap to vary across the 

scan and any form of temperature drift will cause the gap to close or open, resulting in drastic 

current changes. Constant current imaging on the other hand can easily compensate for these 

effects and produces overall more consistent images.  

 

1.3.3 Scanning Tunneling Spectroscopy 

For the case of small bias, the derivative of the current [Equations (1.13)-(1.16)] can be 

shown to be directly proportional to the DOS at the bias energy. This gives the STM a powerful 

ability to characterize the electronic structure of atoms, molecules, and materials with sub-

Ångström precision.  

 

[ ( )] = 4ℏ ( − + ) (
+ )| |  

(1.13) 
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[ ( )] = 4ℏ ( ( − + ) (
+ )| | ) ( )
+ ( ( − + )) (
+ )| |  

(1.14) 

 

[ ( )] = 4ℏ ( ( ) ( + )| | )
+ (− )( ′ ( − + )) (
+ )| |  

(1.15) 

 

The second term here can be discounted with the assumption of a slowly varying DOS. 

 
[ ( )] ≅ 4 ℏ ( − + ) ( + )| |  (1.16) 

 

To perform this type of local spectroscopy, the gap is held static by turning the feedback 

off while the bias voltage is ramped. The current can then be read off as a function of the bias. In 

practice, the use of a lock-in amplifier is used to extract the first derivative as shown in Equation 

(1.17). A small modulation is added to the bias and the magnitude of the first harmonic is 

measured. This magnitude is directly proportional to the conductance (dI/dV) of the junction and 

can be normalized using the I vs V spectra to obtain the correct units.  
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( + sin( ))= ( ) + ( )( sin( ))
+ ( )2 ( sin( ))  

(1.17) 

 

1.3.4 Inelastic Tunneling Spectroscopy 

In addition to the scanning tunneling spectroscopy described in section 1.3.3, there is a 

remarkable phenomenon called inelastic tunneling. Figure 1.3(a) shows the process in detail. A 

tunneling electron can transfer some of its energy to excite the vibrational mode of a molecule in 

the tunneling gap. This additional tunneling channel gives rise to an increase in conductance (of 

the order 1%) which is observed as a step in the conductance and a peak (or dip) in the derivative 

of the conductance as shown in Figure 1.3(b). The vibrational excitation can only occur if the 

tunneling electron can lose energy and still end in an unoccupied final state. Thus, the electron 

needs to have at least energy ℏ  above the Fermi-level of the second electrode to ensure the final 

state is unoccupied. 

Molecular vibrational spectra was first observed by Jaklevic and Lambe at the Ford Motor 

Company in 1966 [23,24]. They deposited a thin layer of propionic acid and acetic acid in their 

metal insulator junction to form an Al - Al Oxide – Molecular Layer – Pb junction. The derivative 

of the conductance was measured and peaks for the O-H bending modes (~100 mV) and C-H 

stretching modes (3760 mV) were observed in the sample but not in a reference sample devoid of 

molecules. The change observed was only 1% since the cross section of the inelastic tunneling is 

only a weak perturbation of the overall conductance. In a later study, they noted that their limit of 

detection was about 1/100th of a monolayer (1010 molecules / mm2).  
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This detection limit was shattered by the very first inelastic tunneling spectroscopy (IETS) 

conducted by Stipe, Rezaei, and Ho in 1998 using an STM. Employing the same lock-in technique 

that Jaklevic and Lambe used, they turned feedback off while tunneling into an Acetylene molecule 

and ramped the bias voltage. A small modulation was introduced in the bias by a lock-in amplifier 

to measure directly the second harmonic signal. A clear sharp peak at 358 mV was a sign of the 

CH stretch mode. Going further, the isotopic shift to 266 mV was also observed for deuterated 

acetylene.  

The introduction of single molecule IETS drastically changed the field of single molecule 

studies using the STM. There was now a reproducible way to identify molecules, a type of 

chemical resolution that STM had previously been lacking. As the spectra is dependent on the 

highly localized tunneling current, sub-Angstrom resolution was possible and these excitation 

modes can be spatially mapped when identifying different chemical groups.   

Finally, IETS, now a standard in the field, was used again by the Ho group to directly probe 

intermolecular interactions between CO molecules [28,29]. ItProbe, a molecular probe technique 

based on the resonance shifts of a tip-attached CO molecule, is explained in the following section.  

 

1.4 Temporal Resolution using the STM 

The tunneling phenomena enables atomic resolution, but another dimension, time, needed 

improvement if molecular reactions at the single molecule level were to be observed. With time 

resolution, carrier dynamics such as thermalization and recombination as well as chemical 

dynamics such as diffusion, reactions, and vibrations can be studied at the nanostructure or single 

molecule scale. With the goal of an ultimate microscope, a number of prominent researchers have 
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continually developed techniques involving the time-domain as way to visualize more and more 

of the microscopic and ultrafast world with nanometer resolution.  

Initial STM designs, limited by feedback electronics and scanner resonance frequencies, 

operated on the order of 5 seconds per scan, much too slow to visualize molecular dynamics. A 

breakthrough of sorts occurred in 1986 by Bryant, Smith, and Quate [30] where they were able to 

drastically increase the scanning speed using a pseudo-constant current mode operation. Line scans 

were pushed beyond 1 kHz effectively pushing the information content into higher frequencies as 

well. This drastically reduces the 1/f noise seen most prominently in ambient STM systems arising 

from the diffusion of air molecules within the gap. In addition, faster scans reduced the effects of 

thermal drift and reduced the hysteresis of the piezoelectric elements.  

Besenbacher et al. in 1990  [31] developed this technique further and presented video-rate 

images of the oxygen induced reconstruction of both the 2x1 and 6x2 oxide formations on Cu(110). 

The 10 Hz scanning rate was made possible through the use of an intensely rigid STM with high 

eigenfrequency. A number of studies have followed such as the diffusion of Pt atoms on 

Pt(110) [32], Cu adatoms on Cu(100) [33,34], and Oxygen on TiO2(110) [35]. A common thread 

thus far has been the study of atomic and molecular diffusion with slow rates on the order of 

seconds such that motion can be visualized over a number of frames. 

There is a technical limit to the speed of a traditional STM arising from the electronic 

control systems. One of them is the speed of the piezoelectric feedback loop which must operate 

under the resonance vibrational frequency. In addition, the pre-amplifier that amplifies the current 

nine orders of magnitude has a frequency cut-off below 10 kHz (discussed further in Chapter 3). 

Fortunately, several promising methods have been developed to circumvent these limitations for 

the actualization of the ultimate microscope.  
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Many of these techniques rely on laser pulses instead of voltage pulses for a variety of 

reasons. First, even the best voltage pulse generators can only produce pulses on the order 100 ps, 

a full 3 to 4 orders of magnitude larger than the 100 fs pulses that are routinely made by the latest 

pulsed lasers. Also, laser pulses can propagate in free space until it reaches the junction, without 

any electrical interference or broadening. Voltage pulses on the other hand decay rapidly from 

parasitic capacitances, inductances, and the radiation these can cause. Laser pulses are not without 

compromise though, as local heating effects can be substantial and are likely to dominate any 

signal arising from tunneling gap changes.  

Instead of aiming directly at the junction, ultrafast voltage pulses can be generated right 

next to a junction as used in photo-conductive-gate STM (PG-STM) and junction-mixing STM 

(JM-STM) [36].  

Figure 1.4(a) displays the PG-STM technique, which relies on two time correlated laser 

pulses directed at both a semiconductor gate on the tip and a transmission line on the surface. The 

tip current is then measured as a function of the pulse delay and averaged out by the relatively 

slow detector. This current as shown in Equation (1.18) is time averaged by the slow detector. T 

is the repetition time of a pulse, V is the voltage pulse generated after a laser pulse, and g is the 

time dependent conductance due to the laser pulse at the gate.  

 ( ) = 1 ( ) ( − )  (1.18) 

 

The tunneling current as a function of delay at a given point on the sample can be scanned 

to arrive at a temporo-spatial response map. Unfortunately, the capacitance between the sample 

and a sharp tip is on the order of femtoFarads, dominating the signal and reducing the spatial 
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resolution to that of the tip apex (10 nm). This technique and its derivatives have been able to 

achieve 1-5 ps resolution [37].  

The STM junction nonlinearity [Equation (1.19)] in the current at intermediate voltages (1 

< VBias < 3 V) can also be exploited by sending two voltage pulses into the junction with a variable 

delay, a technique known as JM-STM [Figure 1.4(b)]. At pulse overlap, the current signal is higher 

than when the two pulses are much further apart, allowing for a cross-correlation to be taken from 

the current signal as a function of delay. When two pulses arrive at the junction at t1 and t1+td 

respectively, the resulting current response is shown in Equation (1.20). Here, VB is the static 

sample bias while V1 and V2 are the voltage pulses arriving at the junction with a delay of td. The 

delay dependent terms are then shown in Equation (1.21) along with the time averaging conducted 

by the slow detector.  

 ( ) = ( + ) (1.19) 

 

+ ( + ) + ( )= ( + + )+ [ + + + 3 + 3 + 3+ 3 + 3 + 3 + 6 ] 
(1.20) 

 
( ) = [3 ( + ) ( ) + 3 ( + ) ( )

+ 6 ( + ) ( )  

(1.21) 
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One important point about PG-STM and related techniques is that the laser pulses are often 

chopped in the kHz range, a frequency high enough to avoid tip oscillations from the feedback 

circuit, but low enough for low frequency electronics to amplify and extract the relevant signal. 

The pulse driven effect is small compared to the background current so a lock-in amplifier is used 

at the chopping frequency. Monitoring this signal as a function of the two pulse delay gives the 

desired temporal resolution. This type of chopping cannot be used for direct illumination 

experiments because the thermal expansion and contraction will dominate the signal.  

An important advancement using this technique was realized by Nunes in 2000 where they 

demonstrated 1nm spatial resolution and 20 ps temporal resolution [38]. To achieve this, the 

researchers illuminated photoswitches attached to gold transmission lines using 170 fs , 750 nm 

pulses. The voltage pulses generated had an amplitude of 500 mV with an approximately 25 ps 

FWHM due to the newly developed hydrogen ion implanted GaAs photoswitches with low carrier 

lifetimes. Overall, they were able to resolve the Au-Ti border down to 1 nm and obtain a cross-

correlation confirming their voltage pulse shapes and temporal extent.  

While very high spatial and temporal resolutions were realized, pushing the temporal 

resolution down further is a challenge in obtaining fast switches, designing better transmission 

lines, and reducing the junction capacitance. This, combined with the difficulty in transferring this 

technique over to other surfaces and substrates for study, has led researchers to pursue other 

pathways towards joint Angstrom and Femtosecond resolution.  

One approach is to directly illuminate the junction with ultrafast femtosecond pulse pairs 

and detect a non-linear response through autocorrelation. First attempts were unable to show any 

sort of distance dependence, but in 1996, Feldstein et al. [39], was able to resolve a distance 

dependence that varies over the range of 1000 µm. While it was determined that the signal was 
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from electron emission, their temporal resolution was less than 100 fs, on the order of their laser 

pulse widths. True transient tunneling signal was first observed by Keil at al. in 1998 [40] using 

laterally displaced laser beams such that the plasmon pulses would traverse into the junction. 

Temporal resolutions down to 200 fs were reported along with signal that was negligible when out 

of tunneling.  

Building on the pump-probe laser techniques, Shigekawa’s team has developed the shaken-

pulse-pair-excited STM (SPPX-STM) as shown in Figure 1.4(c) [41]. In a traditional pump-probe 

STM setup, the pulses arrive at the junction, causing a nonlinear tunneling current response, but 

detecting that small difference from the background tunneling current has proven difficult. The 

two pulses could be chopped at below the current preamplifier cut-off frequency (<10 kHz) to 

allow for a lock-in detection method, but chopped pulses arriving at the junction cause significant 

tip heating and expansion effects affecting the feedback loop and generally producing noise signal 

comparable to the desired signal from the tip motion. One way to circumvent this is to use time-

delay modulation instead of optical choppers. The fluence into the junction is then held constant 

and pulses are arriving too fast for the feedback to compensate for each pulse. The time-delay 

modulation conducted at 1 kHz can vary the delay from the pulse delay of interest to a pulse delay 

in the 10s of microseconds where the signal should have reached steady state. Note here that not 

only is the laser-driven phenomena extracted from the DC tunneling current, but the stead-state 

laser driven background is automatically subtracted from the lock-in amplitude signal.  

As a demonstration of this technique, Shigekawa et al. reported in 2010 the ability to 

measure the change in current vs delay at every pixel of their STM image and used an exponential 

fit to determine the transient signal life-time [42]. A depression in the current at small delays is 

seen and attributed to a combination of bulk and surface carrier effects. The bulk-side decay is due 
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to adsorption bleaching, as the second pulse is not able to excite the same number of carriers in 

the sample as the first pulse. The surface-side transient signal is caused by a reduction in carrier 

trapping once the carrier from the first pulse has decreased the surface photovoltage (SPV). In 

combination, the cross-correlation spectra features a depression at small delays and can be fit to 

an overall decay constant. This decay constant was then mapped in real-space over Cobalt 

nanoparticles on GaAs with the resulting image strongly resembling the STM tunneling 

topography. The cobalt nanoparticles have much faster (<10 ns) recombination lifetimes and were 

easily distinguished from the much higher (>50 ns) lifetimes of the bare surface around the 

nanoparticles.  

More recent work by H. Shigekawa [43] and T. L. Cocker [44,45] has been in the 

development of using terahertz (THz) laser pulses as a way to locally affect the electric field at the 

junction [Figure 1.4(d)]. The idea is to use these single-cycle THz electric fields (2-3 ps) to drive 

rectified electron tunneling current without the heating effects seen from using visible or near-IR 

wavelengths. Absence of the thermal effects allows chopping at low frequencies (1 kHz) and 

subsequent measurement of very low tunneling current changes. The THz pulses act directly as 

fast voltage transients, similar to the JM-STM, enabling a sample of the nonlinearities in the 

conductance when cross-correlation is performed using two pulses. Equations (1.19)-(1.21) 

therefore also describe the THz-STM method [43–47]. 

In 2013, Cocker demonstrated <500 fs temporal resolution and ~2nm spatial resolution by 

illuminating Gold nanoislands on HOPG using 300 µm THz pulses in ambient conditions [44]. 

The rectified current could be mapped alongside the topography similar to that done by Shigekawa, 

but the autocorrelation produced rectified electron lifetimes below 500 fs. The THz-induced 

tunneling current was then measured on InAs nanodots on GaAs where an 800 nm pump pulse 
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would first photoexcite the nanodot, increasing the THz induced tunneling current. The resulting 

lifetime (~1 ps) then corresponds to the hole-capture rates.  

A landmark result was reported by Cocker in 2016 using the THz-STM technique which 

is currently at the forefront of the combination of <1 ps temporal and <1 nm spatial resolution [45]. 

First, to demonstrate the THz level electric field control, they arranged a THz pulse peak to -2.05 

V and simultaneously imaged the topography with a sample bias of only 6mV, far from any 

molecular resonance. The topography was nearly featureless, but the THz induced current image 

strongly resembled topography when done at -1.7 V, mapping the HOMO orbitals. Thus, the THz 

pulses were able to extract electrons ( <1 electron per pulse corresponding to <80 fA at 475 Hz ) 

out from the HOMO levels of the pentacene and allow tunneling into the tip, showing orbital 

sensitivity and sub-angstrom resolution. This process was determined to have occurred only during 

a section (115 fs) of the major optical cycle of the THz pulse using pump-probe autocorrelation. 

Then, as a demonstration of the temporal resolution, the coherent vibration of a single pentacene 

was observed as transient current was measured during cross correlation of the two pulses. The 

first pulse extracts a single electron, imparting a momentum (Frank-Condon Principle) that results 

in the excitation of an external vibration, a low energy bouncing mode. The molecular bouncing 

modulated the tunneling barrier and can be seen through the modulation of the transient current. 

A Fourier transform of the oscillations in the transient current as a function of delay give a peak 

of 0.5 THz for the external vibrational mode. Lastly, a demonstration of the applicability of this 

technique was shown by performing the same analysis on copper phthalocyanine, which exhibited 

a different (0.3 THz) period of oscillation.  

Two techniques developed in the Wilson Ho group for attaining time resolution are the RF-

STM (see Chapter 3) and the Time-resolved Laser Action STM (TRLA-STM). As before, an 
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observable is monitored while the pump-probe delay is varied, but the exact observable and 

systems under study are different with these two approaches. In RF-STM [Fig. 1.5(a)], the high 

frequency current induced from the 80 MHz repetition rate of the laser pulses is extracted from the 

DC tunneling current using a tuned RF amplifier attached to the junction. This current, although 

small, has the potential to provide true temporal resolution at the angstrom scale.  

TRLA-STM [Fig 1.5(b)] on the other hand observes the molecular action as a function of 

the pulse delay. In this scheme, switching, hopping, or charging molecules (reversible events are 

best) can be detected through large changes in the tunneling current. These ‘actionable’ events are 

then collected as a function of pulse delay to arrive at temporal resolution. And since the action 

was generally directly caused by the laser itself, the energetic pathways are more clear and usually 

vibrationally related. Both THz-STM and TRLA-STM represent the state of the art in temporal 

STM studies and much technique development is likely to occur in the near future. 

 

1.5 Ultra-High Spatial Resolution using the STM – itProbe 

Cryogenic STMs are routinely capable of sub-Angstrom resolution, but their ability to 

resolve chemical structure has been lacking. Instead, as outlined in Section 1.3, both topography 

(constant current) and constant height scans are probes of the local DOS. Low bias scans near the 

Fermi level then are usually bulbous and cloudy due to wavefunction nature of electrons. Modest 

advancement has occurred through the use of functionalized tips (e.g. with carbon 

monoxide [48,49], xenon [50]) which do provide enhanced contrast, but three recently developed 

techniques have broken the resolution barrier in terms of structural imaging: the scanning tunneling 

hydrogen microscope (STHM), the molecular probe non-contact atomic force microscope (NC-

AFM), and the inelastic tunneling probe (itProbe).  
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 STHM, first developed by Frank Stefan Tautz and coworkers [51–53], is demonstrated in 

Figure 1.6(a). Here, a molecule is scanned topographically after a monolayer of molecular 

hydrogen is deposited onto the surface. Instead of visualizing the electronic states of the hydrogen 

or molecule, low bias topographic scans over the molecule reveal contrast with very sharp features 

resembling carbon rings. The hydrogen layer then acts as a force transducer, converting the short-

ranged Pauli repulsion acting on the hydrogen layer by the total electron density (TED), into a 

conductance signal for the STM to image.  

Extraction of the tip-sample force was difficult in this configuration and the STHM 

technique quickly gave way to another form of short-ranged Pauli repulsion imaging invented by 

Leo Gross and coworkers [54]. They used a short-ranged NC-AFM with a functionalized tip (CO 

was initially used, but Xe has also been demonstrated subsequently) to map the constant height 

AFM frequency shifts due to the Pauli repulsion [Figure 1.6(b)]. This functionalized tip acts as a 

soft probe, which follows the local interaction potential energy surface (PES) and enables ultrahigh 

contrast images [55,56]. In addition, force spectroscopy using the functionalized NC-AFM 

technique has led to the ability to probe electrostatics with ultrahigh spatial resolution and 

contrast [57].  

In their 1968 paper, Jaklevic and Lambe noted that the C-N stretch mode at 280 mV was 

very sharp and could be used as a sensor for when the lead and aluminum went normal from 

superconducting (1 mV redshift) [24]. This principle has now been harnessed at the single-

molecule level in the form of inelastic tunneling probe imaging (itProbe). In 2014, Chiang, Xu, 

Han, and Ho picked up a CO molecule onto the tip of an STM and measured the redshift in the 

CO hindered translational mode as the tip was raster scanned over another molecule [58]. The 

skeletal structure, with sharp lines suggestive of atomic bonds, was seen, closely resembling the 
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structural contrast seen in functionalized NC-AFM (invented in 2009 by Leo Gross [54]). One key 

distinction was that with itProbe, a direct measurement of the local environment’s effect on the 

external vibrational mode of the tip-CO could be made.  

Figure 1.7 shows how the hindered translational mode potential well is perturbed by the 

local environment. Attractive regions of the surface can be thought of as a potential valley, adding 

a positive contribution to the local potential curvature of the CO, such that the vibrational 

eigenvalues shift up in energy. Repulsive regions on the surface contribute negative curvature and 

cause the potential well of the CO to flatten out. The eigenenergies of the hindered translational 

mode are then redshifted compared to the background value. It should be noted that the oxygen 

atom of CO has been shown [29] to undergo the majority of the motion for the hindered 

translational mode while the carbon is the primary mover for the hindered rotational modes.  

The origin of the structural image maps for all three techniques has been intensely debated. 

Given their resemblance to bonds between atoms, it was tempting to assign them directly to the 

atomic structure [59–61]. A breakthrough came when Hapala introduced a semi-classical model 

in 2014 [62,63] that could explain the mechanism for not only the high resolution STHM and NC-

AFM images, but also the itProbe imaging that followed. His theory relied on a Lennard-Jones 

potential between tip-CO’s oxygen and surface adsorbed molecule. This potential [Equation 

(1.22)] is a sum of pairwise attractive van der Waals (R6) and a repulsive Pauli (R12) potential 

terms between every atom in the surface adsorbed molecule and the tip-CO’s oxygen atom [Figure 

1.8(a)]. Coefficients of the two terms ( , ) are defined by a pair binding energy ( ) and 

equilibrium distance ( ) between each pair of atoms as defined in Equations (1.23) and (1.24). 

Both are obtained from experimental fits and are termed the force field parameters. The parameter 



25 
 

r is defined as the distance between the two atoms. The tip-CO is ‘bonded’ to the Ag tip apex atom 

using artificial Ag values, constraining the tip-CO’s oxygen to a fixed radius of motion.  

 = = − +  (1.22) 

 = 2 ( + )  (1.23) 

 = ( + )  (1.24) 

 

The tip-CO then relaxes under the external force until a minimum is found [Fig. 1.8(b)], 

where the external and internal forces cancel. Once the tip-CO oxygen position is found for a given 

tip location, the external vibrational mode is modeled using a simple harmonic oscillator with a 

linear, lateral spring constant k [Fig. 1.8(c)], consisting of an intrinsic value obtained from 

experimental background and an environmental value from a parabolic expansion of the external 

potential at the tip-CO oxygen’s position [Eqs. (1.25)-(1.28)]. The radial mode at high energies 

can be neglected, and the remaining two hindered translational modes are used for the itProbe 

simulations.  Raster scanning the tip position in a grid over the surface molecule gives resulting 

eigenenergy maps [Fig. 1.8(d)].  

 

 = ℏ  (1.25) 

 ( ) = ( ) (1.26) 
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 = +  (1.27) 

  = ℏ  (1.28) 

  

Experimental itProbe images though are not the eigen-energies of the hindered translational 

vibrational mode, but the magnitude of the IETS signal at a given bias voltage. To fully simulate 

this, once the eigen-energies are simulated, they are gaussian broadened to match the experimental 

peak broadening, providing an energy spectrum at every tip location. The magnitude of this 

simulated spectra at a given sampling bias (energy) produces a simulated itProbe image.  

 

1.6 Probing and Controlling Molecular Dynamics with the STM 

As discussed in section 1.2, STM has been able to do much more than simply observe. 

Beyond the spatial and temporal resolution that was discussed in sections 1.4 and 1.5, the probe of 

the STM can be used to control chemistry. For instance, STM has already been used to excite 

specific vibrations via the IETS process outlined in section 1.4. STM tunneling electrons have also 

been used to move [64] or switch molecules [65] as well as cleave and make bonds [48,66]. A 

unifying theme of these manipulations has been in the control of chemistry at the atomic limit.  

One of the broad aspects of chemical control at the atomic scale involves the manipulation 

of energy transfer mechanisms. STMs have also been advantageous in this and four schemes of 

energy transfer mechanisms for inducing chemical reactions and motions have been studied: 

thermal, electric field, electron, and photon. I will discuss the latter two as it pertains to my work.  

 

1.6.1 Electron Induced Dynamics 
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Stipe et al. first demonstrated electron-controlled motion in 1998 while studying the 

rotations of acetylene on Cu(100) as a function of tunneling bias [67]. They found that by 

depositing energy into the CH stretch mode at 358 meV, the rotation rate increases by a factor of 

10 due to an energetic decay pathway from the excited CH stretch into CH bend modes.  

Another landmark STM result showing control over electron energy transfer was 

demonstrated by Komeda et al.  [68]. Komeda showed that by depositing energy into the CO 

stretch mode at 240 meV, CO hopping was induced on Pd(110) but not on Cu(110), largely because 

of how important the energy transfer mechanisms are. The Cu(110) hopping barrier is lower, but 

the coupling between the stretch mode and hindered translational and rotational modes required 

for efficient energy transfer, was much worse on the Cu than Pd surface. Only by exciting modes 

along the reaction coordinate with sufficient energy to overcome the potential barrier can the 

hopping actually take place, explaining their results.  

Controlled dissociation reactions have also been shown. The first example of which was 

presented by Stipe et al. in 1997 [69] where they showed controlled single molecule dissociation 

of O2 on Pt(111), paving the way for future bimolecular reactions. By monitoring the dissociation 

rate as a function of bias and current, they proved that ladder climbing of the O2 stretch mode was 

the primary mechanism; A single electron of 400 meV, two 300 meV electrons, or three 200 meV 

electrons could all induce the dissociation.  

 Another form of unimolecular chemical reaction at the atomic scale is that of 

tautomerization, the maneuvering of atoms (usually hydrogens) from one site to another without 

changing the chemical formula. This is of particular interest due to applicability in molecular 

electronic circuits as voltage controlled switches. Single molecule tautomerization was first 

observed in real space through confocal microscopy by Piwonsky et al.  [70], a difficult feat due 
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to both species having the same fluorescent signatures. In STM, Liljeroth et al. in 2007 [65] 

showed that tunneling electrons could themselves be used to both induced the tautomerization 

change AND observe the final state. They switched a single napthalocyanine molecule reversibly 

using tunneling current with rate of up to 10 Hz as seen in the tunneling current traces over time. 

Unfortunately, the exact excitation mechanism was unclear.  

Following studies by Kumagai et al.  [71] showed that IETS driven tautomerization was 

also possible, giving a more direct observation of the energy transfer mechanisms. They noted that 

porphycene on Cu(110) has a distinct increase in the switching rate upon excitation of the NH 

(ND) stretching mode at 380 (284) meV, a concept similar to that of the current induced rotation 

seen previously.  

 

1.6.2 Photo-induced Dynamics 

Photon induced chemical dynamics have been heavily studied in both ensemble and single 

molecule measurements. STM led studies generally fall into two camps. First are studies involving 

a spatial scan before and after illumination to visualize the effects. A set of studies by Comstock 

et al.  [72,73] showed that light at 375 nm and 444 nm produced different population equilibriums. 

In their study, they deposited trans 3,3’,5,5’-tetra-tert-butyl-azobenzene (TTB-AB) molecules and 

took topographic scans after measured doses of light. Counting the populations allowed them to 

determine first that it was a first-order reaction, and that the reaction equilibrium was wavelength 

dependent. The cross-sections for both the cis to trans and trans to cis conversions could then be 

extracted.  

In a similar manner, tautomerization in porphycene on the surface was investigated by 

Bockmann et al.  [74] with scans before and after laser illumination. Porphycene was unique in 
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that above 35 K, all of the molecules are in the trans configuration, but laser illumination 

unidirectionally coverts them slowly to the cis form. Measurements of the decay against light 

exposure at different wavelengths give rate increases attributed to Q and Soret bands of porphycene 

although a direct excitation and energy transfer mechanism was not clearly identified.  

The second camp of molecular experiments are those done with laser illumination while 

scanning. One such example is the pioneering work done by S. W. Wu et al.  [75] where laser 

driven molecular charging of a single magnesium porphine molecule was explored. By fitting to a 

power law, they determined that charging probabilities using cw lasers at 800 nm and 633 nm were 

a single photon event, but femtosecond laser illuminated charging was a two-photon effect. 

Capitalizing on this, they also performed time dependent pump-probe experiments, reporting for 

the first time femtosecond temporal resolution on single molecules with the STM (see TRLA-STM 

in Section 1.4).  

The experiment presented in Chapter 5 is of the dynamics of a single molecule switch 

probed with different illumination wavelengths. This is similar to the work done by Comstock et 

al. and Bockmann et al. but since the study was conducted at the single molecule level, all of the 

kinetic information is obtained from taking time traces of the current and tip positions. This 

technique, called Energy-resolved Laser Action STM (ERLA-STM) [Fig. 1.9], is the first to have 

demonstrated wavelength dependent switching information at the single molecule level and the 

first to have demonstrated near-IR overtone excitations in single molecules.  
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1.7 Research Goals 

This thesis consists of the pursuit of three major goals concerning chemistry: Temporal 

Resolution, Spatial Resolution, and Chemical Control. Here, I will expand on why and how I have 

contributed to these fields.  

 

1.7.1 Temporal Resolution 

One large goal of the scientific community has been to understand fundamental ultrafast 

processes: the way in which two molecules react, the way in which electrons and holes combine, 

the way in which molecules move, desorb, vibrate, and de-excite.  If we want to view chemistry 

on the time-scales of chemistry, we need to have tools that can access those timescales. In fact, 

applying very specific pulses can directly control reaction products and energy transfer 

mechanisms by way of preparing specific excited coherent states  [76]. Combining these abilities 

with STM allows us to further target specific molecules or even parts of molecules to control and 

excite. The end goal is to understand femtosecond processes, control them and utilize our 

knowledge to create devices.  

Fortunately, as discussed in section 1.5, a pump-probe technique has been invested to do 

just that. Laser pulses can excite and probe the dynamics as they are happening, and the averaged 

signal (transmittance, fluorescence, etc.) can be detected by our slow detectors, giving us a view 

of what is truly happening. Instrumentational challenges are key here. The number of systems, 

single molecules, quantum dots, and nanoparticles we could look at is large, but performing studies 

at the nanoscale is a significant challenge in engineering and noise control.  

Towards this end, I present our approach and results in chapter 3. I have constructed an 

STM with a built in 80 MHz preamplifier, a frequency matching that of the pulse pairs in our 
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femtosecond laser system. The goal is to extract the very small, but surely present, photo-induced 

signal over single molecules and surfaces. By varying the delay time between pulses, we would 

have temporal resolution, not unlike that seen by Shigekawa’s group  [41]. Then, once the 

instrument is constructed, we could investigate a number of systems and start studying molecular 

femtochemistry with atomic resolution, a goal that is still considered elusive in 2017. To date, only 

one paper  [75] has accomplished this type of femtosecond pump probe spectroscopy with 

Angstrom resolution on a single molecule.  

 

1.7.2 Spatial Resolution 

STM has had great success in resolving surface structures, particularly when using 

functionalized tip. For example, STM was the first to conclusively resolve the Si(111) 7x7 

reconstruction, laying to rest a host of models derived from spectroscopic measurements. One of 

the long standing problems though has been that the tunneling current is predominantly sensitive 

to the local electron density of states, which is the result of a number of interactions in extended 

systems. Several techniques like point contact microscopy has been used to gain atomic contrast 

on surfaces [77] and gain site dependent contrast [78], but actual atomic characterization is specific 

to the particular surface studied. In essence we still couldn’t routinely examine an unknown surface 

or molecule and identify it. 

Reproducibility is one of the key factors required. For instance, a conductance spectrum 

obtained on a surface can look very different depending not only on the tip material but also the 

microscopic tip apex configuration [79,80]. Fortunately, novel methods for characterization of tip 

apex terminations have aided in reproducing similar tip conditions as seen in both NC-AFM and 

itProbe reports.  
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 NC-AFM techniques coupled with other spectroscopic methods has enabled chemical 

identification, but this type of work is still in it’s infancy, we don’t yet have a complete 

understanding of the interactions at play. Thus, more work need to be done before we can image a 

molecule and instantly know where the nitrogens, carbons, hydrogens etc. are located. One such 

proposed scheme would be to calculate simulated images based on guesses of the adsorbed 

molecule. An identical match would then result in identification, but the difficulty here is in 

accurate simulations and guesses.  

 If we could accurately model the chemical physics at play, we wouldn’t really need 

experimental conformations anymore. With a perfect model, we could essentially run our 

experiments solely on computer, investigating larger and more complicated systems (protein 

folding, molecular motors, photosynthesis pathways, etc.). We are not there yet. Modeling has not 

matured to this level of accuracy.  

 From my familiarity with the complexity of surface interactions, I believe the next stepping 

stone will be to have a good enough understanding of chemical configurations and interactions 

such that simulated itProbe (and NC-AFM) images can be calculated efficiently and accurately. 

For instance, for each potential molecule, many adsorption sites and thus geometries need to be 

calculated before calculation of an itProbe or NC-AFM simulated image. Eventually, identification 

accuracies will be high enough to move onto more complex molecules, giving us insight into even 

more complex systems.  

 In some sense, I tend to think of an STM experiment as an accurate simulation. We deposit 

a molecule onto the surface and suddenly it finds the right binding sites, arranges in the correct 

ways, and somehow ‘knows’ exactly where it should be and how it should behave. The STM is a 

tool used to understand the rules of nature that caused this certain configuration and behavior.  
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 With the larger goal of understanding and modeling nature, and the smaller goal of 

chemical identification, what my work has done is advance a semi-classical theory in the hopes 

that our community will slowly understand itProbe and the images it produces. Specifically, I’ve 

shown areas of the model that require more improvement and have produced experimental data 

that others can use to inform their own modeling ventures. The expansion of the technique in the 

z and energy dimensions give us a way to map out the interaction potential energy surface, 

something that could in principle be accurately modeled once factors such as CO tip and molecule 

relaxation are taken into account. Computational time is still a concern, which is why for the study 

presented, I have focused on a faster semi-classical model.  

 Lastly, I’d like to reiterate that while ultra-high spatial resolution can help in terms of 

understanding reaction products or surface arrangements of molecules, understanding the imaging 

mechanisms themselves can also help illuminate molecular interactions. It is here that I have 

focused.  

 

1.7.3 Chemical Control 

In a 1980 piece [81] Ahmed Zewail wrote, “With sufficiently brief and intense radiation, 

properly tuned to specific resonances, we may be able to fulfill a chemist’s dream, to break 

particular selected bonds in large molecules.”. Thirty-seven years later, we are still pursuing this 

goal, namely, to control chemistry.  

 The idea itself is simple, molecules that are heated have distributed their energy among all 

of their degrees of freedom. Instead, if we can excite just a particular vibration, rotation, or 

electronic excitation, we may be able to control the speed and outcome of chemical reactions [82]. 

The ultimate in reaction control via photons is that of using shaped femtosecond laser pulses to 
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drive a certain reaction or transition. Adequate feedback control can optimize the shape of the 

pulse so that the desired outcome is reached [76,83]. 

Another method is to select certain bonds in which to deposit energy into. By understanding 

the energetic flow, the way the bonds are ‘communicating’ with each other, it’s possible to induce 

dissociation [84,85] or bond rotation [86–90] events that otherwise wouldn’t be possible using 

only thermal energy deposition. The most promising of these methods is in using high-overtone 

excitations [91].  

 Near-infrared excitations of bonds (850-1,300 nm) are modeled after a local-mode 

approximation. The anharmonicity terms create a Hamiltonian that is not well solved by traditional 

normal modes such as asymmetric and symmetric stretches of two nearby oscillators. Thus, each 

oscillator is independent, simplifying the spectra in this region and allows for very specific control 

of the excitation mode.  

 These overtone excitations are actually also very important to understand from a 

fundamental view because of their applicability to environmental science [84,92] and biological 

sciences [93].  In the case of biology, NIR can penetrate deeper in tissues, and when coupled to 

upconverting nanoparticles (doped NaYF4) can induce localized photoisomerizaton, 

photopolymerization, photolysis, and photo-coupling type reactions. Of course, once the photons 

are upconverted to visible or UV light, they can induce any form of light driven reaction.  

In the case of environmental reactions, consider that a substantial amount of light in the 

NIR region is irradiating the atmosphere. It has been proposed that OH stretch overtone excitations 

contribute significantly to the production of HOx and NOx species in the lower stratosphere, 

especially at high zenith angles that occur during sunrise and sunsets. Recent studies have shown 

that high-overtone excitations of OH can even decompose sulfuric acid [94].  
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 My work, shown in Chapter 5, is directly concerned with the intersection of NIR overtones 

in that they can induce conformational changes. Already several studies have been reported that 

show how OH or NH overtones can be excited to isomerize small molecules in inert gas matrices 

via energy transfer, but none have performed this on the single molecule level. Studies performed 

by Comstock et al. [72,73] and Bockmann et al. [74] are at the single molecule level, but are done 

through ensemble measurements. Instead, I have shown the ability to determine wavelength 

dependent rate parameterization through the conformational change of pyrrolidine. In addition, I 

have been able to show how the CH 3rd overtone affects the equilibrium constant for the reversible 

unimolecular reaction. This work has also further developed laser coupled STM techniques by 

providing a calibration standard for performing wavelength dependent studies.  

 

1.8 Summary of Contents 

This dissertation comprises of the instrumentation and experimental work that I have 

conducted towards all three goals – spatial resolution, temporal resolution, and chemical control. 

Chapters 2 and 3 are instrumentation based and include primarily substantial background 

information. Additional information on these topics are discussed in the appendix. Chapters 4 and 

5 are prepared to be published in a peer reviewed journal. The contents of all remaining chapters 

are briefly outlined below: 

Chapter 2: “Design and Construction of the Piezo Control Electronics for the Scanning 

Tunneling Microscope” by Calvin Patel. This chapter describes the control systems of the STM as 

well as the design of the new Feedback and Piezo controllers. Feedback stability and Bode 

Analysis is first introduced followed by a description and simulation results of the new electronic 
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circuits used. Lastly, a discussion of the translation and rotational mode of the Besoke type scanner 

is presented.   

Chapter 3: “Design and Construction of an 80 MHz RF-STM” by Calvin Patel. This chapter 

details the experimental apparatus used in the experiments conducted as well as the design and 

construction of an 80 MHz RF-STM. Piezoelectrics, vibrational isolation, and small signal RF 

basics are discussed along with the experimental set-up used in the Pyrrolidine experiment 

(Chapter 5). This chapter also includes the testing of the RF preamplifier for achieving temporal 

resolution.  

Chapter 4: “Energy Resolved Tomography of a Single Molecule by a Scanning Tunneling 

Microscope” by Calvin Patel, Greg Czap, Zhansheng Lu, Yanzing Zhang, Min Feng, Hrvoje Petek, 

Ruqian Wu, Wilson Ho. This paper to be submitted to PRL details our work towards further 

developing itProbe in the energy and z dimensions. 1,4, Phenylene diisocyanide was studied on 

Ag(110) and a comparison of a semi-classical mechanical model with our experimental itProbe 

and point spectroscopy results are presented. The work demonstrates the uniqueness of itProbe in 

that it can fully image the interaction potential energy surface in three dimensions. In addition, 

structural imaging is shown to have height dependent features, allowing us to visualize the bridge-

like structure of the PDI.  This study aids in the advancement of imaging models and techniques, 

leading the charge towards electrostatic and chemical resolution.   

Chapter 5: “Near-IR Induced Conformational Change in a Single Molecule observed by a 

Scanning Tunneling Microscope” by Calvin Patel, Christian Kim, Ruqian Wu, and Wilson Ho. 

This paper to be submitted to PRL describes the use of a tunable laser to perform near-IR overtone 

spectroscopy on a single pyrrolidine molecule. Wavelength dependent rate constants of the first 

order switching dynamics are obtained and correlate well with expected NIR absorption spectra 
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for the two conformations. This presents an advancement in studying the photo-induced dynamics 

of single molecules and paves the way towards controlling reaction dynamics and equilibriums.  

Chapter 6: “Conclusions” by Calvin Patel. Here I present future ideas on possible 

techniques, instrumentation, and experiments that would enable the community to progress further 

into obtaining and using chemical sensitivity, sub-angstrom temporal resolution, and NIR based 

control over molecular dynamics.  

Appendix: The appendices describe an Arduino safety circuit, laser autocorrelation 

techniques, capacitance based tunneling techniques for creating sample holders, statistical 

techniques for the pyrrolidine experiment, a manual for the piezo motor drivers, a manual for the 

construction of an STM, and a guide to the python scripts used in extracting trace data for the 

pyrrolidine experiment.  

 



38 
 

Figure 1.1: Quantum tunneling through a barrier. Schematic diagram of quantum tunneling 

through a barrier of height U and width w. There is a finite probability of transmission, a 

phenomenon exploited by STM to produce atomic scale images.  
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Figure 1.1 
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Figure 1.2: Energy-based schematic of the STM tunneling junction. Here, the work potential, φ, is 

the barrier height. A sample bias is applied elevating the Fermi level of the sample by a value of 

eV. Electron tunneling occur from occupied states (light blue) into unoccupied states. Red dashed 

lines represent the thermal distribution of occupied states due to a finite temperature (Fermi 

distribution).  
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Figure 1.2 
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Figure 1.3: Demonstration of inelastic tunneling. (a) Schematic diagram showing both elastic and 

inelastic tunneling across a vacuum gap. Inelastic tunneling occurs when the tunneling electron 

deposits energy into an excitation, in this case ħω. (b) I-V spectroscopy displaying the effects of 

an inelastic tunneling channel. D2I/DV2 spectroscopy will show spikes corresponding to the 

excitation energies.  
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Figure 1.3  
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Figure 1.4: Different modalities in STM for achieving temporal resolution. (a) Photo-conductive-

gate STM where two time correlated pulses arrive at a surface transmission line and semiconductor 

gate on the tip. (b) Junction-mixing STM where two time correlated pulses arrive at different 

semiconductor switches that propel a pulse down transmission lines towards the junction. (c) 

Shaken-pulse-pair-excited STM (SPPX-STM) which uses a pump-probe setup on semiconductor 

heterostructures. The probe pulse is modulated for lock-in detection. (d) THz-STM which uses a 

pump-probe setup with THz laser pulses. The pulses induce tunneling because of their large 

transient electric field. Optically chopping these pulses allows for lock-in detection of induced 

currents. 
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Figure 1.7 
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Figure 1.5: RF-STM and TRLA-STM modalities to achieve temporal resolution. (a) RF-STM in 

which the high frequency current resulting from the 80 MHz repetition rate is separated and 

amplified by an internal preamplifier. (b) Time-resolved laser action STM (TRLA-STM) in which 

pump probe pairs induce large changes in the tunneling signal due to molecular action.  
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Figure 1.8 
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Figure 1.6: STHM and NC-AFM techniques. (a) A schematic of scanning tunneling hydrogen 

microscopy (STHM), a modality of the STM where a layer of hydrogen molecules have covered 

the surface. (b) non-contact AFM with a CO probe. Both methods produce ultra-high spatial 

resolution compared to conventional approaches.  
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Figure 1.4 
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Figure 1.7: Mechanism of itProbe. The potential energy surface (PES) of a tip attached CO 

molecule is modified by the interaction PES. Attractive (repulsive) surface potentials cause the 

eigenmodes to blue(red)-shift. Mapping these shifts and imaging the magnitude of IETS cross-

section at a given energy results in an itProbe image.  
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Figure 1.5 
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Figure 1.8: Mechanical model calculation steps. (a) The tip-CO interacts with the surface via 

pairwise interactions between surface atoms and the tip-CO’s oxygen atom while the tip is at a 

precise x,y,z position. (b) This force tilts the tip-CO until the force is minimized. The CO is kept 

constrained onto the tip by a spherical potential. (c) The local forces are diagonalized to find 

hindered translational vibrational eigenmodes which are recorded. (d) The tip is then moved to the 

next pixel and steps (a)-(c) are preformed once more.  
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Figure 1.6 
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 Figure 1.9: Energy-resolved laser action STM (ERLA-STM). In ERLA-STM, action spectroscopy 

is performed at different illumination wavelengths to obtain energy resolved UV-VIS-IR 

spectroscopy in STM.  
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Figure 1.9 
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CHAPTER TWO 

Design and Construction of Feedback and 

Piezo Control Electronics 

 

 

2.1 Introduction 

One of the key components in STM design is the piezo driver. As STM scans are generally 

done in the constant current mode, the feedback control system must be able to maintain steady 

gaps without spurious oscillations. The capacitive load of the piezo motors also presents a unique 

design challenge. The Piezo and Feedback control box directly outputs voltages to the piezo 

ceramic tubes, causing motion. The Piezo Board amplifies voltages arriving from 12-bit DACs, 

whose voltages are too low to sufficiently move the piezo tubes while the Feedback Board has the 

task of maintaining a steady tunneling current by way of comparing the existing tunneling current 

with a setpoint.  

 In this chapter, the idea of feedback is first introduced in relation to operational amplifiers 

due to the stability problems that arise when driving capacitive loads. Later, we will discuss the 
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full design of the STM feedback piezo drivers and their implementation in the overall feedback 

system for the tip current.  

 

2.2 Feedback Stability 

While a complete description of controls theory for operational amplifiers is discussed 

elsewhere [1–8], some basics are required for the selection of a topology for the individual piezo 

drivers as well as for the overall Feedback Board and Piezo Board. Simulations are needed for the 

appropriate selection of component values for the circuits.   

 

2.2.1 Close-loop Inverting Gain Amplifier 

Figure 2.1 shows an ideal op-amp circuit in the inverting feedback topology. Assuming an 

open-loop gain (A), two equations can be written describing the system,  

(0 − ) ∗ =  (2.1) 

− = −2  (2.2) 

where 

= 1|| 1 = . (2.3) 

 

Here we use the Laplace notation, utilizing s instead of the usual iω. By solving Eqs. (2.1) 

and (2.2), we arrive at the closed loop transfer function in Eq. (2.4). Taking the limit for large A, 

the familiar transfer function for an inverting gain topology is given in Eq. (2.5). 
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= − 1 +1 + 22 +  (2.4) 

lim→ = − 2  (2.5) 

lim→ ( )lim→ (0) = 1√2 (2.6) 

11 + ( 1 1) = 1√2 (2.7) 

= 2 = 11 1 → = 340  (2.8) 

20 ∗ log 1√2 = −3.01  (2.9) 

 

With increasing frequency, the feedback impedance decreases due to the capacitor, 

reducing the overall transfer function. In order to characterize this and compare with other 

topologies, engineers report the frequency at which the magnitude of the voltage transfer function 

has dropped to 0.707 of the DC value, or equivalently, when the power transfer has been halved 

[Eq. (2.6)]. As an example, the half power point occurs at 340 KHz in this circuit.  

Figure 2.1 also includes a Bode plot of the gain in the logarithmic units of decibels ( = 20 ∗ ( )). Logarithmic units of gain are used because it is much easier to estimate, 

draft, and present the behavior of these systems. There are several benefits to using this unit. Due 

to the nature of the logarithm, the half power point is always 3.01 dB lower than the full power 

point [Eq. (2.9)]. Another benefit of the logarithmic Bode plots is in approximating the behavior, 

the slope is generally flat before the -3 dB frequency and falls to -20dB/decade after the -3 dB 
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frequency.  Also shown in Fig. 2.1 is the phase of the output relative to the input, which shifts due 

to the feedback capacitor. Later sections will go more into the detail of the phase shifts and their 

role in stability.    

 

2.2.2 Negative Feedback Control Systems 

An equivalent control systems circuit mimicking this transfer function [Eq. (2.5)] is shown 

in Fig. 2.2. Here, an analysis of the feedback loop results in the closed loop transfer function in 

Eq. (2.12). The factor AB is called the open-loop gain for reasons that will be evident later, but 

one thing to note is that the open-loop gain can sometimes reach a value of -1 if the phase is shifted 

180 degrees, producing an unbounded amplification. This type of instability would cause either 

lockup or oscillations in a real system.  

( − ) ∗ ∗ = → = (1 + ) (2.10)

= ( − ) ∗ ∗ → = ∗ ∗  (2.11)

= 1 +  (2.12)

 

Nothing is lost from the generalized picture as the inverting feedback circuit in Fig. 2.1 can be 

related to the generalized block diagram in Fig. 2.2 by relating A to A, B to , and C to .  

As mentioned before, the open-loop gain should not reach a 180 degree phase shift. To 

prevent this, it is common to have a testing procedure such as that shown in Fig. 2.3 to identify 

problems. In this scheme, the feedback loop is broken and a signal Vs can be input while 

recovering the output Vn. The result of Vn/Vs is exactly the value of the open-loop gain AB.  
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2.2.3 Open-loop Operation Amplifier Feedback 

This topology can be implemented in the real electronic inverting circuit as seen in Fig. 

2.4. The input voltage is amplified by the Amplifier Gain (typically on the order of 105) and then 

divided out by the passive feedback components. The passive components themselves should 

perform as a 1/11 divider at low frequencies, but the behavior at higher frequencies here is difficult 

to immediately ascertain. Equations (2.13) to (2.15) show the how the magnitude of the open-loop 

gain is affected by frequency.  

= = + = + 11 + 1 1 = 1 + 1 11 + 12 + 1 1 (2.13)

20 log | | = 20 log | | + 20 log |1 + 1 1|
− 20log 1 + 12 + 1 1 ( ) 

(2.14)

20 log | | = 20log | ( )| + 20 log ( 1 + ( 1 1) )
− 20 log 1 + 12 + ( 1 1)  

(2.15)

 

The first term is the open loop gain of the amplifier itself. The second and third terms are 

a result of the feedback loop. Taking the limits to small and large frequencies we can gain some 

insight into the behavior of these terms. Equation (2.13) shows that at low frequencies, the 

contribution from the positive term is 0 dB while at high frequencies [Eq. (2.14)], the contribution 

is +20 dB/decade, a linear slope in the log-log Bode plots. The negative term shows a constant -

20 dB effect at low frequencies [Eq. (2.15)] and -20 dB/decade behavior at large frequencies [Eq. 

(2.16)]. The  20 log ( 1 1) term is large, but cancel out between the positive and negative terms 

in Eq. (2.15) in the high frequency limit [Eqs. (2.17) and (2.19)]. They can be ignored. While 
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frequency dependent 20 dB/decade terms also cancel at large frequencies, there is a region in which 

they don’t. This is critical to the analysis that follows.  

≪ 1: 20 log 1 + ( 1 1) → 20 log (1) = 0  (2.16)

≫ 1: 20 log 1 + ( 1 1) → 20 log ( ) + 20 log ( 1 1)
= +20 + 20 log ( 1 1) 

(2.17)

≪ 1: − 20 log 1 + 12 + ( 1 1) = −20 log 1 + 12 ≅ −20  (2.18)

≫ 1: − 20 log 1 + 12 + ( 1 1)
= − 20 log ( ) −  20 log ( 1 1)
= −20 − 20 log ( 1 1) 

(2.19)

 

One way to demarcate the transition point is the point at which power transfer has doubled 

or halved. For example, in the 2nd term in Eq. (2.15), we have already established that at low 

frequencies this term has no impact to the loop gain [Eq. (2.13)]. A transition point occurs at =1/ 1 1 where this term adds 3 dB to the open loop gain [Eq. 2.20]. Note that this is also the point 

at which the complex representation has a phasor angle of 45 degrees. A rough Bode plot sketch 

can be approximated as an abrupt change in the slope from 0 to +20 dB/decade at this position, the 

transition point. This point is termed a ‘zero’, a term arising from the complex zero in the loop 

gain equation [Eq. (2.13)]. Terms that create a zero in the denominator of Eq. (2.13) are named 
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poles, while those in the numerator retain the designation of ‘zero’. A pole in our case can be 

identified by setting the 3rd term in Eq. (2.15) equal to -3 dB, a solution is presented in Eq. (2.22). 

= 11 1: 20 log √2 = 10 log (2) = +3.01  (2.20)

 

The circuit in Fig. 2.4 has a 340 KHz zero and a 3.7 MHz pole as shown by Eqs. (2.21) and (2.22).  

: (1 − 1 1)(1 + 1 1) = 2; = 2 = 11 1 ; = 340  (2.21)

: 1 + 12 − 1 1 = 0; = 2 = 1 + 121 1 ; = 3.7  (2.22)

 

Now, we can discuss the behavior of this system using simulations. Amplifiers in general 

have a complicated amplification function, but most can be modeled as a single or double pole 

system, especially when internally compensated. The green line of Fig. 2.4 (measured at the direct 

output of the amplifier) describes the amplifier open response (A) of the ideal amplifier model 

used here. It has a single pole at 100Hz and a maximum gain of 100 dB (105).  At the pole 

frequency, the gain of the amplifier has dropped 3 dB and will continue to fall at a rate of -20 

dB/decade in frequency. As predicted, the 0 dB point would lie 5 decades after the single pole, at 

10 MHz.  The blue line represents the phase of A, which is typically in phase (180 degrees) at DC 

(f=0 Hz), starts dropping one decade before the pole and reaches -45 degrees at the pole position. 

It continues to drop for another decade all the way to -90 degrees and is then constant. This type 

of behavior is typical for these topologies and results from the magnitude and phase of the output 

signals (see Refs [1-8]).  
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Vn (green) on the other hand has a rather complex behavior resulting from the transfer 

function of the passive components.  At low frequencies, the feedback capacitor (4.7 pF) does not 

participate heavily in the behavior, resulting in a typical resistor divider (1/11 = -20.8 dB)  but 

above 100 KHz, the inclusion of a pole at 3.7 MHz and a zero at 340 KHz changes the phase 

behavior dramatically. Just as poles cause a 20 dB/decade drop in the gain, zeros in the transfer 

function cause a 20 dB/decade rise. At 300 KHz, the slope becomes flat again until the pole at 3.7 

MHz. Similarly, the zero at 300 KHz raises the phase almost to 135 degrees before the pole at 3.7 

MHz interferes. Recall the phase one decade below and one decade above a pole or zero is where 

the effects start to manifest.  

The explanatory effects of these Bode plots come from the phase of the response when the 

open-loop gain is 0 dB. By taking the difference between a complete 180 degree phase shift and 

the phase at 0 dB, you get a quantity known as the phase margin. This phase margin is a metric 

that determines how close to instability the circuit is. It is also related to the amount of ‘peaking’ 

that occurs when a step function input is applied. In general, a phase margin >45 degrees is 

desirable and provides enough buffer for parasitic capacitances that may hinder the phase margin. 

In Fig 2.4, the phase never dips below 90 degrees and the phase margin of the open-loop gain at 0 

dB, which occurs at 10 MHz, is still 96 degrees.   

 

2.2.4 Driving a Capacitive Load 

The piezo ceramics of the STM are best modeled as simple 2 nF capacitors for the 

frequencies of interest and while generally there are no problems driving resistive loads using 

commercially available operational amplifiers, capacitive loads do present a problem.  The 

inherent output impedance of real amplifiers form an additional pole with the capacitive load, 
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adding as much as 90 degrees of phase shift. In Fig. 2.5, a new simulation is shown for a 50 Ohm 

output impedance and 2 nF capacitive load. A pole at 1.6 MHz causes a reduction in the 0 dB 

phase margin to 30 degrees and crosses the 0 dB point at 5MHz instead of the previous 10  MHz. 

It is because of this that stability analysis is very important when considering piezo motors, and 

also why most high voltage operational amplifiers come uncompensated and require external 

compensation topologies to adjust the open-loop gain to ensure stability.  

 

2.2.5 Lead-Lag Compensation 

One compensation technique used in the current piezo drivers is called the lead-lag 

compensation [Fig. 2.6]. Here, a pole and zero are introduced to ensure that the open-loop gain 

crosses 0 dB at a lower frequency, with the goal of improving the phase margin. It also leads to 

higher gains at higher frequencies in the closed-loop configuration. Figure 2.6 shows the open-

loop testing configuration with the addition of a lead-lag resistor and capacitor to the input. 

Equation (2.23) shows how the resulting open-loop gain in this configuration leads to a zero caused 

by R3 and C3 at 1.6 MHz and a pole at 90 kHz. 

= ( 3 + 3)|| 2( 3 + 3)|| 2 + 1 = 22 + 1 ∗ ( 3 3 + 1)( 1 2 + 1 3 + 2 32 + 1 ) 3 + 1 (2.23)

 

2.2.6 Open-Loop Simulation of the PA90 

While the previous configuration was stable, the use of an ideal opamp model precludes 

our ability to directly use the simulation results. Instead, a SPICE model of the actual amplifier is 

found from the manufacturer. Combing all the elements, a full design of the piezo driver was done 

using the PA90 high-voltage amplifier. Figure 2.7 describes an open-loop circuit using the PA90 
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in the inverting gain configuration driving a 2 nF piezo without lead-lag compensation. The 0dB 

point is reached at 8.3 MHz with a phase margin of -16 degrees and is thus unstable. 

The use of the full lead-lag compensation as shown in Fig. 2.8 enables the circuit to 

successfully drive capacitive loads. The open-loop gain reaches 0dB at 2.6 MHz with a very stable 

phase margin of 76 degrees.  

 

2.3 Design of the Piezo Drivers 

To ease the implementation of future upgrades, the piezo driving high voltage operation 

amplifiers were mounted on their own board, also known as a daughterboard, that connects to both 

the Piezo Board and Feedback Board using 20 pin sockets.  

Figure 2.9 shows the full design of the Piezo Driver with the lead-lag compensation in 

place from section 2.2. The input pins to the amplifier are protected by fast switching 1N4148 

diodes. On the power supplies, a P6KE180A protects against supply spikes and the capacitors 

reduce low and high frequency noise. The output is protected by the MUR140 fast rectifying diode. 

A compensation capacitor and current limit resistor is used to reduce the open-loop gain and limit 

the maximum output current to 140mA respectively (see datasheet).  

On the PCB itself [Fig. 2.10], the only components missing are the feedback resistor, 

feedback capacitor, and input resistor. The other components are placed close to the amplifier 

giving the best possible voltage and noise protections. In the event that the PA90 becomes obsolete, 

only a new daughterboard needs to be designed to integrate with the Feedback and Piezo 

motherboards. In total, the Feedback uses one Piezo Driver daughterboard while the Piezo Board 

uses six.  
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Care must be taken when choosing components to ensure that they have the high voltage 

capacities required for this section of the electronics. While most of the electronics operate 

between +15V and -15V, this PCB uses +150V and -150V supplies, a voltage capable of 

destroying components and chips not rated for these voltages.  

 

2.4 Feedback Board 

The feedback board’s main task is to maintain the tunneling gap in real-time between tip 

and sample. To accomplish this, the tunneling current is amplified and compared to a setpoint 

value by the feedback board. The result is integrated, amplified further and sent out by the Piezo 

Driver module of the Feedback [Section 2.3]. 

Figure 2.11 shows a simplified functional schematic of the feedback circuit pathway. The 

tunneling signal is first amplified and converted to voltage (1 V/nA to 10 V/nA) using an Ithaco 

preamplifier before entering the board in the differential configuration. A buffer stage to IOUT 

enables the ADCs, oscilloscope, and lock-in amplifier to sample the current in real-time without 

affecting the feedback loop or tunneling junction. The retract switch, controlled from within the 

software, injects a large amount of fake current forcing the feedback into moving the tip as far out 

as possible. The main current pathway makes its way through an absolute value circuit before a 

log amplifier linearizes the signal. Since the tunneling current is related exponentially to the 

distance and thus the voltage on the central piezo, the log of the current allows for the feedback to 

provide linear and stable feedback.  

Once the current has been linearized, it is compared with a setpoint current (ISET), the 

difference is the error signal used to drive the piezo. Typically, a full PID system is used to 

optimize the feedback response, but here, only the integral gain (AD795) is used for two reasons: 
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Frist, stability is of primary concern, and out of the three control systems, only the Integral gain 

compensates for steady-state errors that may arise. Second, the piezo voltage can be held constant 

by simply introducing a switch to break the loop. Here, the voltage across the capacitor will stay 

constant (subject to the droop and current leakage of the input) causing the Piezo Driver to output 

a constant voltage.  

The ability to turn off feedback at any point is beneficial in that it wont be subject to bit 

error and rounding when you want to spectroscopy at an exact current, bias setpoint.  

The output of the integration is split, with one path buffered to ZOUT for monitoring on 

the oscilloscope and for reading using ADC’s, and other path, used as an input to the Piezo Driver 

for amplification.  

Tuning the feedback speed is done via two potentiometers, a gain switch before the 

integrator, and a gain switch affecting the Piezo Driver after the integrator. These combine to give 

an overall loop gain for the circuit which can be changed in the software coarsely, typically a mode 

for tip approach and another mode for scanning. The Piezo Driver itself is often at unity gain for 

the integrated error signal, but has an offset based on 10x of the input Z Offset given from a DAC 

in the Computer Interface Box. Functionally, the feedback operates in a small +-15 V range around 

a large DC bias determined by the STM stepdown. Without this feature, the 30 volt range at unity 

gain would not be sufficient to compensate for temperature fluctuations or changes in tip length 

from field emissions. In addition, the sample step down would have a much smaller window of 

allowable tip distances. 

The most critical part of the Feedback Board is the ‘HOLD’ circuit switch. When the 

feedback loop is opened, the voltage on the 1uF capacitor must be maintained constant to prevent 

Z drift. On a normal PCB board using standard capacitors and opamps, leakage currents are 
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significant enough to affect this. This problem is mitigated in three ways: The use of a FET amp 

drastically reduces input current into the opamp. The use of a low loss 1uF Film Capacitor 

(Polypropylene). And the use of a grounded shield trace around the input pin to prevent current 

from reaching the opamp input. Together, the droop performance is so great that other factors 

dominate the Z drift.  

 

2.5 Piezo Board 

In addition to the Feedback Board, which operates the central tip piezo, the total STM 

control requires a method of operating the 15 electrodes on the three outer piezos (Fig. 2.12). There 

are two typical modes of operation that use them, translation and rotation. In translation mode, the 

three piezos move in unison in the x and y directions to either slide the sample on the tungsten 

balls or raster scan for an image. In contrast, the rotation mode rotates the tungsten ball and sample, 

typically used in the tip approach procedure where the slip-stick method is employed (Fig. 2.13).  

Instead of using 15 individual Piezo Drivers and DAC outputs to drive the electrodes, 

significant consolidation can be made in the Translation mode if the X-Y motion is recognized as 

moving all three piezos in the same way. Electrodes 1, 6, and 11 can be tied together to a single 

output. This also holds true for 2,7,12 and 3, 8, 13 and 4, 9, 14. Another consolidation can be made 

between electrodes 1 and 3 as well as the other pairs because they can be driven at opposite 

polarities with respect to electrode 5 (typically 5, 10, 15 are tied together and grounded in the 

Translation mode. The result is that only and X and Y voltage are required with four Piezo Drivers 

to drive the system.  

On the other hand, the Rotation mode drives all three piezos tangentially along the circle 

made by the piezos to rotate the sample during the tip approach and step down procedures. In this 
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case, the piezos are again moving in unison, but different cardinal directions. Figure 2.13 shows 

how the Rotation Mode can be driven from a single DAC voltage. The 27.3 kOhm and 7.3 kOhm 

resistors in the Piezo Board are used with the X input voltage to provide the appropriate 

amplification to the quadrants of the outer piezos giving a response proportional to the input 

voltage.  Lastly, the inner electrode of the outer piezo can be used to extend or contract all 3 piezos 

at once when checking for tunneling.  

 

2.6 Enclosure 

The main design criteria for the enclosure and PCBs was to enable direct soldering of panel 

mountable BNC connectors to the board itself, drastically reducing the number of connections 

inside the box and reducing solder failures. Figures 2.11 and 2.12 show the PCB’s while figures 

2.14 and 2.15 show the completed front and rear panels of the Piezo and Feedback Board Box.  

 

2.7 Conclusion 

In conclusion, an introduction to feedback stability analysis was given to motivate the 

design and simulation of a high voltage Piezo Driver. That driver was then used in a newly 

designed STM control electronics for driving the four piezo ceramic tubes on the scanner. In 

addition, the design criteria and method of operation was explained for both the Piezo Board and 

Feedback Board along with its Enclosure.  
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Figure 2.1: Closed-loop inverting gain ideal amplifier. Schematic diagram (top) and Bode Plot 

(bottom) demonstrating the relationship between phase and gain between output and input. 
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Figure 2.1 
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Figure 2.2: Negative feedback control diagram. A schematic of a closed-loop feedback system in 

controls theory. 
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Figure 2.2 
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Figure 2.3: Open-loop feedback control diagram. An open version of the control loop in Fig. 2.2. 

This allows for the determination of the open-loop gain.  
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Figure 2.3 
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Figure 2.4: Open-loop inverting gain ideal amplifier. An open loop schematic of the feedback 

circuit in Fig. 2.1 (top) followed by a Bode plot (bottom) of the amplifier gain (A) and overall loop 

gain (Vn).  
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Figure 2.4  
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Figure 2.5: Open-loop inverting gain ideal amplifier driving a capacitive load. A schematic (top) 

and Bode plot (bottom) of an inverting op-amp configuration driving a capacitive load of 2nF. The 

output impedance of the op-amp produces a pole with the capacitive load.  
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Figure 2.5  
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Figure 2.6: Open-loop inverting gain ideal amplifier with lead-lag compensation. A schematic 

(top) and Bode plot (bottom) utilizing lead-lag compensation. The additional pole and zero 

modifies the phase and gain behavior. 
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Figure 2.6  
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Figure 2.7: Open-loop inverting gain PA90 operational amplifier driving a capacitive load. Open-

loop schematic (top) and Bode (bottom) plot of a PA90 operational amplifier in an inverting gain 

configuration.  
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Figure 2.7  
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Figure 2.8: Open-loop inverting gain PA90 operational amplifier driving a capacitive load with 

lead-lag compensation. A schematic (top) and Bode plot (bottom) for a PA90 operational amplifier 

in a closed-loop inverting gain configuration. A capacitive load is compensated by a lead-lag 

configuration.  
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Figure 2.8  
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Figure 2.9: Circuit diagram of the PA90-based Piezo Driver module.  
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Figure 2.9 
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Figure 2.10: PCB of the PA90-based Piezo Driver module. A PCB of the Piezo Driver module 

diagramed in Fig. 2.9. 
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Figure 2.10  
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Figure 2.11: Simplified circuit diagram of the STM Feedback Board.  



97 
 

 

Figure 2.11 
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Figure 2.12: Simplified circuit diagram of the STM Piezo Board. A table (bottom right) catalogs 

the piezo electrode arrangement for the scanner. 
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Figure 2.12  
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Figure 2.13: Diagram of rotation and translation STM modes. In translation mode, the three outer 

piezos are driven in the same direction to ensure accurace sample movement. In rotation mode, 

they are driven circularly to rotate the sample.  
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Figure 2.13 
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Figure 2.14: Front panel of the Feedback Board and Piezo Board enclosure.  
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Figure 2.14  
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Figure 2.15: Rear panel of the Feedback Board and Piezo Board enclosure. 



105 
 

 

Figure 2.15  
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CHAPTER THREE 

Design and Construction of a Laser Coupled 

80-MHz RF-STM 

 

 

3.1 Introduction 

Designs of even recent scanning tunneling microscope can trace their origins back to the 

very first one invented by Binnig and Rohrer in 1982 [1]. The microscope was and still is a 

conductive probe attached in some way to various piezo drivers to move the tip along a surface 

within a few Angstroms of one another. Feedback control, temperature drift, and vibrational 

isolation were and still are some of the most important aspects of STM design.  

As discussed in Chapter 1, our primary goal was to build a chemiscope – capable of 

viewing chemistry in real-time and real-space. Femtosecond temporal resolution is routinely 

obtained in pump-probe laser measurements for ensemble systems. Here, we would like to 

combine the pump-probe laser technique to the STM junction and probe molecular dynamics at 

the spatial and temporal limit. Several groups have demonstrated the observation of dynamics 
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using bias voltage pulses [2], RF pulses [3], and laser pulses [4], but the method of measuring the 

direct photo-induced tunneling current at high frequencies in the pump-probe configuration has 

not been demonstrated.   

STM current below 1 kHz frequencies can be used to set the tunneling gap and perform 

spectroscopy (STS and IETS). This pairs well with high-gain preamplifiers as they typically have 

bandwidths less than 10 kHz for a 109 Gain setting (1 V/nA). Unfortunately, the small DC averaged 

tunneling current due to high frequency excitations, such as those from laser pulses, can be difficult 

to extract out from the background tunneling signal.  

Our approach to a solution was originally a bias-tee for partitioning the high frequency 

current signal from the low frequency signals, but the signal strength was not adequate. Instead, 

we decided to integrate a preamplifier as close as possible to the tunneling junction to preserve 

and buffer the high frequency current.  

This chapter contains the various design parameters for Scanning Tunneling Microscope 

instrumentation as well as the motivation, design, construction, and implementation of an 80 MHz 

RF-STM. 

 

3.2 Ultrahigh Vacuum and Cryogenics 

Our STMs operate under the extreme conditions of ultra-high vacuum (10-11 Torr) and at 

cryogenic (10 K) temperatures as a way to drastically reduce noise and impurity levels and 

therefore conduct highly controllable experiments.  

There are several reasons cryogenic temperatures aid our measurements, first, cryogenic 

temperatures allow us to study molecules that would not normally adsorb strongly to the surface 

such as CO and O2. It also helps keep them immobile on the surface and tends to reduce drifts of 
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our scanner. Another reason is that low energy vibrations (<25 meV) are already activated at low 

temperatures, hindering our ability to study them. itProbe, in particular, requires even colder 

temperatures (650 mK) to better resolve the shifts of the low energy 2.5 meV mode. Lastly, the 

temperature of the electrons produces a thermal broadening of the STM IETS signals directly 

proportional to temperature [5]. This broadening is 140 mV at room temperature but falls to 4.6 

mV at 10 K. The thermal drifts at room temperature are drastic enough to prevent us from opening 

the feedback from fear of a surface-tip crash.  

It follows that if the experiments are to be done at such cold temperatures, the chamber 

cannot be filled with a gas that would liquefy or deposit itself onto the surface. Most cryogenic 

experiments can be conducted at high-vacuum pressures, but surface science is particularly 

sensitive to impurities adsorbing on to the cold surface. Equations (3.2) and (3.3) show calculations 

for the particle density at atmosphere and in the UHV space. The particle density is directly 

proportional to the number of collisions the gas will have on the surface, and thus the number of 

contaminants that the surface will pick up during an experiment. The lower the pressure, the longer 

a clean surface will stay clean. At our ultra-high vacuum conditions, the sample surface has been 

known to stay clean for over a month! 

= → =  (3.1) 

  ( ): 108.3145 1300
∗ 6.02 ∗ 101 1 100 = 2.4 ∗ 10 /  

(3.2) 



110 
 

  ( ): 108.3145 1300
∗ 6.02 ∗ 101 1 100 = 2.4 ∗ 10 /  

(3.3) 

 

3.3 Piezoceramic Tubes 

Precision scanning using the STM would not be possible with the phenomenon of the 

piezoelectric effect. This effect, discovered in 1880 by Jacques and Pierre Curie  [6], is the charge 

accumulation and thus electric field generation within an active material when stressed. It’s 

inverse, the reverse piezoelectric effect, allows for the controlled deformation of active materials 

using external electric fields. 

Piezoelectrics are described by several coefficients relating the strain developed due to 

external electric fields [7], voltage generated due to applied mechanical stress, and efficiency of 

conversion between mechanical and electrical energy. For the piezoelectric scanning tubes that are 

used in the Ho group STM, the most important parameters are d33 and d31, which describe the 

elongation or shrinking that occurs when electric fields are present along the poling axis. When an 

electric field is applied radially to a radially poled piezoceramic tube, the tube elongates based on 

d33 and thins out based on d31. Both parameters are needed to accurately predict the X,Y and Z 

motion that occurs when opposing electric fields are applied on opposite sides of a piezoceramic 

tube to bend it.  

The Besocke STM [8] scanner we use consists of 4 piezo tube motors as shown in Fig. 3.1. 

The central piezo holds a 0.020” tip socket for the insertion of tungsten, silver, or copper tips while 

the outer piezos support the downward facing sample. In this way, the X and Y motion is decoupled 

from the solely Z motion of the central piezo, reducing nonlinearity in the scanning. Once the 
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sample is placed onto the scanner, the outer piezos are driven in what is known as the Rotation 

Mode, which uses a slip-stick type motion to rotate the sample. The motion is generated by first 

distorting the piezos to rotate the sample a small amount followed by a quick retraction of the 

piezos which allows the piezos to return to their original position without bringing the sample with 

them. Thousands of these actions can result in substantial rotation of the sample, causing it to 

slowly approach the surface due to the slope of the sample holder ramps.  

The tube piezos themselves are made up of a piezoelectric ceramic powder (Lead Zirconate 

Titanates) that are polarized to align the dipoles. It is because of this compositional nature that the 

piezo ceramics can be created in virtually any geometry, can be machined to a high precision, 

electrodes can be attached in any configuration, and the product can be polarized in direction. For 

the Ho group scanner, the Inner tip piezo uses 2 electrodes, one on the inside of the tube and one 

on the outside. When a voltage difference is applied, the electric field induces the piezo to elongate 

or shrink. For the outer piezos, the outside electrode is sectioned into 4 parts [Fig. 3.1] which can 

be driven at different voltages to induce motion in any X,Y direction. Figure 3.2, reprinted from 

Chapter 2 again shows how the different electrodes can be driven to produce the desired motion.  

Equations (3.4) and (3.5) are X,Y and Z calculations of the actual piezoceramic motion for 

the scanner in this chapter. The poling direction is radial for all of the tubes, thus the central piezo 

uses the d31 parameter to determine the elongation. L is the length of the tube, t is the wall 

thickness, V is the voltage applied between the inner and outer electrode, and ∆  is the resulting 

elongation. The PZT-5A material we use has a d31 and d33 of -1.73 Å/V and 3.80 Å/V at room 

temperature and -0.31 Å/V and 0.69 Å/V at 4.2K. Equation (3.5) uses a formula assuming the two 

opposite electrodes are driven at reverse polarities (see Ref.  [7]).  
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∆ = = ∗ .5625". 030" = −32 Å 293 − 5.8 Å 4.2  (3.4) 

∆ , = 2 √2 ( + )2 = 2 √2 (.5625)(. 125 + .065)2 (.030)
= 173 Å 293 31 Å 4.2  

(3.5) 

 

3.4 Vibrational Isolation 

In addition to the piezoceramics tubes enabling sub-angstrom motion for STM scans, 

vibrational isolation is key factor in achieving atomic contrast  [6,9]. Without enough isolation and 

dampening, the current signals are quickly overwhelmed by various resonant frequencies. Even 

with adequate dampening and isolation, we still often get a response from loud noises and doors 

slamming. The gap distance dependence of the tunneling current exacerbates the problem, 

especially when the feedback is turned off for scans or spectroscopy.  

Figure 3.3 shows a simple vibrational isolation model of a mass M suspended by a spring 

attached to a frame, simulating the coldhead. The mass attached to this frame simulates the scanner 

so that we can analyze the motion of the scanner with respect to coldhead vibrations. Vibrations 

of the frame must be isolated from the mass in order to sustain a tunneling gap.   

Equation (3.6) mathematically describes the equations of motion for the mass m in relation 

to the frame location X [10]. The factor c is a dampening constant while k is the spring force 

constant.  = = − ( − ) − ( − ) (3.6) 

 

By substituting and simplifying, we get Eq. (3.7).  
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+ + 2 = + 2  (3.7) 

 

Our interest here is the transfer function or ratio of the mass motion in relation to the frame 

motion.  ( ) = ; ( ) =  (3.8) 

( ) ≡ ( )( ) = = + 2− + 2 = + 4( − ) + 4  (3.9) 

 

Typically, a quality factor (Q) is introduced to simplify the equation.  ≡ 2  (3.10)

( ) = 1 +(1 − ) +  (3.11)

 

There are three limits of concern to gain a qualitative understanding: frequencies much 

smaller than the resonance ( ≪ ), frequencies around resonance ( ≈ ), and frequencies 

much greater than resonance ( ≫ ).  

At low frequencies, the transfer function tends towards unity regardless of dampening as 

shows in Eq. (3.12). 

( ≪ ) = + 4( − ) + 4 = + 4( ) + 4 = 1 (3.12)
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At frequencies close to resonance with a good quality factor, the transfer function peaks to 

a value of Q. Of note here is that the transfer function is above unity, vibrations near the resonance 

are amplified! 

( ≈ ) = 1 + 11 = + 1 ≈  (3.13)

 

At high frequencies with low dampening, the transfer function decays at a rate of 40 

decibels per decade as shown in Eq. (3.14).  

( ≫ , ≈ 0) = ( − ) = → 40 log ( ) − 40 log ( )   (3.14)

 

Lastly, there is the case of high frequency with strong dampening, where the transfer 

function decays at 20 dB/decade instead of 40 dB/decade.  

( ≫ , < 1) = 1 +(1 − ) + = ( ) + = 1 + 1
= 1

 

(3.15)

 

This introduces two competing factors, a low Q factor will reduce resonance, but not 

produce as great of a cut-off above the resonance frequency.  

Our STM scanner is suspended on three Inconel springs giving roughly 100 mm of 

elongation. Calculation of the natural frequency [Eq. 3.16] gives 20 Hz as the cutoff.  



115 
 

= 2 = 2 ∆ = 2 ∆ = 20  (3.16)

 

It should be noted that in hanging the scanner, we have also isolated it from horizontal 

motions as the equations above [Eqs. (3.6)-(3.16)] can also describe a pendulum.  

Any vibrations that do make their way to the scanner have another barrier to affecting STM 

operations, the scanner-sample rigidity. Previously, the idea was to prevent motion of the scanner 

with respect to a frame, but once vibrations have reached the scanner, the tunneling gap must be 

held as constant as possible. Vibrations of the scanner must also vibrate the sample in the same 

amount so that the tunneling gap remains unperturbed. Unfortunately, the Besoke-type scanner we 

use does not have high scanner-sample rigidity, the resonance frequencies are low and the sample 

is not well attached to the scanner. In the ideal case, the sample and tip are bound together allowing 

only for piezoelectric motion. This drives the resonance frequency high, and ensures that any 

vibration of the scanner is also transmitted to the sample. This principle has been applied by S. H. 

Pan [11] and the Pan-type STM is the most common configuration in commercial systems.  

Another piece of vibration isolation is obtained from the floating table, which typically 

isolates vibrations over a few Hertz from the environment from reaching the scanner.  

The dampening of the spring and pendulum isolators is done via the interaction of CoSm 

magnets with the copper walls as shown in Fig. 3.3. This eddy-current dampening effect provides 

dampening in all directions and is affected by the size of the magnet as well as the proximity and 

thickness of the shielding. Our scanner design uses 7 dampeners to dampen all of the various 

twisting and bouncing modes that can arise. Stronger dampening eddy-current dampening reduces 

the resonance peak without affecting the resonant frequency of the spring setup.  
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The overall transfer function is the combination of the spring suspension transfer function, 

cutting off most high frequencies above 100 Hz, and the Scanner transfer function, allowing 

oscillations only after frequencies in the thousands of Hertz. All vibrations below the scanner 

transfer function resonance will move both the sample and tip in unison.  

 

3.5 Small RF Signal Basics 

The STM electronics need to convert the small (1pA to 10nA) tunneling currents into a 

large enough voltage to accurately measure and process. This task is generally performed using a 

preamplifier (Ithaco 1211 in our case), but while the thermal drift and noise levels introduced are 

generally low, roughly 3pA for the full bandwidth in the case of the 1211 on gain 9, the overall 

frequency range is severely limited. The most simple frequency limitation can be derived from the 

topology of the amplifier itself. In the case of many preamplifiers, the tunneling current is fed into 

the inverting end of a preamplifier with a large feedback resistor. A resistance of 1 GOhm quickly 

gives a 109 V/A conversion factor, but the large parasitic capacitances cause a -3 dB cutoff below 

1kHz as shown in Eq. (3.17) for the case of a 1pF capacitance. 

= 12 = 12 (10 )(10 ) = 160  (3.17)

 

Some of the limitations can be overcome via compensation techniques and additional 

complications from the coaxial cable capacitances need to be taken into account, but this overall 

behavior is general. For example, our Ithaco 1211 functions with a cutoff frequency of 4 kHz at 

109 and 800 Hz at 1010 gain settings. Thus, this method cannot be used for amplifying the 80 MHz 

signals generated at the junction in our RF-STM.  
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One method is using a 50 Ohm shunt resistor at 300 K to convert a 1 pA input signal into 

50 pV. The noise density associated with this is primarily from Johnson noise and is calculated in 

Eq. (3.18). Note that noise density is typically in units of /√  and needs to be multiplied by the 

bandwidth of the measuring device to determine the actualized noise.    (50 ℎ , 300 ) = √4 = 4 ∗ 1.38 ∗ 10 ∗ 300 ∗ 50= 900 /√  
(3.18)

 

For the signal-to-noise calculation, a bandwidth of 1 Hz was assumed as this can be readily 

accessed by our instruments. Equation (3.19) shows the Signal-to-noise calculation done for the 

50 Ohm, 300K case.  

 (50 ℎ , 300 ) = 50900 √ ∗ √1 → 1: 18 (3.19)

 

Even with such a poor SNR, time averaging can be used to improve the ratio until the SNR 

reaches a more acceptable ratio. Equation (3.21) describes the time needed to obtain a 10:1 ratio 

using the same configuration. Each independent sample takes a time corresponding to the 

bandwidth itself. We’ve simplified the exact calculations due to the dependence on the exact 

instrument filters used.  

    10: 1 (50 ℎ , 300 ): 10 = √ ∗ 118 →
= 32,400  

(3.20)

 = 32,400 ∗ 1 = 32,400  (3.21)
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Table 3.1 compares four different methods of extracting out the high frequency signals along with 

their signal to noise ratios. The combination of a higher impedance and low temperatures gives us 

a drastic reduction in the acquisition time and allows for the detection of very small signals.  

 

3.6 RF Preamplifer Design 

We consulted with Dr. Stefan Stahl at Stahl Electronics in Germany for the custom made 

preamplifier in the scanner. This section describes the electronic and physical design of the RF 

Preamplifier [Figs. 3.5 and 3.6].  

Parasitic capacitances (including those from the coaxial cables) reduce the transporting of 

the high frequency current signal. To best mitigate this, we decided on a transimpedance 

preamplifier as close as possible to the junction, with an input right under the scanner baseplate. 

The transimpedance amplifier can impedance match the high frequency voltage output to a coaxial 

cable to deliver to the ex-vacuo amplifiers, lock-ins, and spectrum analyzers.  

First, a current signal from the junction travels down a short length of coaxial cable to the 

input of the transimpedance amplifier [Fig. 3.5]. It is then split so that the DC tunneling pathway 

remains intact and allows for the feedback systems to function. The DC pathway includes an RCR 

style 100 kHz low-pass filter before exiting the amplifier. Subsequently, the signal leaves the 

chamber and arrives at the Ithaco preamplifier for the current to voltage conversion.  

 : = 1√  (3.22)

: =  (3.23)

 

 For the high frequency pathway, we use a tunable LC resonator connected to a GaAs buffer. 

This style of tunable resonator is used for three reasons. First, temperature changes can cause 
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components to perform differently at 10 K than 300 K. We experienced that the resonance 

frequency would often move down when cold, thus if the amplifier was at resonance at room 

temperature, it would not remain resonant with the laser when cold. Second, the laser itself has a 

variable repetition rate (78 – 80 MHz) based on temperature and wavelength. And third, because 

experimentally added capacitances needed to be accounted for upon mounting the RF Preamplifier 

and testing.  

The LC resonator [Fig. 3.5] of the RF Preamplifier has a tunable capacitance via a varicap 

so that the resonance frequency can be tuned from 70 to 81 MHz [Eq. (3.22)]. Initial testing from 

the factory put the quality (Q) factor on the order of 100, resulting in an input resistance of 

approximately 18 kOhms [Eq. (3.23)]. Using the same calculation used in Eqs. (3.20) an (3.21), 

Table 3.1 has been populated with this information to approximate the estimated time to achieve 

10:1 signal to noise with the setup.  

To reduce the overall electronic noise reaching the tunneling current, the internal amplifier 

also has a passive low-pass filter for the tungsten ball pathway, with the goal of grounding any 

frequencies above 1 MHz that were picked up by the long bias wire enroute to the junction. The 

bias pathway also uses coaxial wire from the top flange to the inner shield to prevent noise pick-

up.  

 

3.7 Scanner Design with RF Preamplifier 

Shown in Figs. 3.6 and 3.7 is the RF Preamplifier and housing. This housing was designed 

to allow the preamp to replace two of the posts from the crosspiece design. Although this moves 

the center of gravity towards the back of the scanner, we noticed no adverse effects when balancing 

the scanner springs. The PCB input is directly at the top, geographically close to the central tip 
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piezo, reducing the tip current wire length as much as possible. All of the outputs are on the back, 

closest to the coaxial cables on the inner shield and the sapphire window feedthrough. One of the 

more interesting features of this design is the coaxial output for the high frequency line of the 

preamp. To reduce reflections and signal loss, a single coaxial cable is used from the RF 

Preamplifier all the way to the top flange, ensuring a good impedance match for the electronics in 

air.  

 

3.8 Laser Table 

 Figure 3.8 describes the laser table used in our experiments. The beam path exits the Mai 

Tai DeepSee into a periscope to change the polarization from horizontal to vertical. It then arrives 

at the laser power controller (LPC), a power controller that minimizes the power fluctuations from 

0.46% RMS to 0.02% RSM. This stability is required for STM operation, otherwise, the junction 

will expand and contract with the power fluctuations, causing noise and drift.  

 

would fluctuate too much for productive scanning.  

 A beam splitter then diverts 10% of the power into the fundamental arm (690 nm to 1040 

nm) which contains a Michelson Interferometer to generate two pulses with a controllable time 

delay between them. The Micrometer delay stage (Newport UTS 100CC) is controlled by a 

Newport ESP301, with a resolution of 0.1 micrometers. When the delay stage is moved 0.1 

micrometers, the total path change is 0.2 micrometers, the resulting time delay produced is 0.67 

fs.  

 The other 90% of the beam is diverted to a harmonic generator (Photop TP-2000B). The 

harmonic generator uses nonlinear crystals to produce the 2nd, 3rd, and 4th harmonic of the input 
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beams, but requires high power in order to do so. Instead of producing all three harmonics at once, 

generally only a single harmonic is generated, simplifying the alignment and tuning. The optics 

required for each harmonic are different for two reasons. First, the lenses and mirrors should be 

matched to the exact wavelength range used in order to minimize power losses and dispersion. 

Second, by separating the harmonics, we can perform pump-probe experiments using pulse trains 

of more than two pulses, e.g. a pulse at 800 nm followed by a pulse at 400 nm followed by a pulse 

at 800 nm.  

 A simulation arm [Fig. 3.8 right side] is used to perform autocorrelation and align the 

various beam paths before entering the junction. For example, a BBO crystal can be used on the 

fundamental beam to perform interferometric autocorrelation based on the pulse overlap. The 2nd 

harmonic generated passes through the filter and into the photodiode (Thorlabs DET10A).  

 To measure the repetition rate of the laser, we guide a return beam of the interferometer 

into an fast photodiode (Thorlabs PDA10A), capable of 100 MHz operation. This reference signal 

is used by the lock-in amplifier (Stanford Research 844) for detection of currents at this frequency.   

One important aspect of conducting pump-probe measurements is that the intense 

constructive and destructive interference that occurs when the two pulses are overlapping will 

cause large tip oscillations due to power fluctuation. This causes an unstable thermal load and 

fluctuating light-induced signals due to small vibrations of the optics. In order to average out these 

effects, one of the arms is also connected to a small piezo ceramic shaker unit to sinusoidal translate 

the corner cube mirrors a full optical cycle (roughly 0.4 microns peak-to-peak).  
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3.9 Experimental Setup 

Figure 3.9 shows the general signal pathway for the bias, Low Frequency Current, and 

High Frequency Current. The bias itself is produced by a 12-bit DAC (Digital to Analog 

Convertor) in the Computer Interface Box of the STM electronics. This goes through a SMA 

feedthrough to the RF Preamplifier PCB for filtering via a coaxial cable. The filtered bias is then 

sent to the tungsten ball for sample biasing.  

Output tunneling current travels through the tip into the preamplifer and is split as 

mentioned in Section 3.6. The Low Frequency output is sent to an Ithaco 1211 Preamplifier (109 

gain, 4 kHz BW) which is then sent to the feedback box for tunneling gap control.  

While both the bias and low frequency pathways are passive and always open, the high 

frequency pathway requires power and tuning from the outside. This goes through a 10-Pin 

feedthrough on the top flange and the sapphire feedthrough on the inner shield before reaching the 

amplifier. Once the internal RF Preamplifier is powered on, the high frequency currents are 

converted to voltages and sent to an external NF SA-230F5 Low Noise Amplifier for actual 

amplification. This amplifies the very low signal by 46 dB before it can be used by either the 

SR844 Lock-In or the Agilent E4402B Spectrum Analyzer.  

To generate the signal, a MaiTai DeepSee laser system [Section 3.8] has a clear optical 

path through a fused silica window of the chamber. The beam passes through an internal lens (3” 

focal length) to focus at the junction in order to generate hot electrons. Strong junction coupling 

produces hot electrons which tunnel through the gap and cause a photo-induced portion of the 

overall tunneling currnet. When the RF Preamplifier is tuned to the repetition rate, the signal 

induced from each pulse can be detected. 
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3.10 Testing and Results 

 (50 Ω) ≡ 30 + 10 log = 30 + 20 log − 10 log
= (20 log + 13.01)  

(3.24)

: ≅ Δ  (3.25)

 

Figure 3.10 shows the noise level of the internal RF Preamplifier in the range between 75 

MHz to 85 MHz [Fig. 3.10(a)] and between 60 MHz to 100 MHz [Fig. 3.10(b)] using the spectrum 

analyzer at 100 Hz bandwidth. Even without an input signal, there is a peak seen arising from the 

noise density generate by the LC resonator. This noise density ( =  √4 ) is estimated to be 3.7 /√  at 15 K, which can be expressed as -156 dBm, the generally accepted units for high 

frequency signals. Due to the 50 Ohm coupling with the other components used, a loss of 3 dB is 

expected when transferring to the NF amplifier (46 dB gain). Lastly, the integration bandwidth of 

100 Hz can be included to arrive at -93 dBm, similar to that seen in Figs. 3.10 and 3.11.  

The noise spectrum can be used to obtain the Q factor using Eq. (3.25) and the actual input 

impedance [Eq. (3.23)]. From this, we estimate the Q factor here to be 200 at 15 K, and estimate 

the true input impedance as 36 kOhm in the spectra shown.  

It should be noted that the quality factor, input impedance, noise, and temperature are 

related and change as the frequency and Q are tuned by the power supply (Vs) and varicap voltage 

(Var).  

By shining 800 nm light into the junction, we were able to see a photo-induced signal [Fig. 

3.11] of 1.408 microvolt, corresponding to a 600 fA input signal at the junction. We found that 

measuring signals using the lock-in was challenging because of signal pick-up coming from the 
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reference pathway; radiation and coupling of the reference signal line makes detection of such 

small signals difficult.  Instead, we used the lock-in to determine the repetition rate, and navigate 

to that frequency in the spectrum analyzer. The reference arm radiates signal at the repetition rate, 

which is picked up by the tip antenna as noise, even without any laser light entering the tunneling 

junction. Once the correct region is found, we turn off the reference photodiode to eliminate any 

radiative noise. Then, with a low enough integration bandwidth, we can resolve the laser induced 

signal, which disappears when the laser is blocked.  

The temperature of the STM during our experiments has been adversely affected by the 

inclusion of the preamplifier, likely due to heat transfer through the coaxial cable. Instead of 9K 

temperatures reached in other small STM systems within the Ho group, we reach 13K on the 

scanner when the preamplifier is still powered off. With the amplifier powered on, temperatures 

range from 14-14.5 K depending on the exact power voltages and tuning voltages used.  

It should be noted that the preamplifier does not have a noticeable effect the DC tunneling 

pathway when powered on or off. The DC current noise level does not increase.  

In addition, due to the increased mass, resonant vibrations are pushed to higher frequencies. 

Combined with the increase in vibrational transfer due to the HF coaxial cable, we do notice a 

significant tunneling noise increase.  

The additional noise and temperature effects are not easily avoided and should be 

considered when installing a powered device on the scanner. One way to mitigate this would be to 

move the preamplifier onto the inner shield, but this comes at the cost of increased HF noise and 

signal losses.  
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3.11 Conclusion 

In conclusion, the HF preamplifier provides great amplification and impedance matching 

for signals in the 80 MHz range, but fails to provide enough contrast between tunneling and non-

tunneling signals generated from the femtosecond laser system. This is likely the result of a large 

photo-induced background generated through the illumination of the tip.  
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Figure 3.1: Schematic diagram of the STM scanner. A hat-shaped sample rests on tungsten balls 

attached to the three outer piezo tubes. A piezo tube in the center carries the tip. The outer 

electrodes with four quadrants move the sample in X and Y while the central piezo adjusts the tip-

sample gap (Z).  
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Figure 3.1 
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Figure 3.2: Diagram of rotation and translation STM modes. In translation mode, the three outer 

piezos are driven in the same direction to ensure accurace sample movement. In rotation mode, 

they are driven circularly to rotate the sample, reducing or increasing the tip-sample gap.  
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Figure 3.2 
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Figure 3.3: Schematic showing a mass-spring system with dampening. The spring with force 

constant, K, connects a hanging Mass from a Frame. Dampening is included to model an eddy 

current damper. The motion of the Mass with respect to the Frame can be analyzed in the frequency 

domain to determine the resonant frequency and vibrational isolation region.   
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Figure 3.3 
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Figure 3.4: Diagram of the eddy current dampening used in the STM. A total of seven samarium-

cobalt magnets are placed within 0.1 inch of the copper crosspiece to act as motion dampeners. 
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Figure 3.4  



134 
 

Figure 3.5: Schematic diagram of the RF Preamplifier. Green triangles indicate ground. The LC 

input stage is denoted by the red inductor and two capacitors (6.8 pF and 0-4 pF varicap).   
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Figure 3.5 
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Figure 3.6: Pinout of the RF Preamplifier PCB.  
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Figure 3.6  
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Figure 3.7: Drawing of the complete crosspiece assembly with RF Preamplifier. 
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Figure 3.7 
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Figure 3.8: Schematic of the laser setup used in experiments.  
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Figure 3.8  
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Figure 3.9: A schematic of the STM experimental setup.  
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Figure 3.9 
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Figure 3.10: Noise spectrum of the RF Preamplifier. (a) Noise spectrum of the RF Preamplifier in 

the range between 75 and 85 MHz. (b) A longer range noise spectrum from 60 MHz to 80 MHz. 

The -3 dB bandwidth is less than 0.4 MHz, giving a Q factor of 200. Each data point was acquired 

using 100 Hz integration bandwidth.  
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Figure 3.10  
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Figure 3.11: Laser-induced RF Preamplifier signal on a spectrum analyzer. Using a 3 Hz 

bandwidth, a signal of 1.408 microvolts (-104 dBm) can be resolved after undergoing a total 

amplification of +43 dB. The laser-induced signal is the result of 600 fA of input signal to the RF 

Preamplifier. Data was acquired using 800 nm light at 2 mW.  
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Figure 3.11 
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Table 3.1: Comparison of 80 MHz photo-induced current detection schemes.  
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80 MHz Current Detection Schemes 

Circuit Scheme Impedance 
(Ω) 

Output Signal 
with 1pA 

Input ( ) 

Noise Density 
( /√ ) 

SNR  
(1Hz BW) 

Acquisition 
time for SNR 

of 10:1 
(Seconds) 

Shunt Resistor 
(300K) 50 0.050 .91 1:18 32,400 

Shunt Resistor 
(10K) 50 0.050 .17 1:3.3 1,156 

RF Preamplifier 
(300K) 18,000 18 17 1.04:1 92 

RF Preamplifier 
(10K) 18,000 18 3.2 5.7:1 3.1 
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CHAPTER FOUR 

Energy Resolved Tomography of a Single 

Molecule by a Scanning Tunneling 

Microscope* 

 

4.1 Abstract 

We extend the inelastic tunneling probe technique to perform 4-dimensional 

(spatial+energy) tomography of the potential energy surface of a single 1,4 phenylene diisocyanide 

molecule on Ag(110). Point spectra and spatial mapping of the hindered translational modes result 

in the visualization of the interaction between a tip-CO and surface adsorbed PDI, including the 

identification of out-of-plane bonds. These advances allow for an extension of existing techniques 

and provide the next set of challenges for theoretical work to better understand both intermolecular 

interactions and functionalized imaging at the nanoscale.  

 

 
______________________________________________________________________________ 
*This chapter by Calvin Patel, Greg Czap, Zhansheng Lu, Yanxing Zhang, Min Feng, Hrvoje 
Petek, Ruqian Wu, and Wilson Ho is prepared for submission (2017).  
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4.2 Article 

A true understanding of chemical physics at the atomic scale requires the ability to clearly 

identify the chemical structure and composition of adsorbed species as well as probe interactions 

at the single molecule scale. Recently, STM inelastic tunneling probe (itProbe)  [1–3] and NC-

AFM [4–10] techniques using molecules as force transducers have been developed and used to 

obtain detailed structural maps allowing for the investigation of chemical structure [11,12], 

adsorption geometry [13], bonding structure [7,14], and identification of single 

molecules [5,6,15], but identification of individual atoms [16], extraction of bond lengths and 

angles [7,17–19], or extraction of local electrostatic potentials [18,20–23] remains challenging. 

Concurrently, theoretical work has led to the understanding that the increased spatial contrast is 

due primarily to an interaction of a flexible probe with the surface molecule via short-range 

repulsion  [24–26], but considerable work still remains in understanding the complete itProbe 

mechanism.   

In this letter, we have further expanded the STM itProbe technique in both z and energy 

dimensions by imaging a surface bonded 1,4 phenylene diisocyanide (PDI) molecule using the tip-

CO’s hindered translational (HT) mode at various heights and energies to obtain slices of the 

interaction potential energy surface. Spectroscopic comparison to the leading semi-classical 

theory [24] is also made to qualitatively benchmark its performance. In addition, we have 

performed constant current itProbe to resolve the entire non-planar structure in one image and 

paired this with simulated constant current images for direct comparison and analysis.  

One of the advantages of itProbe is in the ability to obtain the exact eigenenergies of the 

HT mode with sub-angstrom localization in all three spatial dimensions. In deviation from current 

state-of-the-art functionalized NC-AFM techniques probing the force gradient along the surface 
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normal (Z), itProbe is predominantly sensitive to lateral (X,Y) forces which perturb the tip-CO HT 

mode. 

We chose PDI molecules due to their ability to form strong bonds to metal substrates [27–

32]. Both isocyanide groups bond to surface atoms creating a bridge between surface bonds, 

leaving them exposed to an STM probe. This structure provides a unique testbed for both height 

dependent, and electrostatic study.  

Experiments herein were performed using a home-built STM in ultra-high vacuum (5 x  

10-11 Torr) at 600 mK. The Ag(110) crystal was cleaned by Ne ion bombardment at room 

temperature followed by annealing to 750 K. The Ag tip was electrochemically etched followed 

by in-vacuo Ne ion sputtering and annealing. Both the CO and PDI molecules were deposited onto 

the surface at 30 K prior to cooling down 600 mK.  

Upon deposition, the PDI molecules are imaged as a bright dot sandwiched between two 

depressions corresponding to the isocyanide (CN) functional groups as shown in Fig. 4.1(a). The 

CO itself is imaged as a single circular depression at the same setpoint. In total, 4 different PDI 

orientations on the Ag(110) surface are seen, corresponding to two distinct adsorption geometries. 

To determine the exact adsorption geometry, a CO-terminated tip topography at 500 pA, 10 mV 

was performed as shown in Fig. 4.1(b) and 4.1(c). Additionally, DFT calculations confirmed the 

two lowest energy adsorption geometries as shown in Figs. 4.1(d) and 4.1(e). A constant current 

topography and itProbe image at 1.5 mV are shown in Figs. 4.1(f) and 4.1(g), where a ring can be 

identified in the center along with the isocyanide groups on each side. Crescent-like bright regions 

also appear near the substrate bond locations while lines protruding out from the central ring are 

indicative of an interaction with the four hydrogens. The Hartree potential [Fig. 4.1(h)] is 

anisotropic due to the electropositive carbon ring and electronegative CN regions. Figure 4.1(i) 
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shows the DFT derived bridge-like structure of PDI adsorption, providing a contrasting case to the 

mostly planar molecules studied previously with itProbe [1–3].  

CO-tip itProbe takes advantage of an adsorbed CO’s sensitivity to the local potential energy 

landscape [Fig 4.2(a)] as reflected by shifts in its HT mode. Attractive regions are associated with 

positive curvature in the interaction PES and have the effect of narrowing the total potential energy 

well, blue-shifting the HT mode. In contrast, a repulsive environment, associated with a negative 

curvature in the interaction PES, has the effect of red-shifting the HT mode. The CO is thus a 

probe of its local environment, enabling the mapping of the interaction PES with sub-angstrom 

resolution.  

STM-IETS measurements [33,34] can be performed to obtain the principle curvatures of 

the local interaction PES at a single point, enabling the comparison of eigenenergy shifts that can 

be obscured in a single energy itProbe image. Figures 4.2(b) and 4.2(c) show regions of interest 

and corresponding IETS point spectra (-10 mV to 10 mV) taken over various parts of the PDI at 

two different tunneling gaps (128 pA and 200 pA, 12 mV). For comparison, simulated spectra are 

shown (right side) obtained from a mechanical model (MM) consisting of only pair-wise van der 

Waals and Pauli repulsion terms as presented in Refs. [24,35]. There are two points of significant 

interest here. First, a smaller tunneling gap increased the probe’s interaction with its local 

environment causing larger peak shifts and an increased splitting of the two orthogonal 

translational modes primarily at regions of large Pauli repulsion. Second, the semiclassical MM 

does a remarkable job qualitatively reproducing the shifts and splittings as the probe is moved 

closer. As in the experimental set, regions away from high electron density (away from atoms) 

such as 1, 5, 6, 10, 11, and 12 exhibit little to no shift while regions 7, 8, and 9 generate large 

relaxations [Fig. 4.11] and spectral shifts due to local PES maxima. Along the isocyanide bond 
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axis, points 3 and 4 redshift at smaller gaps as predicted by simulation but the behavior at point 2 

does not agree. This discrepancy between the experiment and simulation is likely caused by a 

breakdown of the pairwise potential approximation at close proximities where repulsive contrast 

may be better modeled by electron-density-based schemes. Unfortunately, the precise magnitude 

of the shifts are not well captured by the model and the addition of electrostatics does not increase 

agreement [Fig. 4.8].  

A series of constant height itProbe images of the PDI taken at 1.5 mV are shown in Fig. 

4.3. Here, we observe that at large gap distances only a central ring is visible, but as the tip moves 

closer to the surface, additional features appear on both sides of the central ring. This coincides 

with the predicted buckled structure [Fig. 4.1(f)] and we interpret the appearance of the sharp lines 

at smaller tip-PDI gaps as evidence of stronger interactions with the out-of-plane isocyanide 

groups. Therefore, itProbe height cuts enable the real-space visualization of the 3-dimensional 

structure of molecular adsorbates.  

In addition to van der Waals and short-range repulsive forces, electrostatic contributions 

arising from the interaction between the Hartree potential and CO partial charge have been shown 

to drastically change the total potential and thus resulting itProbe images. Consensus on this partial 

charge value has not yet been reached, with values in previous studies varying from -0.4e [24] 

causing the electrostatics to dominate to 0.0e [20] where the electrostatics are deemed negligible. 

To study these effects, we have simulated images for tip charges of +0.1e, 0.0e, and -0.1e [Fig 4.3 

right three columns]. The electrostatic PES [Fig 4.1(h)] slowly varies at experimental probe heights 

and causes a distortion in the observed features as reported previously in the case of CoPc [24].  

In the absence of electrostatic interactions, the attractive and repulsive forces on the CO 

produce a local maximum in the PES near atom positions and between atoms. These maxima tend 
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to shift and distort with the inclusion of electrostatic interactions, causing effects such as the 

elongation (contraction) of the carbon ring perpendicular to the isocyanide axis for positive 

(negative) partial charge. Attractive electrostatic potentials at the PDI center for negative oxygen 

partial charge shifts the maxima ridge between the ring carbons towards the center, delaying sharp 

relaxations and significant red-shifts until the tip is closer to the center. The opposite effect occurs 

for repulsive potentials in the case of a positive oxygen partial charge. The isocyanide regions in 

the MM also show significant shortening at positive partial charge from the electrostatic forces 

modulating the relaxation of the tip-CO [Figs. 4.3 and 4.4]. At positive partial charge, the probe 

does not relax inward enough along the isocyanide axis to probe the isocyanide interaction until 

the two are much closer [Fig. 4.11]. The probed space is not displaced inwards relative to the tip 

position as it is for neutral and negative partial charge cases, causing the CN regions to only show 

once the tip is near the central carbon ring.  

As seen in Fig. 4.3, constant height itProbe images have difficulty in capturing the entirety 

of the molecule. Small gap distances undergo severe distortion near the central carbon ring and 

large distances have low signal strength on the outskirts due to the reduction in current. In contrast, 

constant current mapping compensates for this effect by dynamically adjusting the gap distance, 

but inadvertently adds complications to theoretical calculations as the height at each pixel is 

difficult to determine ab initio. To overcome this difficulty, the experimental topographic map was 

used as input heights into the theoretical model (see Ref. [35]) . Both experimental and theoretical 

constant height images are shown in Fig. 4.4 displaying this technique.  

Red-shifted itProbe images strongly resemble NC-AFM images in that they show sharp 

structural contrast from PES ridges due to short-range repulsion, but itProbe also has the ability to 

probe blue-shifted images. Blue-shifted images, corresponding to attractive regions for the probe, 
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are not simply ‘negatives’ of the red-shifted maps. They can provide interesting insights into the 

molecular potential energy landscape, particularly where attractive forces are large and where the 

degeneracy in the probe external modes is lifted due an anisotropic local potential. Fig. 4.4 shows 

for the first time itProbe images obtained at 8 different energies, giving a more complete picture 

of the CO energy shifts at every spatial location. Constant current was used to capture the entirety 

of the molecule in a single image.  

As the imaging bias is increased, the chemical structure disappears, giving way to a 

convolution of IETS cross-section and positive potential energy curvature. Positions within the 

central carbon ring give a HT mode at 2.46 meV (relative to an “unperturbed” value of 2.15 meV 

obtained by positioning the tip-CO over the bare surface), causing the middle of the ring to light 

up in the higher energy plots. Regions between the NC groups and hydrogen present an attractive 

potential and show up strongly at higher energies while the background and regions between the 

hydrogens of the carbon ring remain dark.  

To understand these effects, simulations with three different probe partial charges are 

shown below the experimental series. They have an energy dependence like that of the 

experimental observation, although the resemblance at low energies is better. Two deviations from 

the model were observed. First, higher energy eigenmodes have lower cross-sections in 

comparison to lower energy modes at a given point [Fig. 4.2(c) points 7, 8, and 9]. Second, a large 

spatial variation in constant current IETS cross-section can be seen as there are regions of low 

IETS magnitudes regardless of bias such as the background and between the carbon ring 

hydrogens.  

Both the experimental and simulated images in Fig. 4.4 also show a circular interaction 

region that is difficult to capture without the larger tip currents and closer gap distances that 
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constant current mapping provides [Fig. 4.7]. The electrostatic interaction effect is most evident 

when observing the transformation from oblong to circular of the interaction disk around the 

molecule as the simulation partial change is changed from positive to negative. The overall 

electrostatic interaction modulates the PES contributions from vdW and short-range repulsion, 

causing a lateral shift in the onset of significant PDI-CO interaction [Figs. 4.9 - 4.13] compared to 

the background.  

Both the circular disk observed in the experimental set [Fig. 4.4] and NC bond appearance 

[Fig. 4.3] are indicative of a negative partial charge based on the MM, but any quantitative charge 

assignment cannot be made. In addition, tip charges used in NC-AFM might not be applicable for 

the itProbe case owing to the multipole nature of the CO electrostatics [36] and the differing 

sensitivity to perpendicular and lateral forces.  

 In conclusion, the capabilities of the recently developed itProbe technique are extended to 

include 4-dimensional tomography of non-planar molecules. Comparison with an existing semi-

classical theory provides valuable input in further understanding the itProbe imaging mechanism, 

but disagreements require further theoretical work. We have demonstrated the ability to probe out-

of-plane bonds using height cuts and have shown that constant current imaging allows non-planar 

molecules to be probed in a single image. In addition, we have imaged locations of vibrational 

blue-shift and degeneracy lifting, giving a more complete picture of the interaction PES. The 

advancement of molecular probe techniques and supporting models will pave the way towards true 

chemical and electrostatic sensing at the sub-angstrom scale.  
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4.3 Supplementary Materials 

4.3.1 DFT Calculations 

Spin-polarized DFT calculations were performed with the plane-wave based Vienna Ab 

Initio Simulation Package (VASP) [37,38] using the projector augmented wave (PAW) 

method [39,40] and the Perdew-Burke-Ernzerhof (PBE) functional [41,42] for the description of 

the exchange and correlation interactions among electrons.. Plane waves with an energy cutoff of 

500 eV were used to expand the Kohn-Sham wave functions. The Brillouin zone integrations were 

performed with a 1 × 1 × 1 Monkhorst–Pack grid [43] and a Gaussian smearing parameter, sigma 

= 0.2 eV.  

As presented in Fig. 4.5, the Ag(110) surface was modeled as a p(5×6) unit cell with a 5-

layer Ag slab. The bottom two Ag atomic layers were kept fixed to mimic the bulk. The slabs were 

separated by 15 Å of vacuum. Structure optimizations were performed until the force on each atom 

was less than 0.02 eV/Å. A van der Waals functional with optB86b scheme [44] was employed for 

the description of intermolecular interactions between the PDI molecule and Ag slab. The 

adsorption energy (Ead) is defined as Ead = Eadsorbate + Esupport − Eadsorbate/support, where Eadsorbate, 

Esupport, and Eadsorbate/support is the total energies of the free adsorbate, the corresponding support and 

the support with the adsorbate, respectively. 

 

4.3.2 Calculation of Simulated itProbe Images 

We simulated the itProbe images using the mechanical model outlined in Ref.  [24] with 

the exception that a torsional spring potential  ( = ) was used in place of a lateral spring 

potential. The tip stiffness k (.28 N/m) was calculated based on the background hindered-
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translational mode (2.15 meV) using a harmonic approximation ( = ℏ ) . The oxygen mass 

(16u) was used as it has been shown previously [3] that the majority of the hindered-translational 

motion is conducted by the oxygen of an adsorbed CO.  

Forces due to short-range repulsion and van der Waals attraction were modeled through 

pairwise summation using the parameters outlined in Table 4.1 (obtained from Ref. [24]) between 

the tip-CO oxygen and every atom of the PDI. The electrostatic force was introduced via a DFT 

calculated Hartree potential using the same cell as Fig. 4.6(a). This potential was then convoluted 

with a 1.0 Å FWHM gaussian as an approximation of the finite size of the tip-CO oxygen’s charge 

density. Electrostatic interactions were included by varying the tip-CO oxygen’s partial charge Q 

between -0.1e, 0.0e, and +0.1e for their respective calculation. Relaxation of the probe CO was 

introduced by locating a potential energy minimum along a sphere of radius 3.14 Å (DFT obtained 

sum of Ag-C and C-O bond lengths) away from the tip center as a model for the strong CO-tip 

interaction and bond distance. Gaussian broadening of 1.7 mV was applied to the vibrational 

eigenenergies to simulate the IETS broadening due to 1 mV bias modulation and temperature.  

 Because IETS spectral intensities are proportional to the tunneling current, constant height 

itProbe simulations in Figs. 4.3 and 4.7 were the result of a convolution of the molecular model 

simulation of the eigenenergies and an STM simulation of the tunneling current. Both are described 

in Refs. [24,25]. 

 Constant current simulations were performed using a calibrated experimental constant 

current STM topography of the PDI as an input parameter. The starting height for the MM 

simulation was then adjusted based on the topography to mimic the experimental tip trajectory 

during an itProbe scan. Constant current itProbe serves two purposes. First, a convolution with an 

STM current model is not needed to compensate for current variations. And second, to allow for 
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the imaging of the entire molecule at once without multiple height scans. Constant height itProbe 

images of molecules with height variations greater than PDI may cause tip crashes or CO 

desorption when probing at low tip heights (see Fig. 4.3).  

 

4.3.3 Constant Height Energy Series 

Figure 4.7 shows the constant height energy series of the itProbe on PDI. In contrast to the 

constant current series [Fig. 4.4], all parts of the molecule are not imaged equally well due to the 

loss of tunneling current from the increased gap distance away from the central carbon ring. While 

the electrostatic forces are on the order of the LJ forces for a 0.1e partial charge [Fig. 4.9], its 

slowly varying nature only slightly distorts the molecule along and perpendicular to the isocyanide 

bond axis. The agreement between the mechanical model and itProbe at 1.0 mV can be deceptive, 

as the agreement for blue-shifted energies (> 2.15 mV) is much lower than for the red-shifted 

energies.    

 

4.3.4 Height Dependent Experimental and Simulated Spectroscopy with Electrostatic Interactions 

 The advantage of point spectroscopy is that it enables direct comparison in energy space 

of the local interaction PES. Errors resulting from the spatial variation of current or IETS cross-

section can be ignored and instead the eigenvalues can be directly extracted. itProbe simulation 

images also have contributions from eigenvalues both above and below the desired energy due to 

broadening and introduce ambiguity during visualization, obscuring the ability to determine if 

accuracy is high. A trade-off must be made as point spectroscopy suffers from positioning errors 

that would remain unnoticed in itProbe images.  
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Figure 4.8 displays the experimental and simulated IETS spectra of the tip-CO over PDI at 

two tip-sample distances and three tip-CO oxygen partial charges. Each simulated spectroscopic 

peak obtained from the mechanical model was modeled as a gaussian (1.7 mV FWHM) to account 

for experimental broadening from temperature and bias modulation. The modeled electrostatic 

contributions are only weakly observed in the simulated point spectra as the tip reduces the tip-

PDI gap. Only points 2 and 3 were significantly differentiated by the inclusion of electrostatics, 

and only at the closer of the two tip heights. Energy shift directions for all other points are not 

affected by the tip-CO oxygen’s partial charge, and do follow the shift directions of the 

experimental set.  

 

4.3.5 Breakdown of the Potential Energy Surface 

The potential energy surface of the interaction [Figs. 4.9 and 4.10] between the tip-CO and 

the surface is modeled as the linear combination of pairwise (oxygen to a single atom) interactions 

and added to an electrostatic background. The Lennard-Jones potential is composed of an R-12 

Pauli repulsion term and an attractive R-6 potential as an approximation of the quantum mechanical 

interactions between the tip-CO oxygen and the molecule. Electrostatics are modeled through DFT 

calculations as noted previously. The relaxed case in Figs. 4.9 and 4.10 represent the potential seen 

by the tip-CO oxygen at each tip location. A relaxation was first done using the total PES before 

extracting the components of the PES at that oxygen position.  

The relaxed and non-relaxed simulations demonstrate the minimization of the tip-CO 

potential energy via relaxation. Electrostatic interactions have the effect of distorting the total 

potential to either become a circular potential well (-0.1e) or a valley between two ridges (+0.1e). 

For the constant height total PES in all three charge cases [Fig. 4.9], the submolecular details that 



 

163 
 

produce the resulting itProbe images are not visible and are seen as small perturbations in the 

overall PES [Fig. 4.13]. Sharp potential peaks seen in the non-relaxed constant current case 

originate from strong Pauli-repulsion near atom locations. These regions are not probed due to 

relaxation as shown in the relaxed constant current PES [Fig. 4.10] and probe relaxation plots [Fig. 

4.12].  

 

4.3.6 Breakdown of the CO Vibrational Motion and Relaxation during a Constant Height and 

Constant Current itProbe Image 

The itProbe simulations allow us to decompose the entire interaction in terms of the two 

lateral hindered-translational modes of the tip-CO. On the background, these two modes are close 

to degenerate, any anisotropy is only due to the surface lattice and tip adsorption anisotropies. CO-

tips are deliberately chosen such that these effects are minimized prior to taking itProbe images. 

Large anisotropies can be visualized [Figs. 4.11 and 4.12] by comparing the difference in low and 

high eigenenergy plots. For example, modes over the carbon ring are both red and blue shifted due 

to the asymmetric local PES between atoms.  

The interaction region observed in the experiment [Fig. 4.4] is reproduced here (oblong at 

0.0e charges and circular at -0.1e partial charge) and identified through the blue-shift of both 

eigenmodes as well as onset of significant (> 5°) relaxation tilt angle. Just inside the interaction 

region, the probe tilts inwards towards the PDI center due to van der Waals attraction. Only at 

close proximities to atoms such as in the constant current case [Fig. 4.12] or inclusion of strong 

electrostatic forces of similar magnitude change this relaxation behavior. In the neutral constant 

current case, Pauli repulsion forces the probe into pockets surrounded by atoms, such as the central 

carbon ring or between the isocyanide groups and ring hydrogens. This behavior is expected due 
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to the existence of an energetic minima between the attractive van der Waals and repulsive Pauli 

forces.  

 

4.3.7 Line-cuts of the Simulated Total PES and Vibrational Eigenenergies 

Figure 4.13 shows the simulated total PES and electrostatic contribution for both positive 

(+0.1e, Red), neutral (0.0e, black), and negative (-0.1e, blue) partial charge along a line cut through 

the scan center both vertically and horizontally (see Fig. 4.13 inset). The slight PES ridge at the 6 

and 10 angstrom mark in both X and Y directions [Figs. 4.13(a) and 4.13(b)] correspond to the 

central carbon ring. Here, the elongation in the Y of the itProbe simulation [Fig. 4.3] can be 

attributed to the electrostatic interaction pushing the ridge outwards. In addition, the onset of 

significant interaction can also be seen near the 2.5 and 13.5 angstrom mark in the eigenenergies 

[Fig. 4.13(c)-4.13(f)]. This region is shifted outwards in the Y direction for Negative partial 

charges resulting in the circular interaction region seen in the experiment [Fig. 4.4] and in the 

mechanical model [Fig. 4.11].  
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Figure 4.1: PDI adsorption on the Ag(110) surface. (a) A topographic STM image using a bare Ag 

tip at 50 mV and 100 pA. (b)-(c) High resolution STM topographic images taken with a CO 

terminated tip at 10 mV and 500 pA. The red and blue boxes in (a) indicate the molecules imaged 

in (b) and (c) respectively. At this setpoint, the PDI appears heavily distorted due to CO relaxation. 

(d)-(e) Schematic diagrams of PDI adsorption are given by DFT calculations, corresponding to (b) 

and (c) in the experiment. (f)-(g) Constant current topography and itProbe (1.5 mV) image of a 

single PDI molecule at 12 mV and 128 pA using a CO terminated tip. (h) Electrostatic potential 

energy for a negative charge at 3.25 Å above the PDI carbon ring. (i) A side-view of the PDI 

molecule bonded to the Ag(110) surface using DFT derived atom coordinates.  
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Figure 4.1 
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Figure 4.2: itProbe mechanism and point spectroscopy. (a) A schematic of the potential well of the 

CO displacement on the tip. Combining the tip (black-dashed line) and surface potentials (green-

dashed line) gives the total potential. The blue (red)-dashed line corresponds to an attractive 

(repulsive) surface potential resulting in a blue (red)-shifted translational mode. (b) Positions on 

the PDI molecule where point spectra are taken. (c) Experimental (left-side) and simulation (right-

side) point spectroscopy (d2I/dV2) over the points in (a) using a constant height setpoint over the 

center of the carbon ring of PDI at 12mV, 128pA (blue) and 200pA (red). Simulation heights of 

3.25Å and 3.00Å above the PDI carbon ring were used for comparison. Experimental spectra have 

been scaled as indicated for visualization purposes. Sample bias modulation of 1 mVrms was used.   

  



 

168 
 

 

Figure 4.2 
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Figure 4.3: Series of experimental and simulated constant height itProbe images of PDI. (a)-(d) 

Experimental (left column) and three sets of theoretical itProbe image series of PDI performed at 

varying tip-sample gap distances using setpoints of 12 mV and 128pA, 160pA, 200pA, and 250pA 

respectively. Corresponding simulation sample heights of 3.25 Å, 3.125 Å, 3.00 Å, and 2.85 Å 

were used. Tip height was set on the PDI central carbon ring. Three tip charges [-0.1e (left), +0.0e 

(center), -0.1e (right)] are shown to display the effects of the electrostatic interactions on the 

itProbe simulations. Sample bias modulation of 1 mVrms was used for itProbe imaging. Simulated 

images were also convolved with an STM current simulation to adjust for the varying current and 

IETS magnitudes during the scan (see the Supplemental Materials for details [35]). 
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Figure 4.3 
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Figure 4.4: Energy dependent series of experimental and simulated constant current itProbe images 

of PDI. (top row) Experimental itProbe images using a setpoint of 12 mV, 128 pA with 1 mVrms 

sample bias modulation. (bottom row) itProbe simulation images using three tip charges [-0.1e 

(left), +0.0e (center), -0.1e (right)] to display the effects of the electrostatic interactions on the 

itProbe simulations. Energies from 1.0 mV to 4.5 mV in 0.5 mV steps are shown. The tip height 

for the simulation was adjusted for each pixel using the experimental topography (see the 

Supplemental Material for details [35]).  

  



 

172 
 

 

Figure 4.4 
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Figure 4.5: Ag slab used in the DFT calculations. (a) Top-view and (b) Side-view of the Ag(110) 

p(5×6) slab with 5 Ag atomic layers. In the side view, sub-surface atoms have been darkened for 

visual clarity. 
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Figure 4.5 
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Figure 4.6: Full Ag slab with PDI used in the DFT calculations. (a)-(b) The two most stable 

configurations with adsorption energies (Ead) of 1.75 and 1.61 eV are shown for PDI on the 

Ag(110) slab. A Bader-type charge analysis [45,46] results in an overall charge of -0.17 |e| and -

0.16 |e| respectively.  
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Figure 4.6 
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Figure 4.7: Experimental and simulated energy series at constant height. The experimental (top 

row) and simulated itProbe images of the PDI molecule taken at constant height (setpoint: 128 pA, 

12 mV). The simulated images were calculated at a tip height of 3.25 Å above the central carbon 

ring. Three tip charges (+0.1e, +0.0e, -0.1e) were used to illustrate the effects of the electrostatic 

potential in determining the resulting images. Simulated images were also convolved with an STM 

current simulation to adjust for the varying current and IETS magnitudes during the scan.  
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Figure 4.7 
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Figure 4.8: Height dependent experimental and simulated point IETS spectra on PDI with a CO-

terminated tip. (a) Numbered positions correspond to spectra locations for (b).  (b) Experimental 

data set (far-left) along with -0.1e (center-left), 0.0e (center-right), and +0.1e (far-right) tip-CO 

oxygen partial charge simulations. Experimental setpoints are 12 mV, 128 pA (blue) and 200 pA 

(red). Simulation setpoints are 3.25 Å (blue) and 3.00 Å (red) above the PDI carbon ring.  
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Figure 4.8 
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Figure 4.9: Expansion of the constant height interaction PES into individual components. The tip 

height was fixed at 3.25 Å above the central carbon ring. Relaxation was conducted on the total 

PES for each row.   
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Figure 4.9 
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Figure 4.10: Expansion of the constant current interaction PES into individual components. The 

tip height was displaced using experimental topographic values starting at 3.25 Å above the central 

carbon ring. Relaxation was conducted on the total PES for each row.  
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Figure 4.10 
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Figure 4.11: Eigenenergy, eigenvalue, tilt angle, and vibration direction plots at constant height. 

The high and low energy lateral vibrational directions, energies, tip-CO tilt angle and directions 

are shown for three tip-CO oxygen partial charges for an itProbe scan at a constant height of 3.25A 

above the central carbon ring.  
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Figure 4.11 
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Figure 4.12: Eigenenergy, eigenvalue, tilt angle, and vibration direction plots at constant current. 

The high and low energy lateral vibrational directions, energies, tip-CO tilt angle and directions 

are shown for three tip-CO oxygen partial charges for a constant current simulation itProbe image 

with a starting height of 3.25 Å above the central carbon ring. The z displacement at each pixel 

was obtained from an experimental topographic scan.  
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Figure 4.12 
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Figure 4.13: Line-cuts of the PES and associated eigenenergies. (a)-(b) X and Y cut of the 

simulation total PES [Fig. 4.11] with relaxation at a 3.25 Å constant height. (c)-(f) Cut of the high 

and low relaxed vibrational eigenenergies at 3.25 Å constant height [Fig. 4.11]. Red, black and 

blue curves correspond to +0.1e, 0.0e, and -0.1e tip-CO oxygen partial charge values.  
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Figure 4.13 
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Table 4.1: Parameters used in the mechanical model.  
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Mechanical Model Parameters 

Atom E (meV) Radius (Å) 

H 0.68 1.487 
O 9.106 1.661 
N 7.372 1.824 
C 3.729 1.908 

Tip 4000 3.14 
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CHAPTER FIVE 

Near-IR Induced Conformational Change of 

a Single Molecule by a Scanning Tunneling 

Microscope* 
 

5.1 Abstract 

We use a tunable laser to perform near-IR overtone spectroscopy on a single pyrrolidine 

molecule on the Cu(110) surface. Pyrrolidine is observed to undergo conformational switching 

between high and low states through both electron-induced and photo-induced processes. Through 

action spectroscopy, an increase in the electron-induced switching rate is found when ring and CH 

stretch modes are excited. In addition, photo-induced switching is examined as a function of 

wavelength and power allowing us to identify and selectively excite the 3rd overtone ( = 0 → 4) 

of the C-H vibration. A first-order unimolecular reaction model is applied to extract the action-

absorption spectrum of the high and low states separately. This novel wavelength-dependent single 

molecule STM study paves the way toward measurements of single molecule absorption spectrums 

and controlling chemical reactions through intramolecular energy transfer.  

______________________________________________________________________________ 
*This chapter by Calvin Patel, Christian Kim, Jie Li, Ruqian Wu, and Wilson Ho is 

prepared for submission (2017).  
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5.2 Introduction 

One of the goals of chemistry is active control over chemical processes [1–4]. Broadly 

speaking, an understanding of reaction pathways, energy transfer mechanisms, kinetics, and 

equilibriums has large implications for a wide variety of technologies including energy 

generation [5] and catalysis [6]. Energy transfer via tunneling electrons has already been used to 

excite specific vibrations [7], move or switch molecules [8–15], and even cleave or forge 

bonds [16,17], all at the single molecule scale [18]. On the other hand, laser light has demonstrated 

the ability to activate catalysts [19], drive molecular reactions [20], and induce 

tautomerization [18,21] and isomerization [22,23]. Approaches based on measurements of 

ensembles of surface adsorbed molecular switches [21,23,24] have been able to determine photo-

induced reaction kinetics, one challenge that remains is in extending laser-induced control and 

characterization down to the single molecule level. 

Unlike fundamental vibrational excitations which are generally delocalized, overtone 

excitations are highly localized, often to a single bond [25–27]. Selectively driving these 

excitations is a promising method to achieve molecular control. In addition, photo-absorbative 

processes have greater control over electron-based methods in controlling the exact amount of 

energy transferred. In electron-induced processes, scattering allows fractional energy transfer, 

leading to many other lower energy modes being simultaneously excited from inelastic 

scattering [28,29].  

Through the excitation and pumping of overtones, unprecedented control of reaction 

selectivity has been demonstrated, resulting in either dissociation [30] or isomerization [31–37] in 

unimolecular species. In the first process, energy transfer from higher overtones ( > 4) into other 

bonds can induce photodecomposition reactions in both organic and inorganic species, such as the 



199 
 

case for Oxalic Acid conversion to CO2, H2O, and H2 [30]. The second of these processes relies 

on the photoexcitation of a 2 OH or 2 NH overtone which then redistributes the energy through 

intramolecular relaxation processes, allowing specific bonds to overcome transition barriers. By 

selectively heating a single vibrational mode, reactions can be driven without the rapid 

thermalization that is predicted by RRKM theory [4].  

Taking this further, we have developed a new STM technique based on performing action 

spectroscopy under laser illumination. In Energy-Resolved Laser Action STM (ERLA-STM), the 

action dynamics of a single molecule are characterized as a function of illumination wavelength. 

Using this technique, we have demonstrated the ability to perform a combination action-absorption 

spectroscopy on single pyrrolidine molecules adsorbed on Cu(110), linking together absorption 

and action cross-sections. We have also studied the reaction equilibrium of the two-state 

conformational change as a function of the illumination wavelength, showing that both the reaction 

equilibrium and rate can be measured and modified at the single molecule level. This technique 

allows us to characterize a wide variety of molecular action events such as tautomerization, 

isomerization, diffusion, and rotations. It can also be used to study the links between vibrational 

absorptions, intramolecular vibration relaxations, and conformational changes.  

 

5.3 Methods 

Our experiments were performed using a cryogenic (13 K) ultra-high vacuum (5 x 10-11 

Torr) home-built STM coupled to a tunable 150 fs laser operating from 690 nm to 1040 nm. The 

Cu(110) sample was prepared through Ne+ sputter and anneal cycles to 430 °C. Ag tips were 

likewise prepared though Ne sputtering and annealing. Laser powers into the junction varied from 

10 µW to 3 mW depending on the wavelength and coupling efficiency to the junction, a factor that 
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is highly dependent on the tip apex geometry and gap plasmon modes [38,39]. Pyrrolidine 

molecules were deposited in situ at 13 K at sub-molecular coverages.  

 Tunneling current and Z traces were acquired with a 6 kHz sampling rate. 

Wavelength dependent traces were taken with the feedback turned on with spikes in the current 

trace used to more accurately count switching events. Downward spikes are reproducibly 

indicative of a switch from high to low while a large upward spike is indicative of a low to high 

transition. These spikes are immune to thermal Z drifts and are more consistent in magnitude for 

very fast (< 10 ms) switches where the feedback is too slow to capture. The alternative 

configuration of turning feedback off and monitoring only steps in the current was only used for 

bias spectroscopy [Fig. 5.3] and only for short times (< 30 seconds) due to thermal drift effects 

arising from the laser irradiation in subsequent parts of the experiment.  

 We use a MaiTai Deepsee Ti-Sapphire laser capable of generating 150-200 fs laser pulses 

from 690 nm to 1040 nm. The laser was realigned for every wavelength change using a Fast 

pyrrolidine species as a calibration standard due to wavelength dependent optical dispersion and 

changes in input beam size. We note that higher wavelengths required substantially larger 

intensities to produce the same level of switching, likely because of the inefficient coupling 

between the tip-junction plasmon mode and the laser wavelength.  

 

5.4 Results and Discussion 

The experimental setup used in this work is shown in Figure 5.1(a). The STM tip is 

positioned over a single pyrrolidine molecule on the Cu(110) surface while a trace of the current 

and tip height (Z) is acquired. The pyrrolidine molecule undergoes a reversible conformational 

change between High and Low states as shown in Fig. 5.1(b). This reaction is found to be 
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kinetically first order, and the dwell times in the High and Low state are exponentially distributed 

with mean dwell times referred to as  and  for the two states respectively.  

On the Cu(110) surface, we find that two pyrrolidine species are observed [Fig. 5.2(a) and 

5.2(d)], which we have termed ‘Fast’ and ‘Slow’, both with different  and  parameters. 

Figures 5.2(b) and 5.2(e) show the tip height differences between the high and low states of the 

two species. While generally this height is a convolution of the physical molecule height with the 

conductance of the molecule, we believe the conductance between the two states should not change 

drastically at the low biases used. Note that the slow species has an order of magnitude slower 

switching rate (8.2 mHz vs 3.7 Hz) at this setpoint (30 pA, 50 mV). In analog to the tip height 

changes, Current spikes generated from the switching can be seen as shown in Figs. 5.2(c) and 

5.2(f).  

In order to elucidate the switching kinetics, we use a simple first order model as follows. 

If we consider an ensemble of N high state molecules, the number will decay at a rate  as  

= − → , (5.1) 

 

where  is the high state population and →  is the probability rate for transition → .  

A solution is expressed as =  → , and upon substituting this into (5.1), we arrive at 

= − → → . (5.2) 

 

At the single molecule level, the probability of transition per unit time is then = − =
→ → . This probability density function being exponential, with a mean value of 1/  and 
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variance of 1/ , implies that the mean dwell time in a state A is the inverse of the transition rate 

constant from →  as shown in Eq. (5.3). 

= [ ] = → → = →   (5.3) 

 

A similar analysis can be performed for the reverse →  reaction, so that monitoring the 

switching behavior of a single molecule for long enough periods generate a dwell time distribution 

that is exponential with mean = 1/ . In an ensemble measurement analogue, the equilibrium 

ratio of a reversible reaction would be obtained by allowing the reaction to come to equilibrium 

and observing the proportion of molecules in each of the two states. In the single molecule case, 

the equilibrium ratio → / →  can instead be obtained from /  for 

sufficiently long traces, with the advantage of specificity in terms of species and adsorption site. 

In the model, both the switching rate and the percent of time spent in the High state can be 

constructed in terms of the mean dwell times as shown in equations (5.4) and (5.5).  

Switching Rate Hz = , (5.4) 

ℎ % = +  (5.5) 

 

We then performed action spectroscopy in the ±450 mV range. Looking first at Fig. 5.3(a) 

and 5.3(d), spectroscopic features lying within the 80-120 mV range are largely attributed to ring 

modes while features at 360-370 mV are due to the selective excitation of C-H stretch 

modes [40,41]. These vibrational excitations have the ability to drastically alter the chemical 

kinetics (switching rate) as well as reaction equilibrium ( / ) through their intramolecular 

decay channels. Differential conductance spectra for the Slow species in particular [Fig. 5.3(d) 
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strongly resembles that observed previously on other surfaces [41] motivating the assignment of 

the Slow species as an intact pyrrolidine molecule.  

A key difference between the Slow and Fast pyrrolidine is the amount of conductance 

change that occurs due to the CH stretch excitation. The Fast species switching rate increases 100-

fold upon the ring mode excitation and the rate is only slightly perturbed by the onset of the CH 

excitation [Fig. 5.3(c)]. In contrast, the slow species only undergoes modest rate increases until 

the CH vibration is excited [Fig. 5.3(f)]. A similar trend is seen in the equilibrium ratios [Fig. 

5.3(b) and 5.3(e)], the ring mode excitations show a clear peak-dip features, mirrored by the /  

spectrum for the fast and only a slight change in the equilibrium ratio ( / ) once the CH 

stretch is also excited. The Slow on the other hand has a clear increase that begins at the onset of 

the CH excitation at 370 meV. In the case of the Slow molecule, the conformational switching 

reaction is strongly coupled to the CH mode, so that tunneling electrons alone can control the 

reaction kinetics (switching rate) and equilibrium constant ( / ) of both species.  

To study the effects of photo-induced action, we illuminated the junction with irradiances 

of up to 12 W/cm2. Switching rates were immediately affected and can climb up to 150 Hz for the 

Fast and 3 Hz for the Slow, indicative of good coupling between laser, junction, and molecule 

conformational switching. One complication is that as the wavelength is changed, alignment is 

also altered, preventing an easy comparison between wavelengths as the incident power in the 

tunneling junction will therefore vary significantly as a function of the wavelength. To overcome 

this, we used the Fast species switching rate to calibrate the incident laser power by adjusting the 

alignment and power until the Fast species switching rate was approximately 25 Hz. Then, a trace 

on the Slow could be taken and compared with other wavelengths.  
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 We note several key observations from the wavelength dependent conformational 

dynamics. First, the switching rate of the Slow species has a large peak at 900 nm and a small 

shoulder at 930 nm [Figure 5.4(a)]. Second, the High state occupations of the Slow show a dip at 

900 nm and peak at 940 nm [Figure 5.4(b)]. Third, through trace analysis, the individual transition 

rate constants for High state of the Slow show a strong peak at 900 nm with a shoulder at 928 nm 

while the transition rate constant for the Low state of the Slow shows two peaks, one at 900 nm 

and another at 940 nm. Both transition rate constants for the Slow species had a background value, 

0.81 s-1 and 1.65 s-1 for the High and Low respectively, from the switching that was observed at 

all wavelengths. Note that for the Slow species, the rate constants are near zero in the absence of 

irradiation due to the very small switching rate [Fig. 5.2(e)]. Therefore, nearly all of the switching 

events are laser-driven.  

To understand this combination of wavelength dependent phenomena, we performed 

absorption spectroscopy for a bulk sample [Fig. 5.4(e)] and found a peak at 915 nm, attributed to 

the 3rd overtone of the CH stretch mode [42,43].  We therefore believe our observations arise from 

this overtone mode being directly excited by the incident laser and energetically decaying into 

modes along the reaction coordinate similar to the electron induced excitation of the CH stretch. 

We do not expect moving from bulk liquid to the surface-bound state to produce a large shift in 

the CH stretch mode as it has been shown previously that a similar molecule, pyridine, which also 

bind upright, exhibit a less than 10 meV redshift if the shift is extrapolated out to the 3rd 

overtone [44].  

We propose that the transition rate constants, 1/  and 1/ , are directly proportional 

to the convolution of photo-absorption and action cross-sections. Therefore, we can use these 

action-absorption spectra to better understand the complete energy transfer mechanism. For each 
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conformational state, we have modeled the transition rate constant [Fig. 5.4(c) and 5.4(d) black 

lines] using two gaussians with a constant offset. Through the rate constant fits, the High state 

occupation percentage and the switching rate can be calculated [Eqs. (5.4) and (5.5)] as shown by 

the black lines in Fig. 5.4(a) and 5.4(b), confirming that our selected model is accurately describing 

the observed effects.  

As with pyridine, the pyrrolidine High state is oriented perpendicular to the surface and 

thus has a relatively unperturbed CH stretch mode, explaining the strong single peak in Fig. 5.4(c) 

for the High state rate constant. To explain the double peak feature in the Low state [Fig. 5.1(b)] 

case, consider that a similar molecule, cyclohexane, exhibits a mode softening of 16 mV between 

the proximal and distal CH groups when adsorbed flat onto a metal surface [45–47]. In the low 

conformational state, the four proximally located CH bonds should weaken through electron 

transfer from the σ orbital of the CH bond to the metal and from the metal to the CH σ* 

orbitals [48]. For the 3rd overtone, a shift of roughly 64 meV is expected, closely mirroring the 59 

meV shift observed in the Low state rate constant [Fig. 5.4(d)].  

We can now explain the dip-peak feature seen in Fig. 5.4(b). At 900 nm, there is an overall 

pumping effect driving conformational change towards the Low state, depressing the High state 

percentage. At 940 nm, Low states are driven to change to the High due to the absorption. Only 

single molecule measurements are able to go beyond the equilibrium ratios and High state 

population and extract the conformational state dependent action-absorption.  

While the Fast species is not a perfect calibrant, we do observe that wavelength dependent 

features are much weaker than for the Slow species, as evidenced by the only minor change in rate 

constants at the onset of the CH mode in Fig. 5.3(b) and the lack of strong equilibrium features in 

Fig. 5.4(b). We also note that the rate constant is not only a function of the absorption cross-section, 
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but also the probability of the excited overtone vibration to energetically relax into modes along 

the switching reaction coordinate. The overall process probability is low, despite our laser 

repetition rate of 80 MHz, switching events only happen every 80 – 200 million pulses.  

Lastly, we show that the high state occupation %, an analogue of the equilibrium constant, 

is unperturbed by changes in the switching rate [Fig. 5.5]. The switching rate itself is a function of 

the laser wavelength, power, alignment, and junction coupling, but the high state occupation 

qualitatively only changes with the wavelength. This is because the transition rate probabilities 1/  are linear in laser power with a near zero offset, that is, with no laser power, the rate is near 

zero. Since both 1/  and 1/  rates are only linear with the laser power, a ratio of the two 

is power independent as seen by the mapping of the blue and orange traces in Fig. 5.5(a) onto the 

high state population % in Fig. 5.5(b). Each datapoint represents a 5 minute trace taken with many 

different tips apex structures over the course of two experiments, proving the robustness of this 

feature.  

Transition Rate 1 ≅ ℎ ,
 (5.6) 

ln = ln = ∆  (5.7) 

  

To further understand the dynamics, we used a simplified Eyring equation [Eqs. (5.6) and 

(5.7)] to approximate the reaction barrier and energy difference between the High and Low 

states [49]. At 13 K and a setpoint of 30 pA and 50 mV, High state occupation for the Slow species 

is 74%, giving an energy difference between conformational states of the Slow species of 1.2 meV, 

with the High state as having a lower energy. A similar analysis for the Fast species gives 3.4 meV, 

with the Low state having a lower energy. In addition, the transition rate for the Low and High 
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states on the Fast and Slow give a reaction barrier difference from the lowest energy state to the 

barrier peak of 34.5 meV and 28 meV, respectively.   

5.5 Conclusion 

In conclusion, we have observed the conformational dynamics of a single pyrrolidine 

molecule and confirmed that it follows first-order kinetics. By probing the High and Low state 

transition rate constants as a function of incident laser wavelength, we have identified the 3rd 

overtone of the CH stretch mode and its effects on driving the conformational change. In addition, 

we have shown control over the reaction rate and equilibrium constant by varying the tunneling 

electron energy and laser irradiation wavelength. This study paves the way towards studying 

energy transfer and reaction control at the single molecule level.  
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Figure 5.1: Conformational switching using the ERLA-STM. (a) A schematic diagram of the 

experimental setup. The STM tip detects the conformational change of a single pyrrolidine 

molecule through abrupt changes in the tunneling current. When the feedback system is on, the tip 

height will adjust to maintain constant current, and the tip height can be monitored as well. We 

use a tunable 150-200 fs laser source ranging from 690 nm to 1040 nm directed towards the 

junction for the wavelength dependent spectra. (b) The DFT derived conformations on the Cu(110) 

surface. The two conformations reversibly switch with rate constants derived from their mean state 

dwell time. 
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Figure 5.1 
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Figure 5.2: Conformational change of Fast and Slow pyrrolidine species. (a), (d) A topographical 

STM image taken at 30 pA, 50 mV on the Fast and Slow species. (b), (e) Trace of the tip height 

monitored for 1 and 1000 seconds on the Fast and Slow species. Downward spikes seen here are 

due to the relatively slow feedback compensation circuit. (c), (f) Current traces corresponding to 

the tip height traces in (b) and (e). Spikes here can be used to count switching events and dwell 

times without the interference of thermal drift as the feedback and tracking circuit keeps the current 

constant. The slow molecule has a switching rate of 8 mHz and a high state occupation percentage 

of 74 %. The fast molecule has a switching rate of 3.7 Hz and a high state occupation percentage 

of 4.6 %.  
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Figure 5.2 
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Figure 5.3: Action spectroscopy of Fast and Slow pyrrolidine species. (a), (d) Differential 

conductance spectroscopy on the Fast and Slow species taken at a setpoint of 300 pA and 500 mV. 

(b), (e) Mean dwell time ratio (equilibrium ratio) of the conformational change reaction for the 

Fast and Slow species. (c), (f) Switching rates vs bias corresponding to the spectra in (b) and (e). 

Green lines are vertically magnified 4 times to show kinks in the curve due to vibrational 

excitations. Setpoints used were 300 pA, 500 mV and 100 pA, 450 mV for the Fast and Slow 

respectively. Illumination at 910 nm was used for the Slow spectra in (e) and (f) to induce higher 

counts for the lower biases. Features between 80 mV to 120 mV correspond to ring vibrations and 

features at 370 mV are from CH stretch mode excitations.  
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Figure 5.3 
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Figure 5.4: Pyrrolidine kinetics as a function of irradiation wavelength. (a) Switching rate as a 

function of wavelength for the Fast and Slow species. (b) High state occupation percentage as a 

function of wavelength of the Fast and Slow species. (c), (d) The rate constant obtained from the 

Slow species trace for both the high and low states. This is the inverse of the mean dwell time in 

the respective state. This quantity is also known as the rate parameter for the exponential 

distribution of dwell times. Statistical errors in the estimation of the rate constant is shown for each 

red point. The black line fit shown in (c) and (d) are the sum of two gaussians (blue and green 

dashed lines) plus a constant to replicate an absorption mode. (e) Bulk liquid absorption taken in 

the wavelength region of interest (710 nm to 1050 nm). The peak at 915 nm corresponds to the 3rd 

overtone of the CH stretch mode. Peaks at 810 nm correspond to the 3rd overtone of the NH stretch 

mode and peaks at 740 nm are related to the 4th overtone of the CH stretch mode. The rate constant 

fits (black lines) from (c) and (d) are used to simulate the High state occupation and switching rate, 

shown in (a) and (b) as black lines.  All traces were taken at 50 pA, 50 mV for 5 min. The Fast 

species was used to adjust alignment and power of the laser. At a given wavelength, the Fast and 

Slow trace data was taken without additional adjustments made and additional power adjustment 

normalization at each wavelength was performed on the rate constants based on the power 

dependence of the Fast species switching rate. Vertical dashed lines are shown at 900 nm and 940 

nm for comparison.  
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Figure 5.4  
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Figure 5.5: Slow pyrrolidine species switching rate and high state population. (a) Slow species 

switching rate as a function of the illumination wavelength. Each open circle represents a trace 

taken for more than 5 min. A threshold was defined at 0.70 Hz and traces above and below the 

threshold are colored green and orange respectively. (b) A plot of the high state occupation 

percentage using the same traces as in (a). The colorization is kept consistent with (a) to show 

the sensitivity of the high state occupation to the switching rate, which is a combination of the 

laser wavelength, power, alignment, and junction coupling.  
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Figure 5.5 
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CHAPTER SIX 

Concluding Remarks and Future Prospects 

 

 

 

6.1 Concluding Remarks 

In this dissertation, I have described my work performed in three key areas of single 

molecule scanning tunneling microscopy: temporal resolution, spatial resolution, and chemical 

control. Using the incredible spatial resolution of the STM, we have the ability to study chemical 

physics in a highly controlled environment [1,2]. Single molecule studies not only give us the 

freedom to select specific adsorption sites, but also to isolate various ensemble effects arising from 

interactions between molecules [3]. Coupled with the ability to manipulate and arrange surface 

species, STMs can study effects beyond the reach of ensemble measurements in less controlled 

environments [4].   

 In Chapter 3 I discussed the construction of an 80 MHz RF-STM to study chemical physics 

at the limits of space and time. Here, our scheme was to take advantage of the high repetition rate 
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of our femtosecond laser and lock-in to the photo-induced current that would also appear at this 

frequency. The groundwork was laid out, but the signals of interest were still too small to rise 

above the background. However, there are still many lessons to be learned, and this type of scheme 

could prove fruitful in the future if noise levels can be driven down. In our case, the current induced 

from the pulses did not show the characteristic exponential gap dependence of tunneling [5].   

In Chapter 4 I discussed our advancements in the field of spatial resolution by expanding 

on the itProbe technique. Here, we showed that we can image the entire interaction potential energy 

surface between a tip attached CO and surface molecule. We also showed that z dependent imaging 

gave us the ability to confirm the three-dimensional structure predicted by density functional 

theory. Together, a number of experimental observables such as point spectroscopy were presented 

and compared to current theoretical models in order to identify areas of improvement. While 

structural images taken using red-shifted maps are well represented by current theories, we showed 

that blue-shift maps are not, requiring additional studies and model development to understand 

why the deviations exist.  

In Chapter 5 I discussed our results in pushing the idea of chemical control and molecular 

dynamics studies. Taking full advantage of the single molecule resolution of the STM, we 

performed wavelength dependent spectroscopy of the switching rate dynamics on two species of 

pyrrolidine adsorbed on the Cu(100) surface. With the Fast species used as a calibration standard, 

we showed that we could perform near-IR absorption spectroscopy on the Slow species by 

monitoring the transition rate between the high and low states as a function of wavelength. This 

was the first time molecular dynamics at the single molecule level were explored as a function of 

photon wavelength, paving the way towards additional studies of near-IR energy deposition, 

intramolecular vibration relaxation, and chemical equilibrium manipulation.  
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Although the fundamental questions in all three directions still remain, I have helped 

advance the field. Temporal studies have the goal of studying the lifetimes of excited states and 

reaction processes. Spatial studies have the goal of studying intermolecular bonding, 

intramolecular structure, and atomic contrast. Chemical control studies have the goal of 

specifically depositing energy in the precise channels to control reaction products and pathways.  

 Those interested in temporal studies can learn from the difficulties presented in Chapter 3. 

Those interested in spatial studies, can greatly improve their models and capabilities with the new 

techniques and experimental observations presented in chapter 4. And those that are interested in 

studying chemical control and near-IR based absorption will be able to utilize the techniques 

presented in chapter 5 towards studying an even greater number of systems. I believe continued 

development in all three areas will be critical to a complete understanding of the chemical physics 

at the atomic level.  

 

6.2 Future Prospects 

6.2.1 STM Control Electronics 

 Large improvements to the STM control could be made if the electronics were fully digital. 

Currently, a sample-and-hold capacitor is used to sustain the tip piezo voltage when feedback is 

turned off. This caused the topology to only utilize an integral gain, no derivative or proportional 

gain constants are used. DACs have now reached sufficient resolution that a move towards full 

digital would include the benefits of automated drift corrections and faster scan speeds without 

any downsides. 
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6.2.2 Advancing Temporal Resolution – 80 MHz RF-STM 

 Direct detection of femtosecond pulse induced tunneling current has proved difficult. 

Instead, there are two schemes that could lead the way towards the combination of temporal and 

spatial resolution. The first is that of using action spectroscopy, utilizing the much slower motion 

of molecules in the form of hopping events, tautomerizations, or switches as a function of the pulse 

delay. And the second is the use of THz laser pulses which can be chopped without thermal effects 

producing a background, as is the case for visible light. More immediately, the use of pump-probe 

pairs that are tuned to resonance for the pyrrolidine and porphycene molecular changes could 

provide a way to visualize the time scales of the energetic transfer in inducing conformational 

switching and tautomerization.  

 

6.2.3 Advancing Spatial Resolution – itProbe 

 Using itProbe as a direct tool for the measurement of potential energy surfaces relies on a 

clear theoretical understanding of the mechanisms. We’ve shown through the PDI work and 

previous work by Jiang et al. [6] that the tip-CO hindered translational mode cross-sections are 

highly spatially dependent even if current is kept constant. Not only that, but the decrease in IETS 

cross-sections for highly blue-shifted modes is also unexplained. This prevents us from using the 

IETS magnitude as another spectroscopic tool. Presently, we are only use the energy shifts.  Future 

studies to investigate the IETS magnitude could be done on single adatoms as a way to reduce the 

number of interactions present during itProbe. A promising system would be Au or Ag adatoms 

on NaCl islands on Cu(111) [7,8]. Here, Au and Ag adatoms can take on a neutral, positive (+1 

charge for Ag) or anionic (-1 charge for Au) state allowing for the study of the electrostatic effects 

as well as spatial IETS magnitudes.  
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6.2.4 Advancing Chemical Control – Near-IR Induced Chemistry 

Further studies of the near-IR induced conformational change should focus on the 4th CH 

stretch overtone mode of pyrrolidine in order to confirm the phenomenon. I expect that since the 

3rd overtone readily induced conformational change, the 4th overtone should also be able to 

vibrationally de-excite and induce the same conformational changes. The same peak splitting 

should take place when the molecule is in the low state, confirming that the effect seen is due to 

the stretch mode overtones.  

Other systems should also exhibit near-IR absorption induced action. The Near-IR 

absorption spectrum of molecules is dominated by X-H stretch modes and can be grouped 

principally with the functional group local to the hydrogen. Table 6.1 lists the overtone energies 

in the near-IR range for the CH, OH, and NH stretch vibrations in addition to the fundamental 

frequency and second combination region. This second combination region, which consists of =0 to = 2 stretch excitations coupled with other bending modes, has absorption amplitudes similar 

to the 2nd overtone ( = 0 → 3) [9] and should be readily accessed with longer wavelength lasers.  

Using Table 6.1 as a guide, there are two molecules of interest that should also present 

wavelength dependent effects, porphycene [10] and acetylene [11]. Porphycene has been known 

to tautomerize via tunneling electrons with energies as low as 170 meV arising from the skeletal 

modes. In the deuterated version, an additional jump in tautomerization rates occurs ~260 meV 

due to the excitation of the central N-D stretch modes. Presumably, the N-H stretch modes should 

also be active and cause an increase in the switching rate. Light near 800 nm, resonant with the 3rd 

overtone of the NH stretch mode, could affect the switching rates compared to off resonance. One 

potential problem is that only the photo-induced conversion to cis is observed in the range from 
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355 to 633 nm on the Cu(111) surface [10]. Larger wavelengths could potentially allow a fully 

reversible reaction as is the case for purely electron-induced switching on the same molecule. A 

change of surfaces also has the potential to change the barrier between the two states allowing for 

easier reversible conversion. Analyzing the shape and type of resonances between the two different 

states will help develop better energy transfer models and prove the generality of the excitation 

scheme.  

Exciting the CH stretch mode of Acetylene on Cu(100) has also been demonstrated to 

increase the rotational rate. This should also in principle be vulnerable to the excitation of the 3rd 

overtone via 900 nm light, again displaying a wavelength dependence. This type of study could 

again confirm the generality of overtone induced motion as well as help develop better models for 

energy transfer mechanism by examining the shape of the resonance itself.   

Since observing higher overtones is made difficult because their absorption amplitudes 

decrease roughly an order of magnitude per overtone [12,13], another approach to study overtone 

induced action would be to enhance the laser tuning range further into the near-IR region to excite 

lower order overtones. Table 6.2 lists commercial 80 MHz Ti:Sapphire laser driven optical 

parametric oscillators (OPO) which can split incoming photons into two, generating a signal and 

idler beam. Extending the range up to 1500 nm would enable the current STM4 system to excite 

the 2nd overtone of the CH, OH, and NH stretch vibrations [Table 6.1], increasing the signal-to-

noise and allowing for the acquisition of a more complete action-absorption spectra in molecules 

such as pyrrolidine, acetylene, and porphycene.  

The future of NIR induced molecular motion and switching could lie in the operation of 

molecular machines or molecular electronics that are wavelength controlled, an area that has not 

been extensively studied. One large advantage of NIR control is its chemical group specificity and 
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narrow line widths [14]. It can be widely utilized because nearly every organic compound will 

have absorptions within this region. In contrast, electronic excitations are generally quite broad 

and chemical specific. They are also of higher energy, which introduces potentially undesirable 

de-excitation pathways including the chance of molecular damage.  
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Table 6.1: X-H vibrational overtone energies for common functional groups in the near-IR. 

Vibrational energies and corresponding wavelengths for the X-H stretch mode are listed under 

corresponding function group. The fundamental mode ( = 0 → 1) is listed for reference. The 

overtone combination bands , a mixture of the 1st overtone ( = 0 → 2) with bending modes, are 

listed because their absorption strength is on the same order of magnitude as the 2rd overtone ( =0 → 3). Values in this table were obtained from Refs. [15–17].  
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X-H Vibrational Overtone Energies by Functional Group 

CH3 

v Wavelength (nm) Wavenumber (cm-1) Electron Volts (eV) 

1 3330-3500 2850-3000 0.35-0.37 
2 1625-1710 5840-6160 0.73-0.76 

2 Combination 1360-1410 7090-7360 0.88-0.91 
3 1120-1190 8400-8930 1.04-1.11 
4 870-920 10920-11500 1.36-1.43 
5 710-750 13330-14090 1.65-1.75 

CH2 

v Wavelength (nm) Wavenumber (cm-1) Electron Volts (eV) 

1 3220-3320 3010-3100 0.37-0.38 
2 1675-1770 5650-5970 0.70-0.74 

2 Combination 1380-1440 6940-7250 0.86-0.90 
3 1140-1220 8190-8780 1.02-1.09 
4 890-930 10750-11240 1.33-1.39 
5 720-760 13150-13890 1.63-1.72 

CH 

v Wavelength (nm) Wavenumber (cm-1) Electron Volts (eV) 

1 3030 3300 0.41 
2 1680-1750 5710-5960 0.71-0.74 

2 Combination 1420-1470 6800-7050 0.84-0.87 
3 1170-1230 8130-8550 1.01-1.06 
4 910-930 10750-10990 1.33-1.36 
5 730-770 12980-13700 1.61-1.70 
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Table 6.1 (continued) 

Aromatic CH 

v Wavelength (nm) Wavenumber (cm-1) Electron Volts (eV) 

1 3220-3330 3000-3100 0.37-0.38 
2 1620-1690 5910-6180 0.73-0.77 

2 Combination 1420-1450 6900-7050 0.86-0.87 
3 1070-1150 8730-9350 1.08-1.16 
4 850-880 11360-11770 1.41-1.46 
5 700-720 13880-14290 1.72-1.77 

Aromatic OH 

v Wavelength (nm) Wavenumber (cm-1) Electron Volts (eV) 

1 2700-2860 3500-3700 0.43-0.46 
2 1380-1420 7040-7250 0.90-0.87 
3 930-1000 10000-10760 1.24-1.33 
4 725-755 13240-13800 1.64-1.71 

R-OH 

v Wavelength (nm) Wavenumber (cm-1) Electron Volts (eV) 

1 2700-2860 3500-3700 0.43-0.46 
2 1410-1475 6780-7100 0.84-0.88 
3 920-960 10410-10870 1.29-1.35 
4 725-780 12820-13800 1.59-1.71 
5 600 16670 2.07 
6 510 19610 2.43 

NH and NH2 

v Wavelength (nm) Wavenumber (cm-1) Electron Volts (eV) 

1 2857-3030 3300-3500 0.41-0.43 
2 1430-1520 6570-7000 0.82-0.87 
3 1000-1090 9170-10000 1.14-1.24 
4 760-820 12190-13160 1.51-1.63 

 

  



232 
 

Table 6.2: List of Commercial 80 MHz Ti:Sapphire Laser Driven Optical Parametric Oscillators. 

All four models are capable of operation with a 80 MHz repetition rate femtosecond Ti:Sapphire 

laser pump. Tuning of the pump laser is required to access all ranges of the OPO output. Output 

powers are listed for 1200 nm, 1400 nm, and 1700 nm because of their relevance to CH, OH, and 

NH overtone vibrational excitations [Table 6.1]. The pump laser column specifies the pump used 

to validate the specifications.  
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Commercial 80 MHz Ti:Sapphire Driven Optical Parametric Oscillators 

Model Pump Laser 
Output Wavelengths Pulse Width (fs) Output Power (mW) 

Signal (nm) Idler (nm) Signal Idler 1200 nm 1400 nm 1700 nm 

Spectra-Physics 
Inspire OPO 

Mai Tai HP 690-
1040 nm 2.8W 

100fs 
490-750 930-2500 100-250 80-250 >170 >120 >100 

Spectra-Physics 
Inspire IR 

Mai Tai HP 690-
1040 nm 2.8W 

100fs 
1000-1550 N/A <200 N/A >800 >400 N/A 

Radiantis Oria IR 2.8W 90fs pump 
710-820 nm 990-1550 1696-4090 <200 <120 >800 >550 >15 

Coherent 
Chameleon 

Compact OPO 

Chameleon 
Vision 680-1080 

nm 3W 140 fs 
1000-1600 N/A 200 N/A >600 >400 N/A 
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APPENDIX A 

Piezo and Feedback Electronics 

 

 

 

A.1 Contents 

 This appendix contains the machining diagrams for the Piezo and Feedback Control 

enclosure as well as circuit diagrams, PCB layouts, photos of completed PCBs, and parts lists for 

the fabrication of a new control system. Pictures are added for reference. Chapter 2 contains 

additional details on component selection and simplified circuit diagrams.  

 

A.2 Piezo Driver 

 Figures A.1 to A.5 show the PCB schematic, layout, and photograph of the final PCB for 

the Piezo Drivers. The Feedback board uses one, while the Piezo Board uses a total of seven due 

to the many piezo electrodes that it drives. Table A.3 contains the parts list for the Piezo Driver.  
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A.3 Feedback Board  

 A full schematic of the Feedback Board is shown in Figs. A.6 to A.8. Figures A.9 to A.12 

show all four layers of the Feedback Board. Most of the layers are grounded. A triangle can be 

seen in all four layers where the copper layer has been removed on purpose in order to shield the 

integration FET amplifier from leakage currents that travel across the PCB. This leakage current 

may be small, but it will contribute significantly to charge loss on the capacitor. A FET operational 

amplifier is used in this section to again reduce the input current drain from the integration 

capacitor. When the feedback is turned off, the feedback reed relay is opened, preventing any 

signal into integration circuit. The FETamp output is held constant by the potential difference 

across the integration capacitor. The primary criteria for capacitor choice is one that has low 

‘droop’, or low charge loss over time. Any current leakage or charge loss will cause the output 

voltage to drop and move the tip, affecting the tunneling gap. Figures A.13 and A.14 are pictures 

of the front and back of the real PCB. Table A.1 contains component assignments while Table A.4 

contains the parts list.  

 

A.4 Piezo Board 

 A full schematic of the Piezo Board PCB is shown in Figs. A.15 and A.16. Figures A.17 

to A.20 show the four layers of the board. The 1st layer is the main signal layer, the 2nd layer is a 

full ground plane and the 3rd layer is used for the high voltage power. Finally, the 4th layer is used 

for more signal routing. All layers are filled with copper ground planes to reduce noise. Photos of 

an unpopulated PCB are in Figs. A.21 and A.22. Table A.2 contains component assignments and 

Table A.5 contains the order parts list.  
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A.5 Enclosure and Wiring 

 The enclosure needs to be machined to accommodate all of the BNC connectors on the 

front and rear panel [Figs. A.23 and A.24]. The completed control box panels are shown in Figs. 

A.25 and A.26. Pictures of the completed internals are shown in Figs. A.28 to A.32.   

The 25-pin D-Sub connector on the Piezo and Feedback Control are used to control the 

various gains and relays on both the Feedback Board and Piezo Board. Figures A.33 and A.34 

show the ribbon cable connection to the D-Sub on each board, while Fig. A.35 shows the D-Sub 

connection on the rear panel of the box. Since the crimp connectors place every other wire on the 

bottom row, the bottom 12 pins have been assigned as signal pins. The top 13 pins are then 

grounded. The pin assignments are listed in Table A.6 and are also printed via silk screen on the 

Piezo Board and Feedback Board PCB [Fig. A.33 and A.34].  

Before the ribbons are crimped, the polarity should be checked. Once connected, a quick 

way to make sure the pin arrangement is correct in the ribbon is to crimp one end, connect to the 

Computer Interface and change Y0 and Y1 gains while measuring with a multimeter.  

 

A.6 Calibration 

 The log amplifier (Log112) on the Feedback Board needs to be calibrated using R12 and 

R20 so that its final output is =  − 10 log (   ) with the assumption of gain 9 on the 

preamplifier. Tune R12 near the vicinity of 25 kΩ such that 100 µA of current is used as reference. 

This can be adjusted until an input of 1 V produces an output of 0 V of the log amp. Slope control 

is given by R20, nominally set to 20 kΩ to amplify signals by 20. Using less than 1 kΩ at R19 will 

cause more than 5mA drain on the LogOut. An alternative is to change R21, R22, R23, R24 so 

that there is a gain of 2 across the comparator and set R20 to 10 kΩ for a +-5V output. R26 is 
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typically set to 1.7 kΩ while R43 is typically 4.3 kΩ, but both of these need to be adjusted 

accordingly to speed up or slow down the integral gain during tunneling.  

 The Piezo Board and Piezo Drivers do not need calibration, but components can be changed 

out to reduce bandwidth and noise if needed.  
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Figure A.1: Full schematic diagram of the Piezo Driver circuit.  
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Figure A.1  
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Figure A.2: Top PCB copper layer of the Piezo Driver.  

  



243 
 

 

Figure A.2 
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Figure A.3: Bottom PCB copper layer of the Piezo Driver. 
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Figure A.3 
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Figure A.4: Picture of the top side of the Piezo Driver PCB.   
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Figure A.4 
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Figure A.5: Picture of the bottom side of the Piezo Driver PCB.   
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Figure A.5 
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Figure A.6: Full schematic diagram of the Feedback Board circuit (part 1). 

  



251 
 

 

Figure A.6  
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Figure A.7: Full schematic diagram of the Feedback Board circuit (part 2). 
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Figure A.7  
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Figure A.8: Full schematic diagram of the Feedback Board circuit (part 3). 
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Figure A.8 
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Figure A.9: Top PCB copper layer of the Feedback Board. 
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Figure A.9  
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Figure A.10: 2nd PCB copper layer of the Feedback Board. 
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Figure A.10  
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Figure A.11: 3rd PCB copper layer of the Feedback Board. 
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Figure A.11  
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Figure A.12: Bottom PCB copper layer of the Feedback Board. 
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Figure A.12  
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Figure A.13: Picture of the top side of the Feedback Board PCB. 
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Figure A.13  
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Figure A.14: Picture of the bottom side of the Feedback Board PCB.   
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Figure A.14  
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Figure A.15: Full schematic diagram of the Piezo Board circuit (part 1). 
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Figure A.15  
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Figure A.16: Full schematic diagram of the Piezo Board circuit (part 2). 

  



271 
 

 

Figure A.16  
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Figure A.17: Top PCB copper layer of the Piezo Board. 
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Figure A.17 
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Figure A.18: 2nd PCB copper layer of the Piezo Board. 
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Figure A.18 
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Figure A.19: 3rd PCB copper layer of the Piezo Board. 
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Figure A.19 
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Figure A.20: Bottom PCB copper layer of the Piezo Board. 
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Figure A.20 
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Figure A.21: Picture of the top side of the Piezo Board PCB.   
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Figure A.21 
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Figure A.22: Picture of the bottom side of the Piezo Board PCB.   
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Figure A.22 
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Figure A.23: CAD drawing of the Front Panel of the Piezo and Feedback Control.  
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Figure A.23  



286 
 

Figure A.24: CAD drawing of the Back Panel of the Piezo and Feedback Control.  
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Figure A.24  
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Figure A.25: Front panel of the Feedback Board and Piezo Board enclosure. 
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Figure A.25  
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Figure A.26: Rear panel of the Feedback Board and Piezo Board enclosure. 

  



291 
 

 

Figure A.26  
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Figure A.27: Picture of completed Piezo Driver (front). 
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Figure A.27  
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Figure A.28: Picture of completed Piezo Driver (rear). 
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Figure A.28  
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Figure A.29 Picture of completed Feedback Board (part 1). 
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Figure A.29  
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Figure A.30 Picture of completed Feedback Board (part 2). 
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Figure A.30  
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Figure A.31: Picture of completed Piezo Board (part 1). 
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Figure A.31  
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Figure A.32: Picture of completed Piezo Board (part 2). This is the gain section of the Piezo 

Board.  
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Figure A.32  
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Figure A.33: D-Sub connector on Piezo board. The White wire second from the right is Y0 and 

the Black wire furthest to the right is ground. 
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Figure A.33  
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Figure A.34: D-Sub connector on the Feedback board. The White wire second from the left is Y0 

and the Black wire furthest to the left is ground. 
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Figure A.34  
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Figure A.35: D-Sub connector on the back panel of the Piezo and Feedback Control. The top 

(13) connections are grounded on the boards. The bottom left wire (white) is Y0. 

  



309 
 

 

Figure A.35  
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Table A.1: List of components on the Feedback Board.  
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Feedback Board Components 

Resistor Capacitor 

Name Value Name Value Type 

R1 10 kΩ C1 0.1 µF tantalum 
R2 10 kΩ C2 0.1 µF tantalum 
R3 10 kΩ C3 0.1 µF tantalum 
R4 10 kΩ C4 0.1 µF tantalum 
R5 20 kΩ C5 1nf ceramic 
R6 10 kΩ C6 0.1 µF tantalum 
R7 10 kΩ C7 0.1 µF tantalum 
R8 10 kΩ C8 0.1 µF tantalum 
R9 20 kΩ C9 0.1 µF tantalum 
R10 10 kΩ C10 0.1 µF tantalum 
R11 10 kΩ C12 10 µF tantalum 
R12 100 kΩ Pot C13 47 µF radial aluminum 
R13 10 kΩ C14 10 µF tantalum 
R14 20 kΩ C15 0.1 µF tantalum 
R15 2 kΩ C16 0.1 µF tantalum 
R16 shorted C17 01 µF tantalum 
R17 5 kΩ C19 0.1 µF tantalum 
R18 20 kΩ C20 0.1 µF tantalum 
R19 1 kΩ C21 0.1 µF tantalum 
R20 20 kΩ Pot C22 0.1 µF tantalum 
R21 10 kΩ C23 0.1 µF tantalum 
R22 10 kΩ C24 1000pf ceramic 
R23 10 kΩ C25 0.1 µF tantalum 
R24 10 kΩ C26 0.1 µF tantalum 
R25 11 kΩ C27 0.1 µF tantalum 
R26 20 kΩ Pot C30 0.1 µF tantalum 
R28 10 kΩ C31 1 µF film 
R29 10 kΩ C32 1000pf ceramic 
R30 10 kΩ C33 0.1 µF tantalum 
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Table A.1 (continued) 

Resistor Capacitor 

Name Value Name Value Type 

R31 11 kΩ C34 0.1 µF tantalum 
R32 1.1 kΩ C35 1000 pF ceramic 
R34 100 kΩ C36 0.1 µF tantalum 
R35 10 kΩ C37 0.1 µF tantalum 
R37 110 kΩ C38 100pf ceramic 
R39 1 MΩ C39 0.1 µF tantalum 
R40 5 kΩ C40 0.1 µF tantalum 
R43 10 kΩ Pot C41 1 µF film 
R44 5 kΩ C42 0.0033 µF ceramic 
R45 100  

 

  



313 
 

Table A.2: List of components on the Piezo Board. 
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Piezo Board Components 

Resistor Capacitor 

Name Value Name Value Type 

R1 11.1 kΩ C1 10 µF aluminum 
R2 111 kΩ C2 0.1 µF ceramic 
R3 11.1 kΩ C3 10 µF aluminum 
R4 111 kΩ C4 0.1 µF ceramic 
R5 9 kΩ C5 1 µF tantalum 
R6 1 kΩ C6 1 µF tantalum 
R7 100 kΩ C7 1 µF tantalum 
R8 9 kΩ C8 1 µF tantalum 
R9 1 kΩ C9 1 µF tantalum 
R10 100 kΩ C10 1 µF tantalum 

  C12 0.33 µF tantalum 
  C13 1 µF tantalum 
  C14 1 µF tantalum 
  C15 1 µF tantalum 
  C16 1 µF tantalum 
  C17 1 µF tantalum 
  C19 1 µF tantalum 
  C20 1 µF tantalum 
  C21 1 µF tantalum 
  C22 0.1 µF tantalum 
  C23 0.1 µF tantalum 
  C24 0.1 µF tantalum 
  C25 0.1 µF tantalum 
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Table A.3: Part numbers for components on the Piezo Driver. 
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Piezo Driver 

Quantity Description Part Number 

2 Headers (20pin) 01J4537 
1 Sip-12 socket A29107-ND 
6 1N4148 diode DO-35 58K9570 
1 1 kΩ Resistor 78R4867 
1 100 pF ceramic 96m1484 
1 4.7 pF HV ceramic 94W4963 
1 4.7 Ω HV 94C2373 
2 p6ke180A diode 17X9955 
2 Mur140 diode 42K1605 
2 0.1 µF ceramic 478-6014-ND 
2 4.7 µF Aluminum HV 65R2935 
1 PA90 598-1475-ND 
1 PA90 Heatsink 598-1330-ND 
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Table A.4: Part numbers for components on the Feedback Board. 
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Feedback Board 

Quantity Description Part Number 

Surface Mount Resistors (1206 size) 

18 10 kΩ RNCS1206BKE10K0CT-ND 
5 20 kΩ TNP20.0KACDKR-ND 
1 100 kΩ 27k5908 
0 200 kΩ  32k3750 
2 5 kΩ 27k5914 or 53k2360 
1 1 kΩ 88k2622 
2 11.1 kΩ RG32P11.0KBCT-ND 
1 1.1 kΩ 311-1.10KFRCT-ND 
1 1 MΩ P1.00MFCT-ND 
1 100 Ω P100FCT-ND 

Surface Mount Capacitors (1206 size) 

26 0.1 µF tantalum 57k1618 
2 1 nF (1000 pF) ceramic 399-1218-6-ND 
2 10 µF tantalum (3216 size) 399-5152-1-ND 
1 0.0033 µF ceramic 91R0092 
1 100 pV ceramic 96m1484 

Diodes 

8 1n4007 10M2939 
2 mmsd4148 (SMD) 10N9495 

Semiconductor Chips 

10 ad8671 (SOIC) 19M0998 
2 adg5412 (switch) (TSSOP) 92T1802 
1 Log112 (SOIC) 01M8175 
1 AD795 FETamp (SOIC) 59K6085 

Through-hole Resistors 

1 100 kΩ HV 38K5142 
2 50 kΩ 65K1819 
2 5 kΩ 97M6277 
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Table A.4 (continued) 

Feedback Board 

Quantity Description Part Number 

Through-hole Capacitors 

1 0.33 µF tantalum 399-3539-ND 
3 1 µF film capacitor (axial) any polypropylene or polystyrene  
2 0.1 µF ceramic 1000V 478-6014-ND 
1 47 µF aluminum small 39t8348 
2 4.7 pF ceramic HV 69K4725 
8 1 µF tantalum 97M4222 
2 10 µF alum high voltage (300+V) p13671-nd 

Miscellaneous Chips 

2 Tip120 45J2278 
1 Regulator 915 31Y2372 
1 Regulator 815 86K1602 
1 Regulator 805 (lm7805) 34C1092 
2 Reed Relays COTO 9001-05-01 

Connectors 

2 molex receptacle 86W0966 or A26490-ND 
1 D-Sub for cable 42K6642 
1 vert D-Sub A35183-ND 
6 normal BNC A97553-ND 
5 low profile BNC A97552-ND 

Potentiometers 

1 100 kΩ 3296W-104LF-ND 
2 20 kΩ 3296W-203LF-ND 
1 10 kΩ 3296W-103LF-ND 
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Table A.5: Part numbers for components on the Piezo Board. 
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Piezo Board 

Quantity Description Part Number 

14 1N4007 Diode 10M2939 
2 1NF Film Capacitor 399-1218-6-ND 
7 4.7 pF HV ceramic 69K4725 
6 5 kΩ Resistor 97M6277 
1 7.3 kΩ Resistor 78R5263 
1 10 kΩ Resistor 83F1212 
1 27.3 kΩ Resistor 98K3710 
2 50 kΩ Resistor 65K1819 
10 100 kΩ Resistor 38K5142 
1 D-Sub25 connector A35183-ND 
1 805 regulator 34C1092 
1 815 regulator 86K1602 
1 915 regulator 31Y2372 
1 MUX ADG5412 ADG5412BRUZ-REEL7CT-ND 
8 Relays V23105 PB383-ND 
2 TIP120 45J2278 
14 Molex Receptacle  86W0966 or A26490-ND 
14 1 µF tantalum 97M4222 
1 0.33 µF tantalum 399-3539-ND 
2 0.1 µF ceramic 478-6014-ND 
2 11 kΩ SM RG32P11.0KBCT-ND 
2 1 kΩ SM RNCS1206BKE1K00CT-ND 
2 111 kΩ SM RG32P11.0KBCT-ND 
2 9 kΩ SM 61M8315 
2 100 kΩ SM 27k5908 
6 0.1 µF tantalum SM 57k1618 
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Table A.6: D-Sub Pin Outputs for the Feedback and Piezo Control.   
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D-Sub Pin Outputs 

Pin Assignment 

1 Z0 
2 Z1 
3 Hold 
4 Retract 
5 Z2 
6 Z3 
7 Coarse 
8 Rot 
9 X0 
10 X1 
11 Y0 
12 Y1 

13-25 Ground 
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APPENDIX B 

RF-STM 

 

 

 

B.1 Contents 

 This appendix contains the connection diagrams and CAD designs of the RF-STM. Pictures 

of partial and full assembly are shown to demonstrate the wiring and scale of the system.  

 

B.2 Connections 

Figures B.1, B.2, B.5, and B.6 show the connection diagrams for the scanner piezo 

ceramics, RF Preamplifier, sapphire feedthrough, and top flange feedthroughs respectively. In Fig. 

B.1, the three outer piezo ceramics contain four electrodes each that are wired to the standoffs 

(pins on the sapphire disks labeled 1F through 8U). Fig. B.2 is a reproduction from Chapter 3 of 

the various pinouts of the RF Preamplifier, pictures of which are shown in Figs. B.3 and B.4. See 

Chapter 3 for more details on the circuit itself.  
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Figure B.5 shows the pin assignments on the sapphire feedthrough of the inner shield. Most 

of the wiring from the top flange and the scanner meet here. The only exceptions are one of the 

bias lines, Low Frequency Current, and High Frequency Current coaxial cables that are routed 

from the top flange to the inner shield. Figure B.26 shows the routing path the best, including the 

wrapping on the cold head needed to heatsink the wires.  

Figure B.6 contains the feedthrough connection schematic from the airside point of view. 

These are color-coded and labeled accordingly. Note that the front left and front right feedthroughs 

are compatible with the other small STM systems in the Ho Group.  

All of these connection diagrams are meant to be used in conjunction with Table B.1, 

detailing the full path from top flange to the scanner. In comparison with a standard STM, the RF-

STM has four added connections for the power and tuning voltages. The layout has been modified 

to incorporate this.  

 

B.3 Crosspiece and RF Preamplifier Design 

The addition of the RF Preamplifier required a new crosspiece design so that the central 

region was hollowed out for the circuit. Figures B.7-B.11 show the CAD drawings for the 

crosspiece and the RF Preamplifier housing. The rods are longer by 0.025" in order to reduce the 

magnet to crosspiece gap down to 0.100" from the 0.125" used previously. In this design, a bottom 

piece [Fig. B.7] is machined out of a single copper block and the shielding plates for the eddy 

current dampening are fastened to it using 2-56 screws. Creating the entire piece out of a single 

block would be too difficult, so this design was a compromise. One potential downside of this 

design is the increased weight which requires more cooling power than previous designs. Older 

designs used three rods, here, two of them are supplanted by the RF Preamplifier housing.  
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A complete assembly drawing is shown in Fig. B.12 with multiple colors to better 

differentiate the components. All parts shown are OFHC copper which are polished and plated in 

gold to reduce emissivity and oxidation.  

Figures B.13 and B.14 are pictures of the crosspiece without the support rod and RF 

Preamplifier housing attached.  

 

B.4 STM Assembly 

The addition of the RF Preamplifier requires a few changes in the way the wiring is done 

for the scanner. Figure B.15-B.17 show the underside of the baseplate with the RF Preamplifier 

mounted to it. The High Frequency Current output is connected directly to a coaxial cable to the 

top flange in order to reduce signal losses. In comparison, all other outputs and inputs use a 0.005" 

Teflon insulated copper wire between the inner shield and the scanner to vibrationally isolate the 

scanner. Coaxial cables from the tungsten balls are seen [Figs. B.15 and B.16] going from the 

baseplate hole to the standoffs in the rear.  

A picture of the full unmounted scanner is shown in Fig. B.18. Here, all of the piezo 

connections to the standoffs can be seen. A closeup is provided by Fig. B.19.  

Figure B.20 shows the relief structure in the inner shield that is used to provide a relief for 

the RF Preamplifier High Frequency Current output coaxial cable. Because this cable does not use 

a small section of 0.005" copper wire to vibrationally isolate the scanner, I use a small box lined 

with Teflon to un-strain the wire and allow free movement. The inner shield sapphire feedthrough 

is also seen here.  

A hanging scanner without the entire crosspiece is shown in Fig. B.21. Many of the small 

wires connecting the scanner to the sapphire feed through can be seen. Figures B.22-B.24 show 
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the hanging scanner with a partially assembled inner shield. Clearance to the magnets is only 

0.100". The springs need to be balanced so that the scanner does not touch the walls during 

operation. Figure B.23 best showcases the relief box of the inner shield.  

Figures B.24 and B.25 show a full assembled inner shield from the front and side. Figures 

B.26 and B.27 show a fully assembled outer shield from the front and side. Without the outer 

shield, scanner temperatures would not go below 30K due to the high amounts of radiative heat 

load from the vacuum chamber.  

The stainless steel wiring between the sapphire feedthrough to the top flange can be seen 

in Fig. B.26. In addition, the coaxial cables are wrapped on the cold head to prevent heat load to 

the inner shield scanner [Figs. B.25 and B.26].  

A graphite coating is applied to the inside of the inner shield [Fig. B.20 and B.24] by 

liquifying graphite in isopropyl alcohol and painting with a brush. This coating serves two 

purposes, first, it increases the emissivity in order to better absorb radiated heat from the scanner, 

and second, it reduces laser beam reflections.  

 

B.5 High Frequency Preamplifier Power Supply 

The RF Preamplifier requires a power voltage for the GaAs buffer and a tuning voltage for 

the varicap in the LC input stage. Both of these are supplied by a custom made low noise power 

supply [Fig. B.29] consisting of an accurate 10V reference and two operational amplifiers. 

Potentiometers in blue can tune the output voltage from 0 to 10 V, a range that is needed for 

operation at different temperatures. 
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Figure B.1: Piezo connection diagram for the STM scanner. This diagram is meant to be used in 

conjunction with Table B.1.  
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Figure B.1 
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Figure B.2: Pinout of the RF Preamplifier PCB. 
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Figure B.2  
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Figure B.3: Picture of the RF Preamplifier PCB (top). The inductor coil is positioned on the left 

side of the PCB.  
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Figure B.3  
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Figure B.4: Picture of the RF Preamplifier PCB (bottom).  
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Figure B.4  
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Figure B.5: Sapphire feedthrough pin assignments.   
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Figure B.5 
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Figure B.6: Top flange feedthrough pin assignments.  
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Figure B.6 
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Figure B.7: CAD drawing of the crosspiece bottom.  
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Figure B.7  
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Figure B.8: CAD drawing of the crosspiece front and rear plates.  
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Figure B.8  
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Figure B.9: CAD drawing of the crosspiece side plates. 
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Figure B.9  
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Figure B.10: CAD drawing of the crosspiece support rod.  

  



347 
 

 

Figure B.10  
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Figure B.11: CAD drawing of the RF Preamplifier housing.  
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Figure B.11  
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Figure B.12: Drawing of the complete crosspiece assembly with RF Preamplifier.  
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Figure B.12 
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Figure B.13: Picture of the STM crosspiece (front). 
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Figure B.13  
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Figure B.14: Picture of the STM crosspiece (side). 
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Figure B.14  
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Figure B.15: Underside of STM scanner with mounted RF Preamplifier (front). The tip current 

wire is shown arising from the middle. To the left and right are tungsten ball biases lines.  
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Figure B.15  
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Figure B.16: Underside of STM scanner with mounted RF Preamplifier (rear). The high frequency 

output line here is severed.  
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Figure B.16  
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Figure B.17: Underside of STM scanner with mounted RF Preamplifier (side). Most prominent in 

this view is the inductor coil and bias coaxial line.  
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Figure B.17  
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Figure B.18: Picture of the STM scanner with crosspiece.  
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Figure B.18  
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Figure B.19: Closeup picture of the four piezo tubes on the baseplate.   
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Figure B.19 
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Figure B.20: Picture of the inner shield showing a relief for the HF output coaxial cable.  
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Figure B.20  
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Figure B.21: Picture showing a hanging STM scanner with cross piece removed.  
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Figure B.21  
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Figure B.22: Picture of the RF-STM scanner with inner shield side plates (front).  
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Figure B.22  
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Figure B.23: Picture of the RF-STM scanner with inner shield back plate (side). The coaxial cable 

relief is seen protruding out of the back.  
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Figure B.23  
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Figure B.24: Picture of the RF-STM scanner with the inner and outer shield (side). 
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Figure B.24  
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Figure B.25: Picture of the fully assembled inner shield (front).  
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Figure B.25  
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Figure B.26: Picture of the fully assembled inner shield (side). 
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Figure B.26  



380 
 

Figure B.27: Picture of the fully assembled outer shield (front). 
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Figure B.27  
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Figure B.28: Picture of the fully assembled outer shield (side). 
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Figure B.28  
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Figure B.29: Picture of the RF Preamplifier power supply enclosure and circuit.  

  



385 
 

 

Figure B.29 
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Table B.1: List of wiring connections for the STM. 
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List of STM Connections 

Piezo/Electrode Standoff Sapphire Feedthrough Air Side 

1 5B 21 E R 
2 6B 22 F R 
3 7B 17 G R 
4 8B 16 H R 
6 5F 9 A R 
7 6F 10 B R 
8 7F 5 C R 
9 8F 4 D R 
11 1F 6 A L 
12 2F 7 B L 
13 3F 2 C L 
14 4F 1 D L 

5/10/15 4B 13 H L 
ZHV 2B 3 F L 

IPIE (Ground) 3B 23 Grounded L 
Diode Black (+) 8U 12 G ColdHead 
Diode Red (-) 5U 11 F ColdHead 
Bias 1 (left) 6U 25 J L 
Bias 1 GND 

(Left) 7U - - - 

Bias 2 (right) 1U 24 I L 
Bias 2 GND 

(right) 4U - - - 

Main Bias 
(rear) 

W Ball to Sub 
(Preamp) 

SDC and GND 
(Preamp) to 

Coax 
- Left SMA 

Tip (DC) Tip to Input 
(Preamp) 

LFO and GND 
(Preamp) to 

Coax 
- Rear SMA 

Tip (HF) Tip to Input 
(Preamp) 

HFO and GND 
(Preamp) to 

Coax 
- Right SMA 
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Table B.1(continued) 

Piezo/Electrode Standoff Sapphire Feedthrough Air Side 

V1 Preamp PWR Vs on Preamp 20 B Back Right 

GND for V1 Stops at 
Sapphire 14 A Back Right 

V2 Preamp 
Tuning Var on Preamp 19 D Back Right 

GND for V2 Stops at 
Sapphire 15 C Back Right 

Coldhead 
Diode Black (+) 

- - B ColdHead 

Coldhead 
Diode Red (-) 

- - C ColdHead 

Coldhead Heater 36 Ohms - A,H Coldhead 

Subs on Preamp 6U (Front Left 
Bias) - - - 
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APPENDIX C 

Counting Statistics 

 

 

 

C.1 Molecular Dynamics 

Here I will demonstrate how studying the trajectory of a single molecule switch is related 

to an ensemble measurement. In addition, I will show how rate constants for ensemble kinetics are 

related to the time traces of a single molecule [1].  

Molecular switching processes between two states can be modeled using first order 

reaction kinetics.  

= − → + →  (C.1)

= → − →  (C.2)
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Assuming ( = 0) = , and thus ( = 0) = 0, the solution is ( ) = − ( ) (C.3)

( ) = →→ + → (1 − ( → → ) ) (C.4)

(∞)(∞) = →→  (C.5)

 

Now in the single molecule view,  is still the probability of switching per unit time, probability 

rate, but now we are looking at a time trace of the switching. Imagine looking only at the →  

transitions in the trace. A single trace of N transitions is the same as N molecules undergoing a 

single →  transition. The rate  is the probability of a transition per unit time.  

= − →  (C.6)

( = 0) =  (C.7)

( ) = →  (C.8)

 

To obtain a statistical probability density function (PDF) we need the number of transitions during 

a small time . Plugging Eq. (C.8) back into Eq. (C.6), we get 

= − → →  (C.9)
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Where the negative is because of the number of molecules that have switched. Therefore, the 

number of transitions taking place is obtained by looking at the number of molecules in state B. 

= → →  (C.10)

 

We can divide by the total number of molecules to get a probability that our single molecule is still 

in state A. This would be similar to choosing any of the initial N molecules to follow.  

− = →  (C.11)

 

The probability of being in the A state initially is  ( = 0) = 1 (C.12)

 

But this goes down in time as more and more. At → ∞, we do expect the molecule to have 

switched, in the same way that we expect the ensemble to have all switched.  ( ) = →  (C.13)

 

Next, to get to probability of transition per unit time, inserting Eq. (C.13) into Eq. (C.11) gives the 

probability of a transition to state B 

= − = → →  (C.14)

 

This is the same as an exponential distribution.  

The mean dwell time in state A is then equal the inverse of the rate parameter.  
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= [ ] = → → = 1→  (C.15)

 

For the trace samples in experiment, a sample statistic ̂ = [ ] = ∑  is used as an estimator 

for the real population . Just like the ensemble measurement, we can obtain the rate constant 

(probability transition rate) by obtaining a trace and obtaining the mean of the dwell times. Since 

this is only an estimator of the population rate, a confidence interval can be created to bound the 

true population rate based on the dwell time data of a single molecule trace.  

In addition,  can be obtained from the ratio of expectation dwell times. 

= = →→  (C.16)

 

C.2 Photo-Induced Conformational Switching 

In the case of Pyrrolidine, the equilibrium ratio   changes as a function of the excitation 

wavelength. This is because the rate constants are modified by the addition of a wavelength 

dependent rate constant due to the additional probability of switching upon energy absorption [Eqs. 

(C.19) and (C.20)]. The transition rate k as a function of the wavelength should resemble the 

convolution of the absorption spectra and the probability of that specific excitation relaxing down 

and producing a switch event. If the two states, A and B, are in different configurations, the  

values of the two will also differ. The equilibrium constant  is the ratio of the two  values.  
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For the slow molecule, the intrinsic (electron only)  values are very small at low biases. 

The ratio of dwell times is then directly a result of the  coming from the photon 

absorption cross-section.  

= − → ( ) + → ( )  (C.17)

= → ( ) − → ( )  (C.18)

→ ( ) = → + → ( ) (C.19)

→ ( ) = → + → ( ) (C.20)

ℎ   ( ) = → ( ) → ( )→ ( ) + → ( ) = 1( ) + ( ) (C.21)

 

C.3 Exponential Distribution 

Molecular switching experiments, such as the pyrrolidine experiment in Chapter 5, 

generally involve the reversible switching between two states, A and B. This switching process is 

random and the amount of time the molecule spends in any state is governed by an exponential 

distribution. It can be imagined as if a molecule in state A rolls a die every second, and if that roll 

was a 6, the molecule moves to state B. It doesn’t matter how long that molecule was ALREADY 

in state A, there is no memory of its past. In this simple example, the average lifetime of the A 

state would be roughly 3 seconds (within 4 rolls). Sometimes the molecule would roll a 6 the 

moment it went to state A ( = 1/6 = 0.17), resulting in a 0 second dwell time. Other times, the 

molecule could take over ten rolls before it rolls a 6 ( = (5/6) ∗ 1/6 = 0.027). This is really 

a case of a binomial distribution, the probability of getting  successes in n trials. But if we 

simultaneously increase the roll frequency, lets say to every 1/10 seconds, and correspondingly 
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decrease the die probability, to 1/60, we can keep the product of the number of trials (n) and 

probability of success (p) constant (np=(10 rolls)(1/60 change per roll)=1/6 for a 1 second trial 

period). This can be taken to a limit, rolling continuously but keeping np constant resulting in an 

exponential distribution [Eq. (C.22)]. = ( , ) =  (C.22)

 

Equation (C.22) is the distribution of event dwell times with  being the expected value (1/6), and 

x , the number of seconds it took to ‘succeed’ or switch to state B. Staying with the same example, 

the probability that a molecule will survive longer than 3 seconds is given by 1-P(switching within 

3 seconds). This can be computed as follows:  

(  > 3 ) = 1 − 16 = 0.35 (C.23)

 

Now that the concept of the exponential distribution has been established, we can consider in detail 

the distribution of dwell times and the errors associated with estimation.  

A time trace of the molecule switching between states A and B can be broken down into an array 

of A dwell times and B dwell times. If the state A dwell times are binned and plotted, a clear 

exponential distribution would be seen, many dwell times would be short, and only a few of them 

very long. Again, this process is the same as outlined above for the molecule rolling dice. The 

probability density function is then: 

= ( , ) = → ( , ) = 1 . (C.24)
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Where  represents the average of the dwell times and t represents time. As an example, imagine 

a switching molecule trace taken over 5 minutes. In this 5 minutes, 3000 switches ( → ) are 

observed. Therefore, there are 2999 A state dwell times ( ,  , … ) and 2999 B state dwell 

times ( ,  , … ). We ignore the ends where we would not be able to determine the dwell 

time. Assume that averaging the state A dwell times ( ̂ = ∑  ) gives 30ms. Then, in 2999 

switches, there are 2999 events of occupying state A with an average time of 30 ms, totaling 90 

seconds of the entire trace. Similarly, for state B, assume the average is 70 ms, and therefore the 

total occupation time in state B is 210 seconds during the 300 second trace.  

An alternate viewpoint is that once the molecule switches to state A, it samples the exponential 

distribution which tells the molecule how long it can stay in state A. The same occurs for state B. 

The exponential distribution has already taken into account the continuous rolling of the dice. 

Sampling from this distribution will give you random variables with a mean of  and a variance of 

.   

The switching rate in Hertz for a trace can also be obtained from the averaged dwell times 

as shown in Eq. (C.25).  

Switching rate (Hz) = S = 1+ = 10.030 + 0.070 = 10  (C.25)

 

One other parameter that is important for the molecular dynamics is the equilibrium 

constant , the ratio between the total occupation times [Eq. (C.26)]. This can be represented as 

the ratio of the averaged dwell times.  = =  (C.26)
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For rigor, accented variables should be used to represent estimators for population 

parameters based on the sample set. This is very important when calculating errors. For instance, 

taking a 10 second trace of a molecule might give a rate of 12 Hz, while a 10 hour trace gives a 

rate of 10 Hz. The 10 hour trace is much more believable in a sense. Both are really just sample 

averages, and the quantity we are attempting to get is the population average. This population 

average is something like ‘what would we get if we took an infinitely long trace’. Thus, the sample 

rate S is distinct from the true population rate S.  

We then need a way to quantify how much more reliable the 10 hour trace is compared to 

the 10 second trace in terms of approximating the population parameters. This is where confidence 

intervals come in.  

Imagine a random variable X that is normally distributed with a mean of  and variance 

. After taking N samples, we can perform statistics on this sample set to estimate the population 

parameters. For instance, we can estimate  by using the sample mean ̅ [Eq. (C.27). We can also 

estimate the population variance  by using the sample variance  [Eq. (C.28)].  

 

= ̅ = 1
 (C.27)

 = = 1 ( − ̅)  (C.28)

 

See Ref. [2] for discussion on an unbiased estimator of the sample variance.   
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C.4 Confidence Interval for the Rate Parameter 

There is no guarantee that ̅ is anywhere close to , but we can give a range which we are 

relatively confident that the true population parameter lies within. For the following, we will 

assume a 95% confidence interval.  

The thought process goes like this [3]. We know that each sample x taken is normally 

distributed with mean  and variance . What If we were able to take the mean from N samples, 

and then another mean from N more samples and repeat? We could get a much better idea of the 

true population distribution. This distribution of sample means (each obtained from N samples) is 

also normally distributed around the same population mean mu but with a new variance, /2.  

Let’s define a new random variable =  which is now distributed according to a standard 

normal distribution (population mean of 0 and unit variance). Equation (C.29) shows how this new 

random variable has an  chance of being out of the range  and . We have converted this 

into a z-test and can find the values  and  that allow this equation to be true using the 

PDF of a standard normal distribution.  

( , ) < ̅ < = ( , ) [ ] < ̅ − < [ ] = 1 −  (C.29)

 

Where z(a) is defined by the CDF of the standard normal distribution ( (0,1)): 

( , )[ ( )] = . (C.30)
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This interval can be solved as shown in Eqs. (C.31) and (C.32) for an interval for the sample mean 

of N samples once more. 

  : − < ̅ − <  
(C.31)

̅ − < < ̅ +  (C.32)

 

Now we have an interval for mu, but we don’t have sigma. If we can reasonably approximate the 

sigma, our interval will look like Eq. (C.32) with  and  values obtained from a standard 

normal distribution (1.96 for a 95% confidence interval).  

If on the other hand the variance is not well known, the uncertainty in the variance can be 

taken into account by instead using the t-test and thus the  and  values obtained from 

tables. This necessarily relies on the number of samples taken as an approximation of the error in 

the standard deviation.  

⟹ ̅ − < < ̅ + . (C.33)

 

The t-test is much more widely used because often nothing about the population distribution is 

known.  

In summary, if we take N samples from a population that is normally distributed 

( , , , … , ), we can assign some sort of confidence interval ( , ) in which the 

sample mean of the N samples ( ̅) lies. This confidence interval requires the computation of the 

variance of the N samples ( ).  
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In our molecular switching case, the dwell time, , is exponentially distributed. In a similar 

manner to that of the example above, the confidence interval for the true population dwell time 

(called the lifetime) can be obtained from a finite trace involving n dwell times as shown in Eq. 

(C.34).  

 : 2 ̅
, < < 2 ̅

,  (C.34)

 

The denominator ,  is the  percentile cutoff value for a chi-squared distribution with  degrees of freedom. For N values above 20, this simplifies to Eq. (C.35) using a normal 

approximation for the chi squared distribution.  

 : ̅1 + √ < < ̅1 − √  (C.35)

 

The z value can be obtained from a Cumulative Density Function calculation using the standard 

normal distribution. Typical values are again 1.96 for a 95% confidence interval.  

 

Using the confidence interval for the N sample average dwell time, the N sample average rate 

parameter, = 1/ , can be approximated as  

 : ̅ 1 − √ < < ̅ 1 + √ . (C.36)

 

The sum of N random independent variables converges to a normal distribution for large N (see 

central limit theorem). A comparison of Eq. (C.36) with Eq. (C.32) confirms an approximation for 

the N sample rate parameter distribution as a normal distribution of average ̅ and variance  ̅ /N.  
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Next, I will discuss the confidence interval for the switching rate and for the equilibrium 

ratio using the sample rate parameter obtained from N samples.  

 

C.5 Errors for Functions of Random Variables 

We can approximate the expected value and variance of a function of normally distributed random 

variables by using the derivative to determine how an error changes the output.  

In general, the expected value of a function of the two independent RVs is just the function with 

the expected values plugged in. The variance though requires partial differentiation and uses the 

variances of the RVs. Both are shown in Eqs. (C.37) and (C.38).  [ ( , )] = ( [ ], [ ]) (C.37)

[ ( , )] = ( , ) [ ]. [ ] [ ] + ( , ) [ ]. [ ] [ ] (C.38)

 

C.5.1 Switching Rate 

The true population switching rate can be defined in terms of the population dwell times 

(known as lifetimes) and thus in terms of the population switching parameter, , as shown in Eq. 

(C.39). The estimator using a sample of N dwell times is shown in Eq. (C.40).  

S(Hz) = 1+ = +  (C.39)

S(Hz) = 1̅ + ̅ = ̅ ̅̅ + ̅  (C.40)

 

As shown previously, the statistics ̅  and ̅ , obtained from a trace with > 20 dwell times, are 

approximately normally distributed and have a mean equal to the population parameter rate  and 
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a variance equal to the population variance divided by the number of samples, . As usual, in 

the limit of infinite samples, the variance drops to zero and the sample statistic ̅ will equal the 

population parameter rate .  

In the case of the rate parameter, we have: ̅ =  (C.41)̅ =  (C.42)

̅ =  (C.43)

̅ =  (C.44)

 

By the same principle, we can calculate the expected value and variance for the switching rate 

statistic as shown in Eqs. (C.45) and (C.46). 

[ ( , )] = [ ] [ ][ ] + [ ] (C.45)

[ ( , )] = [ ]( [ ] + [ ]) [ ] + [ ]( [ ] + [ ]) [ ] (C.46)

 

So that when Eq. (C.40) is inserted, we get 

̅ ̅ , ̅ = ̅ ̅̅ + ̅ . (C.47)

 

And 
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̅ , ̅ = ̅̅ + ̅ ̅ + ̅̅ + ̅ ̅ = 1 ̅ ̅̅ + ̅ ̅ + ̅̅ + ̅  (C.48)

̅ , ̅ = 1 [ ̅] [ ̅ ] + [ ̅ ][ ̅ ] + [ ̅ ]  (C.49)

 

Therefore, the confidence interval for the sample is given by Eq. (C.51).  [ ̅] −  [ ̅] < < [ ̅] + [ ̅] (C.50)

 : [ ̅] 1 − 1 [ ̅ ] + [ ̅ ][ ̅ ] + [ ̅ ] <
< [ ̅] 1 +  1 [ ̅ ] + [ ̅ ][ ̅ ] + [ ̅ ]  

(C.51)

 

Again, the value t is obtained from the Student’s t Distribution because we have used the sample 

variance instead of the population variance. For large samples, this turns into the respective z-

score (90% confidence: 1.645 and 95% confidence: 1.96). For this specific case, the rate parameter 

obtained from N samples is only normally distributed for large N anyway. The above is only an 

approximation.  

 

C.5.2 Equilibrium Ratio 

The same analysis for the ratio k can be done and is presented in Eqs. (C.52)-(C.56).  

( ̅ , ̅ ) = ̅̅  (C.52)
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[ ̅ , ̅ ] = [ ̅ ][ ̅ ] (C.53)

̅ , ̅ = 1̅ ̅ + − ̅̅ ̅ = 2 [ ]
 (C.54)

−  [ ] < < + [ ] (C.55)

 : 1 − 2 < < 1 + 2
 (C.56)
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APPENDIX D 

Laser Autocorrelation 

 

 

 

D.1 Introduction 

Characterization of the laser pulses we use in our experiments is critical for accurate 

scientific reporting, with the four main parameters being repetition rate, power, wavelength, and 

pulse width. For repetition rate, we use an ultrafast diode capable of operation at 100 MHz to 

couple the light into electrical signals for an oscilloscope or lock-in amplifier. Power was measured 

using a calibrated diode power meter capable of measuring down to 50uW. Wavelength was 

measured using a spectrometer. And laser pulse widths were measured using well-known 

autocorrelation techniques.  

In order to first gain a scale of the pulse width, consider that the Spectra Physics Mai Tai 

DeepSee laser has repetition rates of 80 MHz and pulse widths of 150 fs at the chamber entrance. 

The time between two pulses is then 12.5 nanoseconds, corresponding to 3.75 meters in distance 
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travelled. The pulses themselves are only 150 fs (45 µm) resulting in a duty cycle of only 0.0012 

percent. Even then, temporal pulse overlap can be found after a Michelson Interferometer by 

carefully adjusting one of the delay arms in 0.1 µm steps.  

Below, I will discuss the two main types of autocorrelation used, Field Autocorrelation and 

Interferometric Autocorrelation that we used  [1–3].  

 

D.2 Field Autocorrelation 

At the exit of the Michelson Interferometer on the table, the total field of the laser given by 

two identical pulses is, ( , ) = ( + ) + ( ) = ( + ) ( ) + ( )  (D.1)

 

A(t) is the amplitude carrying the pulse shape with a maximum value of 1.  is the maximum 

amplitude of the electric field. The exponential term  describes the electric field oscillation 

within the pulse at a frequency = 2  . And the term  describes the phase relationship 

between the pulse envelope and electric field fringes within the pulse. The phase term can be 

ignored for the analysis considered here.  

In Field autocorrelation, the two pulses impinge onto a slow photodiode causing a slow 

electrical response proportional to the overall time integrated intensity at the detector. The total 

intensity as shown in Eqs. (D.2) and (D.3) is integrated over time to generate the photodiode 

response [Eq. (D.4)].  = | ( , )| = ( + ) ( ) + ( )  (D.2)= ( + ) + ( ) + 2 ( + ) ( ) [ ]  (D.3)
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( ) ∝
= ( + ) + ( ) + 2 ( + ) ( ) [ ]  

(D.4)

 

With the assumption that the pulse envelope ( ) is a gaussian centered at = 0 with variance 

, that is, ( ) = / , the photodiode response simplifies to  

( ) ∝ ( ) + + 2 [ ] ( )
 (D.5)

( ) ∝ 1 + [ ]  (D.6)

 

At large delays, ≫ , the cross term gaussians have no overlap and the result is  ( ≫ ) ∝ 2  (D.7)

 

If instead we take the limit of full pulse overlap, = 0, the cross terms add constructively and 

result in a signal twice as high [Eq. (D.8)]. ( = 0) ∝ 4  (D.8)

 

For small delays of half of the frequency we expect near complete destructive interference when 

the fringes inside of the envelope are taken into account [Eq. (D.9)].   ( = ± / ) ≅ 0 (D.9)
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Therefore, the complete field autocorrelation as shown in Fig. D.1 will have a 2:1 ratio of 

the peak height at zero delay in comparison to the signal at large delays. As shown in Eq. D6, the 

autocorrelation is also a gaussian with a width √2  larger than the individual pulses. By fitting the 

field autocorrelation at Full Width Half Max (FWHM), we can obtain the individual pulse width.  

 

D.3 Interferometric Autocorrelation 

We often use a more sensitive measuring technique to ensure a better spatial overlap of the 

two beams. With field autocorrelation, good spatial overlap results in a 2:1 ratio, but with 

interferometric autocorrelation, the ratio is 8:1 and is very sensitive. Often, anything above 5:1 is 

considered adequate for our STM experiments.  

To see why the ratio is so large, consider the fact that a nonlinear crystal (Barium Borate) 

can double the frequency of incoming laser light at a rate proportional to the square of the electric 

field. If we insert a BBO crystal after the Michelson interferometer, some of the light will be 

converted to the second harmonic. Then, using a filter to eliminate the residual non-converted 

light, the detector will only monitor the intensity of the second harmonic light. This is different 

than field autocorrelation in that the signal is now proportional to the fourth power.  

The second harmonic light at the output of the BBO is proportional to the square of the input 

electric field strength  ( , ) ∝ ( , )= ( + ) ( )+ ( )+ 2 ( + ) ( ) ( )  

(D.10)
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And the photodiode voltage is then proportional to the time integrated intensity at the 

photodiode of the 2nd harmonic laser pulse.  

( ) ∝ ∝ | |  (D.11)

 

Inserting Eq. (D.10) into Eq. (D.11), we obtain the following.  

( ) ∝ ( + ) + 4 ( + ) ( ) + ( )
+ ( + ) ( ) ( )+ ( + ) ( ) ( )+ ( + ) ( )2 ( + ) ( ) ( )
+ ( + ) ( )2 ( + ) ( ) ( )
+ ( ) 2 ( + ) ( ) ( )
+ ( ) 2 ( + ) ( ) ( )  

(D.12)

 

 

After simplification, Eqs. (D.13) and (D.14) show that the resulting signal can be broken down 

into static and oscillatory components.  

( ) ∝ ( + ) + 4 ( + ) ( ) + ( )
+ ( + ) ( ) ( + ) + 2 ( + ) ( )(+ ) + 2 ( + ) ( ) ( + )  

(D.13)
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( ) ∝ ( + ) + 4 ( + ) ( ) + ( )
+ 2 ( + ) ( ) (2 ) + 4( ( + )+ ( ) ) ( + ) ( ) ( )  

(D.14)

 

Once more if we assume a gaussian pulse envelope, ( ) = / , we can evaluate the integral 

to obtain Eq. (D.15).  

( ) ∝ 2 1 + 2 / + 4 / [ ]
+ / [2 ]  

(D.15)

 

As before, for > 3 , the cross terms go to zero due to no overlap in the function ( ) and we 

obtain Eq. (D.16).  

( > 3 ) ∝ 2  (D.16)

( = 0) ∝ 8 2  (D.17)

( = ± / ) ≅ 0 (D.18)

 

And at = 0, all terms constructively add [Eq. (D.17)] giving a remarkable 8:1 ratio 

between zero delay and large delay upon perfect spatial overlap.  

The oscillatory cosine terms enable near perfect destructive interference near = 0,  as shown in 

Fig. D.2.  
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Figure D.1: Field autocorrelation. Field autocorrelation taken at 780 nm. Poor beam quality and 

alignment result in a less than ideal ratio of 1.8:1 at time zero. Full deconstructive interference is 

also not seen.  
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Figure D.1 
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Figure D.2: Interferrometric autocorrelation. Interferrometric autocorrelation taken at 780 nm 

showing a 6.5:1 ratio of enhancement at time zero.  
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Figure D.2 
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APPENDIX E 

Python Scripts for Tunneling Trace Analysis 

 

 

 

E.1 Contents 

 The following is the python code used to analyze the trace data in Chapter 5. The scripts 

are composed of two files, a function file and a run file. The run file calls on the function file to 

perform automated tasks such as loading, plotting, counting switches, etc. The run file is where 

the user can tune parameters, and adjust the code for the particular task. The code in this Appendix 

is not meant to be used without modifications, but will show generally the types of operations used 

on the current and Z traces.  

 This Appendix will be broken down into the code used to analyze individual traces, traces 

taken as spectroscopy, traces taken during spatial mapping, and traces taken as a function of delay. 

Much of the code is redundant by design due to the continuous upgrading and because the traces 
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themselves are just current and Z traces for each mode of operation. The raw data for process is 

obtained using LabVIEW code that was developed by Shaowei Li.  

 
E.2 Analysis of Individual Traces 
 
 
E.2.1 PyroTraceRun_v4.py 
 
 
#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
Created on Wed Jan 18 11:43:15 2017 
 
@author: calvinpatel 
""" 
 
 
import numpy as np 
import matplotlib.pyplot as plt 
import PyroTraceFunc_v1 as pyro 
import time 
 
 
 
''' 
Build a more simple version to analyze traces 
Loads a trace, counts positions of peaks and dips, 
determines the dwell time in each state 
and measures the switching rate 
 
All relevant parameters can be obtained: 
    Switching Rate 
    Counts 
    Length of Trace 
    Transition Rates for High and Low 
    Average Dwell Times for High and Low 
''' '''  
 
filename = 'LowSwitchMoleculeTrace846.txt' 
directory = 'C:\\Users\\T450s\\Desktop\\PyroTrace\\' 
 
freq=6000.0 
 
x1 = 60*6000*0 
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x2 = 4700000 
 
 
xarray = [] 
countarray = [] 
ratearray = [] 
hilamarray = [] 
lolamarray = [] 
 
 
 
filearray = [] 
for x in range(1463,1493): 
    str = 'LowSwitchMoleculeTrace%s.txt' %(x) 
    filearray.append(str) 
 
 
for filename in filearray: 
     
     
    #zTrace,iTrace = 
pyro.singlePartialTraceLoad(directory,filename,1,2,x1,x2,freq) 
    zTrace,iTrace = 
pyro.singleTraceLoad(directory,filename,1,2,freq) 
     
    if np.max(iTrace[0:12000]>3.2): 
        thresh = 3.0 
     
    if np.max(iTrace[0:12000]<3.2): 
        thresh = 1.3 
         
    counts,peaks,dips = 
pyro.singleTraceFindPeakDip(iTrace,1.3,0) 
     
    hiLife,loLife = pyro.switchingLifetimes(peaks,dips) 
     
     
    avghiLam = freq/(np.mean(hiLife[hiLife>20])-20) 
    avgloLam = freq/(np.mean(loLife[loLife>20])-20) 
     
    switchingRate = (float(len(peaks))*freq/(len(iTrace)))  
    ''' 
    plt.figure() 
    plt.plot(iTrace[0:12000],'-o') 
    plt.title(filename) 
     
    plt.figure() 
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    plt.plot(zTrace[0:12000],'-o') 
    plt.title(filename) 
    ''' 
    ''' 
    plt.figure() 
    plt.plot(hiLife,'-o') 
    plt.title(filename) 
     
    plt.figure() 
    plt.plot(loLife,'-o') 
    plt.title(filename) 
    ''' 
    ''' 
    fig = plt.figure() 
    plt.hist(hiLife,30) 
    plt.ylabel('highLifetimesSorted') 
    plt.title(filename) 
     
    fig = plt.figure() 
    plt.hist(loLife,30) 
    plt.ylabel('lowLifetimesSorted') 
    plt.title(filename) 
    ''' 
    ''' 
    print 'switchingrate,counts, hilam, lolam, ratio,%hi,%hisum, 
length (s),calculated hz' 
    print filename[22:][0:3] 
    print switchingRate 
    print counts 
    print avghiLam 
    print avgloLam 
    print avghiLam/avgloLam 
    print avgloLam/(avghiLam+avgloLam)*100.0  
    print np.sum(hiLife)/float(len(iTrace))*100.0 
    print len(iTrace)/freq 
    print avghiLam*avgloLam/(avghiLam+avgloLam) 
    ''' 
     
     
    print 'counts,switchingrate, hilam, lolam' 
    print filename[22:][0:4] 
    print counts 
    print switchingRate 
    print avghiLam 
    print avgloLam 
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    xarray.append(filename[22:][0:4]) 
    countarray.append(counts) 
    ratearray.append(switchingRate) 
    hilamarray.append(avghiLam) 
    lolamarray.append(avgloLam) 
 
     
     
     
    ''' 
    print 'compare %hi' 
    print avgloLam/(avghiLam+avgloLam)*100.0  
    print np.sum(hiLife)/float(len(iTrace))*100.0 
     
     
    print ' move into excel: trace, count, hilam, lolam ' 
    print filename[22:] 
    print counts 
    print avghiLam 
    print avgloLam 
    print ' done '  
    ''' 
     
    ''' post processing ''' 
    ''' 
    a1,a2=pyro.correctediTrace(zTrace,-.21,60000) 
     
    plt.figure() 
    plt.plot(a1[800:1800],'-o') 
    plt.title(filename) 
    print a2 
     
    x1 = 800*6000 
    x2 = 1800*6000 
    a3 = iTrace[x1:x2] 
     
    plt.figure() 
    plt.plot(a4,'-o') 
    plt.title(filename) 
     
     
    a4=a1[::6000] 
     
    a6=a3[::6000] 
    ''' 
     
    ''' to filter out for the slow trace''' 
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    ''' 
    xarray = [] 
    xarray2 = [] 
    a5 = [] 
     
    for i,x in enumerate(zTrace): 
        if x < -.282: 
            xarray.append(i) 
            xarray2.append(float(i)/6000.0) 
            a5.append(x) 
        if x > .5: 
            xarray.append(i) 
            a5.append(x) 
            xarray2.append(float(i)/6000.0) 
             
    plt.figure() 
    plt.plot(xarray2,a5,'o') 
     
    plt.figure() 
    plt.plot(a4,'-o') 
    ''' 
     
    zTrace = [5] 
    iTrace = [5] 
 
 
E.2.2 PyroTraceFunc_v1.py 
 
 
#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
Created on Sun Jan  8 00:16:19 2017 
 
@author: calvinpatel 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
import time 
 
# Loads a single trace fully. 
def singleTraceLoad(directory,filename,col1,col2,freq1): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    for line in fr.readlines(): 
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        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
    #print len(newMat) 
    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    print "total size: %f seconds" %(len(newMat1)/freq1) 
    return newMat1, newMat2 
     
# Loads a single trace partially based on start and stop number. 
def 
singlePartialTraceLoad(directory,filename,col1,col2,start,stop,f
req1,print1 = True): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    i=0 
    while i<start: 
        line= fr.readline() 
        i+=1 
    while i<stop and i>=start: 
        line= fr.readline() 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
        i+=1 
    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    if print1 == True: 
        print "total size: %f seconds" %(len(newMat1)/freq1) 
    return newMat1, newMat2 
 
# Finds the positions of peaks and dips in the loaded trace. 
def singleTraceFindPeakDip(array2, hiThreshold,loThreshold): 
    pkcount = 0 
    dpcount = 0  
    state = 0 
    peaks = [] 
    dips = [] 
    for j in range(int(len(array2)-1)): 
        if array2[j]<hiThreshold and array2[j+1] > hiThreshold: 
            if state == 0: 
                pkcount=pkcount+1 
                peaks.append(j) 
                state = 1 
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            else: 
                peaks[-1] = j 
        if array2[j]>loThreshold and array2[j+1] < loThreshold 
and state ==1: 
            dpcount = dpcount+1 
            dips.append(j+1) 
            state = 0 
    if pkcount-dpcount == 1: 
        peaks.pop(-1) 
    #print peaks 
    #print dips 
    peaks = np.array(peaks) 
    dips = np.array(dips) 
    print "counts: ",pkcount 
    #print dpcount 
    return pkcount, peaks, dips 
     
# Determines switching lifetimes from the peak and dip 
positions.  
def switchingLifetimes(peaks1, dips1): 
    hiLife = [] 
    loLife = [] 
    for i in range(len(peaks1)): 
            hiLife.append(dips1[i]-peaks1[i]) 
            if i>0: 
                loLife.append(peaks1[i]-dips1[i-1]) 
    #print hiLife 
    #print loLife 
    hiLife = np.array(hiLife) 
    loLife = np.array(loLife) 
    return hiLife,loLife 
  
 
def singleTracePlot(array1,array2,filename1): 
    f, ax = plt.subplots() 
    ax.plot(array1, "-o",alpha=.1) 
    plt.xlabel('data points') 
    plt.ylabel('zTrace') 
    plt.title(filename1)   
    f, ax = plt.subplots() 
    ax.plot(sorted(array1)) 
    plt.xlabel('data points') 
    plt.ylabel('zTrace') 
    plt.title(filename1)  
    f, ax = plt.subplots() 
    plt.hist(array1,10) 
    plt.xlabel('z value') 
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    plt.title(filename1)  
    f, ax = plt.subplots() 
    ax.plot(array2, "-o",alpha=.1) 
    plt.xlabel('data points') 
    plt.ylabel('iTrace') 
    plt.title(filename1)  
    f, ax = plt.subplots() 
    ax.plot(sorted(array2)) 
    plt.xlabel('data points') 
    plt.ylabel('iTrace') 
    plt.title(filename1)  
    f, ax = plt.subplots() 
    ax.hist(array2,10) 
    plt.xlabel('i value') 
    plt.title(filename1)  
 
def plotLifetimes(hiLife1,loLife1,filename1): 
    fig = plt.figure() 
    plt.plot(hiLife1, "-o",alpha=.1) 
    plt.ylabel('highLifetimes') 
    plt.title(filename1) 
    fig = plt.figure() 
    plt.plot(loLife1, "-o",alpha=.1) 
    plt.ylabel('loLifetimes') 
    plt.title(filename1) 
     
def 
plotLifetimeDistribution(hiLife1,loLife1,filename1,range1=[0,100
],range2=[0,500]): 
    fig = plt.figure() 
    plt.hist(hiLife1,30,range=range1) 
    plt.ylabel('highLifetimesSorted') 
    plt.title(filename1) 
    fig = plt.figure() 
    plt.hist(loLife1,30,range=range2)     
    plt.ylabel('lowLifetimesSorted') 
    plt.title(filename1) 
     
def calcPeakHeights(array1,peaks1,dips1,method): 
    pkheight = [] 
    for i in (range(len(peaks1))): 
        #print 'i is ', i 
        if method == 'max': 
            x=np.max(array1[(peaks1[i]+1):dips1[i]]) 
        if method == 'median': 
            x=np.median(array1[(peaks1[i]+1):dips1[i]]) 
        if method == 'mean': 
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            x=np.mean(array1[(peaks1[i]+1):dips1[i]]) 
        #print 'x is: ', x 
        pkheight.append(x) 
        #print array1[peaks1[i]:dips1[i]] 
    #print pkheight 
    return pkheight 
     
def plotPeakHeights(pkheight,filename1): 
    fig = plt.figure() 
    plt.plot(pkheight, "-o",alpha=.1) 
    plt.ylabel('pkHeight') 
    plt.xlabel('data point') 
    plt.title(filename1) 
    fig = plt.figure() 
    plt.hist(pkheight,40)     
    plt.xlabel('peak height') 
    plt.title(filename1) 
     
def peakHeightsvshiLife(current1, lolife1,filename1): 
    fig = plt.figure() 
    plt.plot(lolife1,current1, "o",markersize=2,alpha=.1) 
    plt.ylabel('currentpeak') 
    plt.xlabel('high lifetime') 
    plt.title(filename1) 
     
def movingAverageRate(freq1, hiLife1,loLife1,filename1,n=5): 
    x2 = np.cumsum(np.add(hiLife1,loLife1),dtype=float) 
    x2[n:]=x2[n:]-x2[:-n] 
    fig=plt.figure() 
    plt.plot(freq1/(x2[n-1:]/n),"o",alpha=.5) 
    plt.xlabel('peak count') 
    plt.ylabel('switching rate Hz') 
    plt.title(filename1) 
         
def movingAveragePeakHeight(avgpkheights1,filename1): 
    fig=plt.figure() 
    plt.plot(avgpkheights1,"o",alpha=.1)   
    plt.xlabel('peak count') 
    plt.ylabel('Averaged Peak Height') 
    plt.title(filename1)   
    fig = plt.figure() 
    plt.hist(avgpkheights1,60)     
    plt.xlabel('average peak height') 
    plt.title(filename1) 
     
def calculateAveragePeakHeight(array1,points1): 
    x2 = [] 
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    for i in range(len(array1)-points1+1): 
        x2.append(np.median(array1[i:(i+points1)])) 
    return x2 
 
def correctediTrace(array1,corrThresh1,spacing1):     
    startTime = time.time() 
    t2 = np.arange(0,len(array1),spacing1) 
    a2 = array1[t2] 
    z2 = 
np.poly1d(np.polyfit(t2[a2>(corrThresh1)],a2[a2>(corrThresh1)],2
)) 
    endTime = time.time() 
    print "correction pt1 time: ", (endTime-startTime)   
    newarray = [] 
    startTime = time.time() 
    for i in range(len(array1)): 
        newarray.append(array1[i]-z2[2]*(i**2)-z2[1]*i) 
    newarray = np.array(newarray) 
    endTime = time.time() 
    print "correction pt2 time: ", (endTime-startTime)  
    return newarray,z2 
     
def peakPruning(peaks1, dips1, hiLife1, loLife1, lifethresh1): 
    print len(peaks1),len(dips1),len(hiLife1),len(loLife1) 
    peaks1=peaks1[[hiLife1>lifethresh1]] 
    dips1=dips1[[hiLife1>lifethresh1]] 
    hiLife1=hiLife1[[hiLife1>lifethresh1]] 
    return len(peaks1), peaks1, dips1, hiLife1, loLife1 
     
def createFilename(passstart,passend,stepstart,stepend): 
    newArr = [] 
    for i in range(passstart,passend+1): 
        for j in range(stepstart,stepend+1): 
            newfile = "P%dS%d.txt" % (i , j) 
            newArr.append( newfile ) 
    #print newArr 
    return newArr 
 
'''counting''' 
def count_percentage(zTrace): 
    percent = [] 
    percentx = [] 
    for x in np.arange(min(zTrace),max(zTrace),.01): 
        percentx.append(x) 
        percent.append(float((len(zTrace[zTrace>x]))) / 
float(len(zTrace)) *100) 
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        #print "for threshold %f, percentage high state: %f" % 
(x , float((len(zTrace[zTrace>x]))) / float(len(zTrace)) *100) 
    fig = plt.figure() 
    plt.plot(percentx, percent) 
    plt.title(np.median(percent)) 
 
def plotMasterArrayLevels(masterArr, thresh1, thresh2, thresh3, 
lifetime1,filename1): 
     
    peakThreshold_1 = thresh1 
    peakThreshold_2 = thresh2 
    peakThreshold_3 = thresh3 
    lifetimeThreshold = lifetime1 
 
    states1 = masterArr[(masterArr[:,2]<peakThreshold_3) & 
(masterArr[:,4]>lifetimeThreshold)] 
    states2 = 
masterArr[(masterArr[:,2]>peakThreshold_3)&(masterArr[:,2]<peakT
hreshold_2) & (masterArr[:,4]>lifetimeThreshold)] 
    states3 = masterArr[(masterArr[:,2]>peakThreshold_2) & 
(masterArr[:,4]>lifetimeThreshold)] 
 
    fig = plt.figure() 
    plt.plot(states1[:,4],states1[:,2], 
"o",markersize=2,alpha=.1) 
    plt.plot(states2[:,4],states2[:,2], 
"o",markersize=2,alpha=.1) 
    plt.plot(states3[:,4],states3[:,2], 
"o",markersize=2,alpha=.1) 
    plt.ylabel('currentpeak') 
    plt.xlabel('high lifetime') 
    plt.title(filename1) 
 
    fig = plt.figure() 
    plt.plot(states1[:,0],states1[:,2], 
"o",markersize=2,alpha=.5) 
    plt.plot(states2[:,0],states2[:,2], 
"o",markersize=2,alpha=.5) 
    plt.plot(states3[:,0],states3[:,2], 
"o",markersize=2,alpha=.5) 
    plt.ylabel('currentpeak') 
    plt.xlabel('high lifetime') 
    plt.title(filename1)     
 
    fig = plt.figure() 
    plt.hist(states1[:,2],'sqrt') 
    plt.hist(states2[:,2],'sqrt') 
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    plt.hist(states3[:,2],'sqrt') 
    plt.ylabel('currentpeak') 
    plt.xlabel('high lifetime') 
    plt.title(filename1)    
     
    fig, ax = plt.subplots() 
    hb = ax.hexbin(masterArr[:,4], 
masterArr[:,2],bins='log',gridsize = 50,cmap='inferno') 
    ax.axis([0,800,.8,2.0]) 
    ax.set_title("Hexagon binning") 
    cb = fig.colorbar(hb, ax=ax) 
    cb.set_label('counts') 
     
     
 
def createFilenamePassStep(passstart,passend,stepstart,stepend): 
    newArr = [] 
    for i in range(passstart,passend+1): 
        for j in range(stepstart,stepend+1): 
            newfile = "P%dS%d.txt" % (i , j) 
            newArr.append( newfile ) 
    #print newArr 
    return newArr 
 
def createFilenameTrace(base1,list1): 
    newArr = [] 
    for i in list1: 
            newfile = base1 %i  
            newArr.append( newfile ) 
    #print newArr 
    return newArr 
 
def 
multiplePartialTraceLoad(directory1,filenamearray1,column1,colum
n2,start1,stop1,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singlePartialTraceLoad(directory1,file1,column1,column2,start1,s
top1,freq1) 
       newMat3.extend(mat1) 
       newMat4.extend(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
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def 
multipleTraceLoad(directory1,filenamearray1,column1,column2,freq
1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singleTraceLoad(directory1,file1,column1,column2,freq1) 
       newMat3.extend(mat1) 
       newMat4.extend(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
         
def createBiasVector(startbias1,stepsize1,numberofsteps): 
    newArr = [] 
    for i in range(numberofsteps): 
        newArr.append(startbias1+i*stepsize1) 
    newArr = np.array(newArr) 
    return newArr 
 
def 
multiplePartialTraceLoadAppend(directory1,filenamearray1,column1
,column2,start1,stop1,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singlePartialTraceLoad(directory1,file1,column1,column2,start1,s
top1,freq1,print1=False) 
       newMat3.append(mat1) 
       newMat4.append(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
 
def dualThresh4b(array2,hiRatio,loRatio,minThresh, plotting = 
False): 
    sortedMat2 = sorted(array2) 
    hiThresh = sortedMat2[int(hiRatio*len(array2))] 
    loThresh = sortedMat2[int(loRatio*len(array2))] 
    avgThresh = (hiThresh+loThresh)/2 
    if avgThresh < minThresh: 
        finalThresh = avgThresh 
    else: finalThresh = minThresh 
    if plotting == True: 
        print "hiThresh: %f , loThresh: %f , finalThresh: %f" % 
(hiThresh, loThresh, finalThresh) 
        fig = plt.figure() 
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        plt.plot(array2, "-o") 
        fig = plt.figure() 
        plt.plot(sortedMat2, "o") 
    return finalThresh         
 
 
E.3 Analysis of Traces During Spectroscopy 
 
 
E.3.1 PyroBiasPassRun_v2.py 
 
 
# -*- coding: utf-8 -*- 
""" 
Created on Sat Mar 04 13:31:12 2017 
 
@author: Admin 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
import PyroBiasFunc_v1 as pyro 
import os 
 
 
''' 
try process each bias point with all passes 
previous version loaded all traces for a single point together.  
this version will analyze everything trace by trace, as it will 
not use a  
single threshold between traces 
even at the same bias point. Use version 1 for that.  
This version gives better control over the threshold.  
 
''' 
folder = 'SW_vsbias53' 
print folder 
directory = 'C:\\Users\\T450s\\Desktop\\PyroBias\\%s\\' %folder 
freq=6000 
 
directorylist=os.listdir(directory) 
 
numPass = len([k for k in directorylist if 'pass' in k]) 
if numPass == 0: 
    numPass=1 
numPoints = len([k for k in directorylist if 'P1S' in k]) 
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numPoints = 10 
numPass = 30 
 
''' create a filename array ''' 
 
filenamearray = [] 
filenamearray.extend(pyro.createFilenamePassStep(1,numPass,1,num
Points)) 
 
lengthsarr=[] 
hilengthsarr=[] 
avglevelarr = [] 
countsarr=[] 
hilevelarr=[] 
lolevelarr=[] 
 
hilife=[] 
lolife=[] 
 
 
shorttrace=[] 
 
for file in filenamearray: 
    print '%s' %file 
    if file not in directorylist: 
        print 'NO!' 
 
    iTrace , zTrace = 
pyro.singleTraceLoad(directory,file,1,3,freq) 
     
    absiTrace = np.abs(iTrace) 
    length = len(absiTrace) 
    iTracesorted = np.sort(absiTrace) 
    hilevel = iTracesorted[int(.98*length)] - .04 
    lolevel = iTracesorted[int(.02*length)] + .04 
    if hilevel > lolevel: 
        avglevel = hilevel*.5+lolevel*.5 
    else: avglevel = -.0099 
    avglevelarr.append(avglevel) 
    hilevelarr.append(hilevel) 
    lolevelarr.append(lolevel) 
     
    shorttrace.append(iTrace[0:6000:1200]) 
     
    if avglevel != -.0099: #dont include these for local 
calculations 
        lengthsarr.append(len(absiTrace)) 
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        hilengthsarr.append(len(absiTrace[absiTrace>avglevel])) 
    else:  
        lengthsarr.append(999) 
        hilengthsarr.append(1) 
 
 
 
    counts,a2,a3= pyro.singleTraceFindPeakDip(absiTrace, 
avglevel, avglevel) 
 
    countsarr.append(counts) 
     
     
'''create new arrays from existing ones''' 
 
hipercentarr = [] 
for i in range(len(hilengthsarr)): 
    hipercentarr.append(100*hilengthsarr[i]/lengthsarr[i]) 
 
hiratioarr = [] 
for i in range(len(hilengthsarr)): 
    hiratioarr.append(hilengthsarr[i]/(lengthsarr[i]-
hilengthsarr[i])) 
 
'''splitting by pass''' 
 
splitcounts = np.array_split(countsarr,numPass) 
splithi = np.array_split(hilengthsarr,numPass) 
splithipercent = np.array_split(hipercentarr,numPass) 
splitlen = np.array_split(lengthsarr,numPass) 
 
splitavglevel = np.array_split(avglevelarr,numPass) 
splithilevel = np.array_split(hilevelarr,numPass) 
splitlolevel = np.array_split(lolevelarr,numPass) 
 
splithiratio = np.array_split(hiratioarr,numPass) 
 
 
 
''' averaging passes ''' 
 
sumhi = np.zeros(numPoints) 
for x in splithi: 
    for i in range(numPoints): 
        sumhi[i]=sumhi[i]+x[i] 
         
sumtot = np.zeros(numPoints) 
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for x in splitlen: 
    for i in range(numPoints): 
        sumtot[i]=sumtot[i]+x[i] 
         
sumcounts = np.zeros(numPoints) 
for x in splitcounts: 
    for i in range(numPoints): 
        sumcounts[i]=sumcounts[i]+x[i] 
 
avghipercent = np.zeros(numPoints) 
for i in range(numPoints): 
    avghipercent[i]=100*sumhi[i]/sumtot[i] 
   
avghiratio = np.zeros(numPoints) 
for i in range(numPoints): 
    avghiratio[i]=sumhi[i]/(sumtot[i]-sumhi[i]) 
 
''' try to get confidence intervals using seconds ''' 
 
lamLo = [] 
lamHi= [] 
 
for i in range(numPoints): 
    lamLo.append(sumcounts[i]/((sumtot[i]-sumhi[i])/freq)) 
    lamHi.append(sumcounts[i]/(sumhi[i]/freq)) 
     
for i in range(numPoints): 
    if lamLo[i] == 0: 
        lamLo[i] = 1 
    if lamHi[i] == 0: 
        lamHi[i] = 1 
     
 
 
upperhz = [] 
lowerhz = [] 
hertz = [] 
for i in range(numPoints): 
    print i 
    x = 
np.sqrt((1/sumcounts[i])*(lamLo[i]**2+lamHi[i]**2)/(lamLo[i]+lam
Hi[i])**2) 
    print x 
    hz = sumcounts[i]/(sumtot[i]/freq) 
    print hz 
    hertz.append(hz) 
    upperhz.append(hz*2*x) 
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    lowerhz.append(hz*2*x) 
     
''' try to get confidence intervals for ratio ''' 
 
upperratio = [] 
lowerratio = [] 
for i in range(numPoints): 
    upperratio.append(avghiratio[i]*2*np.sqrt(2/sumcounts[i])) 
    lowerratio.append(avghiratio[i]*2*np.sqrt(2/sumcounts[i])) 
 
     
'''plotting''' 
 
#xarray = range(numPoints) 
xarray = [] 
start= -450 
space=2.44 
for i in range(numPoints): 
    xarray.append(start+i*space) 
 
plt.figure() 
for part in splitcounts: 
    plt.plot(xarray,part[:],'-o') 
plt.ylabel('counts local') 
plt.title(folder) 
 
plt.figure() 
for part in splithipercent: 
    plt.plot(xarray,part[:],'-o') 
plt.ylabel('hipercent') 
plt.title(folder) 
 
plt.figure() 
for part in splitavglevel: 
    plt.plot(xarray,part[:],'-o') 
plt.ylabel('avglevel') 
plt.title(folder) 
 
plt.figure() 
plt.plot(xarray,avghipercent,'-o') 
plt.ylabel('avghipercent') 
plt.title(folder) 
 
plt.figure() 
plt.plot(xarray,avghiratio,'-o') 
plt.ylabel('avghiratio') 
plt.title(folder) 
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plt.figure() 
for i in range(numPoints): 
    plt.plot([xarray[i]]*len(shorttrace[i]),shorttrace[i],'-
o',alpha=.3,color='blue') 
plt.ylabel('avghiratio') 
plt.title(folder) 
 
plt.figure() 
plt.plot(xarray,sumcounts,'-o') 
plt.ylabel('sumcounts') 
plt.title(folder) 
 
plt.figure() 
plt.errorbar(xarray,hertz,yerr=[lowerhz,upperhz]) 
plt.ylabel('hertz') 
plt.title(folder) 
 
plt.figure() 
plt.errorbar(xarray,avghiratio,yerr=[lowerratio,upperratio]) 
plt.ylabel('ratio') 
plt.title(folder) 
 
plt.figure() 
plt.plot(lengthsarr,'-o') 
plt.ylabel('lengths') 
plt.title(folder) 
 
plt.figure() 
plt.plot(iTrace[1:300],'-o') 
plt.title(folder) 
 
testarray = [] 
for i in range(len(sumcounts)-1): 
    testarray.append(sumcounts[i]-sumcounts[i+1]) 
plt.figure() 
plt.plot(testarray[300:350],'o') 
plt.title(folder)     
 
plt.figure() 
plt.plot(xarray[175:195],avglevelarr[175:195],'o') 
plt.title(folder)     
 
 
E.3.2 PyroBiasFunc_v1.py 
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#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
Created on Sun Jan  8 00:16:19 2017 
 
@author: calvinpatel 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
import time 
 
def traceLength(directory,filename,col1,col2): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    for line in fr.readlines(): 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
    #print len(newMat) 
    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    return len(newMat1) 
 
 
def singleTraceLoad(directory,filename,col1,col2,freq1,print1 = 
True): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    for line in fr.readlines(): 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
    #print len(newMat) 
    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    if print1 == True: 
        print "total size: %f seconds" %(len(newMat1)/freq1) 
    return newMat1, newMat2 
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def 
singlePartialTraceLoad(directory,filename,col1,col2,start,stop,f
req1,print1 = True): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    i=0 
    while i<start: 
        line= fr.readline() 
        i+=1 
    while i<stop and i>=start: 
        line= fr.readline() 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
        i+=1 
    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    if print1 == True: 
        print "total size: %f seconds" %(len(newMat1)/freq1) 
    return newMat1, newMat2 
     
def singleTraceFindPeakDip(array2, hiThreshold,loThreshold): 
    pkcount = 0 
    dpcount = 0  
    state = 0 
    peaks = [] 
    dips = [] 
    for j in range(int(len(array2)-1)): 
        if (array2[j]<hiThreshold) and (array2[j+1] > 
hiThreshold): 
            if state == 0: 
                pkcount=pkcount+1 
                peaks.append(j) 
                state = 1 
            else: 
                peaks[-1] = j 
        if array2[j]>loThreshold and array2[j+1] < loThreshold 
and state ==1: 
            dpcount = dpcount+1 
            dips.append(j+1) 
            state = 0 
    if pkcount-dpcount == 1: 
        peaks.pop(-1) 
    #print peaks 
    #print dips 
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    peaks = np.array(peaks) 
    dips = np.array(dips) 
    #print "counts: ",pkcount 
    #print dpcount 
    return pkcount, peaks, dips 
     
def switchingLifetimes(peaks1, dips1): 
    hiLife = [] 
    loLife = [] 
    for i in range(len(peaks1)): 
            hiLife.append(dips1[i]-peaks1[i]) 
            if i>0: 
                loLife.append(peaks1[i]-dips1[i-1]) 
    #print hiLife 
    #print loLife 
    hiLife = np.array(hiLife) 
    loLife = np.array(loLife) 
    return hiLife,loLife 
    plt.title(np.median(percent)) 
 
 
def createFilenamePassStep(passstart,passend,stepstart,stepend): 
    newArr = [] 
    for i in range(passstart,passend+1): 
        for j in range(stepstart,stepend+1): 
            newfile = "P%dS%d.txt" % (i , j) 
            newArr.append( newfile ) 
    #print newArr 
    return newArr 
 
def 
multiplePartialTraceLoad(directory1,filenamearray1,column1,colum
n2,start1,stop1,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singlePartialTraceLoad(directory1,file1,column1,column2,start1,s
top1,freq1) 
       newMat3.extend(mat1) 
       newMat4.extend(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
     
def 
multipleTraceLoad(directory1,filenamearray1,column1,column2,freq
1): 
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    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singleTraceLoad(directory1,file1,column1,column2,freq1) 
       newMat3.extend(mat1) 
       newMat4.extend(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
         
def createBiasVector(startbias1,stepsize1,numberofsteps): 
    newArr = [] 
    for i in range(numberofsteps): 
        newArr.append(startbias1+i*stepsize1) 
    newArr = np.array(newArr) 
    return newArr 
 
def 
multiplePartialTraceLoadAppend(directory1,filenamearray1,column1
,column2,start1,stop1,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singlePartialTraceLoad(directory1,file1,column1,column2,start1,s
top1,freq1,print1=False) 
       newMat3.append(mat1) 
       newMat4.append(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
 
def 
multipleFullTraceLoadAppend(directory1,filenamearray1,column1,co
lumn2,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singleTraceLoad(directory1,file1,column1,column2,freq1,print1=Fa
lse) 
       newMat3.append(mat1) 
       newMat4.append(mat2) 
    #print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
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def 
multipleFullTraceLoadExtend(directory1,filenamearray1,column1,co
lumn2,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singleTraceLoad(directory1,file1,column1,column2,freq1,print1=Fa
lse) 
       newMat3.extend(mat1) 
       newMat4.extend(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
 
 
     
def biasPlot(bias , current, title, yaxis = None, alph = None): 
    f, ax = plt.subplots() 
    plt.gca().set_color_cycle(['blue']) 
    ax.plot(bias,current, "o",alpha=alph,markersize=2) 
    ax.set_title(title) 
    ax.set_ylabel(yaxis) 
 
     
def biasThresholdPlot(bias , current,threshold, title, yaxis = 
None, alph = None): 
    f, ax = plt.subplots() 
    plt.gca().set_color_cycle(['blue']) 
    ax.plot(bias,current, "o",alpha=alph,markersize=2) 
    ax.plot(bias,threshold, "o",alpha=1,markersize=4) 
    ax.set_title(title) 
    ax.set_ylabel(yaxis) 
 
 
E.4 Analysis of Traces During Spatial Mapping 
 
 
E.4.1 PyroMapRun_v1.py 
 
 
#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
Created on Wed Jan 18 11:43:15 2017 
 
@author: calvinpatel 
""" 
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#mapping only run file! 
 
 
import numpy as np 
import matplotlib.pyplot as plt 
import PyroMapFunc_v1 as pmap 
import time 
import os.path 
 
 
filetype = 'mapping' 
         
################################################################
###############################         
# mapping type traces 
         
if filetype == 'mapping':        
 
    folder = 'SW_mapping59' 
    #directory = '/Users/calvinpatel/Google Drive/data/%s/' 
%folder 
    directory = 'D:\\Pyrrolidine_Feb2017\\SW_mapping 
files\\%s\\' %folder 
    #namedir = directory.split('\\')[-2] 
    #namedir = directory.split('/')[-2] 
    namedir = folder 
    print directory 
     
    px = 32 
    counter , hilifecounter , lolifecounter, highz, lowz , 
thresh = pmap.imageCounter4(directory,px**2,px,.2,.02, .90 , 
.05) 
 
    counterM , hilifecounterM , lolifecounterM, ratioM, 
percentM, highzM, lowzM = 
pmap.matrixProcessing(counter,hilifecounter,lolifecounter,highz,
lowz) 
     
    pmap.imagePlotter4(np.rot90(np.array(counterM)) , namedir+' 
counts') 
    pmap.imagePlotter4(np.rot90(np.array(hilifecounterM)) , 
namedir+' hilife')       
    pmap.imagePlotter4(np.rot90(np.array(lolifecounterM)) , 
namedir+' lolife')   
    pmap.imagePlotter4(np.rot90(np.array(ratioM)) , namedir+' 
ratio')       



442 
 

    pmap.imagePlotter4(np.rot90(np.array(percentM)) , namedir+' 
percentHI')                           
    pmap.imagePlotter4(np.rot90(np.array(highzM)) , namedir+' 
highZ')       
    pmap.imagePlotter4(np.rot90(np.array(lowzM)) , namedir+' 
lowZ')       
    pmap.imagePlotter4(np.rot90(np.array(thresh)) , namedir+' 
thresh')       
 
'''testing''' 
arrayTest = pmap.singleTraceLoad4(directory , 's200.txt', 3 , 3) 
''' 
plt.plot(arrayTest[0]) 
print dualThresh4(arrayTest[0],.1,.015) 
t1, t2, t3 = 
singleTraceFindPeakDip4(newMat,pyro.dualThresh4(newMat,ratio,add
),pyro.dualThresh4(newMat,ratio,add)) 
''' 
     
''' .5, .015, .99, .2 ''' 
     
     
 
E.4.2 PyroMapFunc_v1.py 
 
 
#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
Created on Sun Jan  8 00:16:19 2017 
 
@author: calvinpatel 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
import time 
import os.path 
             
'''save a matrix to the filename using csv writing'''     
def saveImage(filename, matrix): 
    prediction_file = open("%s%s" % (directory,filename),'wb') 
    prediction_file_object = csv.writer(prediction_file) 
    for row in matrix: 
        prediction_file_object.writerow(row) 
    prediction_file.close() 
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'''load a tab delimited text file into a matrix''' 
def loadTabImage(filename): 
    oldImage=[] 
    fr = open("%s%s" % (directory,filename)) 
    for line in fr.readlines(): 
        lineArr = np.array(line.split()) 
        oldImage.append(lineArr.astype(np.float)) 
    fr.close() 
    return oldImage 
 
'''load a csv file into a matrix''' 
def loadCSVImage(filename): 
    data=[] 
    train_file = open("%s%s" % (directory,filename),'rb') 
    csv_file_object = csv.reader(train_file) 
    x=list(csv_file_object) 
    data = np.array(x).astype(float) 
    return data 
         
         
################################################################
################# 
################################################################
################# 
''' Latest Functions Below ''' 
#imagePlotter creates an image from a 2d array. 
def imagePlotter4(countMat2 , name): 
    fig = plt.figure() 
    imgplot = plt.imshow(countMat2,interpolation="nearest") 
    plt.colorbar() 
    plt.title(name) 
 
'''split array into a matrix''' 
def chunks(l, n): 
    for i in range(0, len(l), n): 
        yield l[i:i + n] 
 
def matrixProcessing(countMat1 , hilifeMat1 , lolifeMat1 , 
highzMat1, lowzMat1): 
    ratio = np.zeros(np.shape(countMat1)) 
    percent = np.zeros(np.shape(countMat1)) 
    for x,y in np.ndindex(np.shape(countMat1)): 
        #filtering 
        if countMat1[x][y] < 2: 
            countMat1[x][y] = 1           
            hilifeMat1[x][y] = 1 
            lolifeMat1[x][y] = 1 
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        if highzMat1[x][y] == 100: 
            highzMat1[x][y] = highzMat1[1][1] 
        if lowzMat1[x][y] == 100: 
            lowzMat1[x][y] = lowzMat1[1][1] 
        #ratio matrix 
        ratio[x][y] = hilifeMat1[x][y] / lolifeMat1[x][y] 
        if ratio[x][y] == 1: 
            ratio[x][y] = 0 
        percent[x][y] = 100.0* (ratio[x][y] / (1. + 
ratio[x][y])) 
 
    return countMat1, hilifeMat1, lolifeMat1, ratio, percent, 
highzMat1, lowzMat1 
 
#imageCounter creates a 2d array from the files within a 
directory using height as the input. 
def imageCounter4(directory, numberoffiles, px, ratio ,add , 
highstate2, lostate2): 
    countArr = [] 
    countMat = [] 
    hilifeArr = [] 
    hilifeMat = [] 
    lolifeArr = [] 
    lolifeMat = [] 
    highzArr = [] 
    lowzArr=[] 
    highzMat = [] 
    lowzMat=[] 
    threshArr = [] 
    threshMat = [] 
    for i in range(numberoffiles): 
        #print "file: ", i 
        filename =  "S%d.txt" % (i+1) 
        a1, a2, a3, a4, a5, a6 = 
singleCounter4(directory,filename,ratio,add,highstate2,lostate2) 
        countArr.append(a1) 
        hilifeArr.append(a2) 
        lolifeArr.append(a3) 
        highzArr.append(a4) 
        lowzArr.append(a5) 
        threshArr.append(a6) 
    while len(countArr)<px**2: 
        countArr.append(1) 
        hilifeArr.append(1) 
        lolifeArr.append(1) 
    for i in chunks(countArr,px): 
        countMat.append(i) 
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    for i in chunks(hilifeArr,px): 
        hilifeMat.append(i) 
    for i in chunks(lolifeArr,px): 
        lolifeMat.append(i) 
    for i in chunks(highzArr,px): 
        highzMat.append(i) 
    for i in chunks(lowzArr,px): 
        lowzMat.append(i) 
    for i in chunks(threshArr,px): 
        threshMat.append(i) 
     
    return countMat , hilifeMat , lolifeMat , highzMat, lowzMat, 
threshMat 
     
#opens up a single file and returns counts, high and low 
lifetimes, and the z values for two states 
def singleCounter4(directory,filename, ratio ,add , highstate1 , 
lostate1): 
    countArr = [] 
    hilifeMat = [] 
    lolifeMat = [] 
    highstatez = [] 
    lowstatez = [] 
    thresh = [] 
    if os.path.isfile("%s%s" % (directory,filename)) == True: 
        newMat , newMat2 = 
singleTraceLoad4(directory,filename,3,3) 
        a , b, c = 
singleTraceFindPeakDip4(newMat,dualThresh4(newMat,ratio,add),dua
lThresh4(newMat,ratio,add)) 
        countArr.append(a) 
        hilife3 , lolife3 = switchingLifetimes4(b, c) 
        if len(hilife3)==0: 
            hilifeMat.append(1) 
        else: hilifeMat.append(np.mean(hilife3)) 
        if len(lolife3)==0: 
            lolifeMat.append(1) 
        else: lolifeMat.append(np.mean(lolife3)) 
         
        highstatez.append(dualThresh4(newMat, highstate1 , 0.0)) 
        lowstatez.append(dualThresh4(newMat, lostate1 , 0.0)) 
        thresh.append(dualThresh4(newMat, ratio,add)) 
    else:  
        countArr.append(100) 
        hilifeMat.append(100) 
        lolifeMat.append(100) 
        highstatez.append(100) 
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        lowstatez.append(100) 
        thresh.append(0) 
    return countArr[0] , hilifeMat[0] , lolifeMat[0] , 
highstatez[0] , lowstatez[0] , thresh[0] 
     
'''finds the peaks and dip positions in the input array using 
the thresholds given''' 
def singleTraceFindPeakDip4(array2, hiThreshold,loThreshold): 
    pkcount = 0 
    dpcount = 0  
    state = 0 
    peaks = [] 
    dips = [] 
    for j in range(int(len(array2)-1)): 
        if array2[j]<hiThreshold and array2[j+1] >= hiThreshold: 
            if state == 0: 
                pkcount=pkcount+1 
                peaks.append(j) 
                state = 1 
            else: 
                peaks[-1] = j 
        if array2[j]>=loThreshold and array2[j+1] < loThreshold 
and state ==1: 
            dpcount = dpcount+1 
            dips.append(j+1) 
            state = 0 
    if pkcount-dpcount == 1: 
        peaks.pop(-1) 
    #print peaks 
    #print dips 
    peaks = np.array(peaks) 
    dips = np.array(dips) 
    #print "counts: ",pkcount 
    #print dpcount 
    return pkcount, peaks, dips 
 
'''calculates the two state lifetimes''' 
def switchingLifetimes4(peaks1, dips1): 
    hiLife = [] 
    loLife = [] 
    for i in range(len(peaks1)): 
            hiLife.append(dips1[i]-peaks1[i]) 
            if i>0: 
                loLife.append(peaks1[i]-dips1[i-1]) 
    #print hiLife 
    #print loLife 
    hiLife = np.array(hiLife) 



447 
 

    loLife = np.array(loLife) 
    return hiLife,loLife 
 
''' takes a 1d array and finds the threshold using ratio and 
adding ''' 
def dualThresh4(array2,ratio, add , plotting = False): 
    sortedMat2 = sorted(array2) 
    finalThresh = sortedMat2[int(ratio*len(array2))] + add 
    if plotting == True: 
        print "hiThresh: %f , loThresh: %f , finalThresh: %f" % 
(hiThresh, loThresh, finalThresh) 
        fig = plt.figure() 
        plt.plot(array2, "-o") 
        fig = plt.figure() 
        plt.plot(sortedMat2, "o") 
    return finalThresh      
    
''' takes a 1d array and finds the threshold using high and lo 
ratios and averaging ''' 
def dualThresh4b(array2,hiRatio,loRatio,minThresh, plotting = 
False): 
    sortedMat2 = sorted(array2) 
    hiThresh = sortedMat2[int(hiRatio*len(array2))] 
    loThresh = sortedMat2[int(loRatio*len(array2))] 
    avgThresh = (hiThresh+loThresh)/2 
    if avgThresh < minThresh: 
        finalThresh = avgThresh 
    else: finalThresh = minThresh 
    if plotting == True: 
        print "hiThresh: %f , loThresh: %f , finalThresh: %f" % 
(hiThresh, loThresh, finalThresh) 
        fig = plt.figure() 
        plt.plot(array2, "-o") 
        fig = plt.figure() 
        plt.plot(sortedMat2, "o") 
    return finalThresh         
     
''' opens a file and returns a 1d array taking 2 columns''' 
def singleTraceLoad4(directory,filename,col1,col2): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    for line in fr.readlines(): 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
    #print len(newMat) 
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    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    return newMat1, newMat2 
 
     
     
 
E.5 Analysis of Traces During a Delay Scan 
 
 
E.5.1 PyroDelayPassRun.py 
 
 
# -*- coding: utf-8 -*- 
""" 
Created on Sat Mar 04 13:31:12 2017 
 
@author: Admin 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
import PyroBiasFunc_v1 as pyro 
import time 
 
 
''' 
try process each delay point with all passes 
Note that this was a modifcation of the bias script and  
often still uses bias in the variable name. 
''' 
 
         
print 'filetype: vsbias' 
 
 
folder = 'vs_delay42' 
#directory = '/Users/calvinpatel/Google Drive/data/%s/' %folder 
#folder = 'SW_vsbias11' 
#directory = 'C:\\Users\\admin\\Desktop\\SW_bias files\\%s\\' 
%folder 
#directory = '/Users/calvinpatel/Desktop/pyro_data_mac/%s/' % 
folder 
directory = 'D:\\Pyrrolidine_Feb2017\\SW_delay files\\%s\\' 
%folder 
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freq = 6000 
 
''' make a delay vector ''' 
biasstart = -1500 
biasstep = 25 
steppoints = 121 
 
 
biasVector = 
pyro.createBiasVector(biasstart,biasstep,steppoints)   
#(startbias, step size, number of steps) 
''' done making delay vector ''' 
 
 
 
#passRange = [20,21,23,24,25,26,27,28,30,31] 
#passRange = [32,33,34,35,36,37,39,40,42,44] 
#passRange = [45,46,47,48,49,52,53,54,55,56] 
 
#passRange = 
[1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]   #pick the 
exact pass you want to look at 
 
passRange = [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19] 
 
percentHiArr2 = [] #using local threshold 
countsArr2 = []   #overall counts array vs bias using a local 
threshold 
hilifetimeArr2 = []  #mean hilifetime value for all traces at 
that delay local threshold 
lolifetimeArr2 = []  #mean lolifetime value for all traces at 
that delay local threshold 
 
''' for a single step: ''' 
 
for currentstep in range(1,steppoints+1):  #for each bias point 
    print currentstep 
    ''' read all passes of a single bias into an array ''' 
    filenamearray = [] 
    for b in passRange: 
        
filenamearray.extend(pyro.createFilenamePassStep(b,b,currentstep
,currentstep)) 
    #load all of the current and z traces 
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    iTrace , zTrace = 
pyro.multipleFullTraceLoadAppend(directory,filenamearray,3,1,fre
q) #swap i and z 
     
    #for each bias point, make an array of the hi, lo and 
average level for each pass.  
    ''' sort and find threshold ''' 
    hilevelArr = [] #hilevel vs pass for a single bias 
    lolevelArr = [] 
    avglevelArr = []  #this will be filled up with a local 
threshold 
    for passArr in iTrace: #interate over the passes for a 
single bias 
        length = len(passArr) 
        passArrsorted = np.sort(passArr) 
        hilevel = passArrsorted[int(.98*length)] - .04 
        lolevel = passArrsorted[int(.02*length)] + .04 
        if hilevel > lolevel: 
            avglevel = hilevel*.5+lolevel*.5 
        else: avglevel = -.0099 
        #print "avglevel is: " ,avglevel 
        avglevelArr.append(avglevel)  #local thresholds for each 
pass at given delay 
        hilevelArr.append(hilevel) 
        lolevelArr.append(lolevel) 
     
      
         
    #plt.figure() 
    #plt.plot(avglevelArr,'-o') 
    #plt.plot(hilevelArr,'-o') 
    #plt.plot(lolevelArr,'-o') 
     
 
 
 
    ''' get local counts and hi%''' 
    countslocal = [] 
    hipercentloc = [] 
    hiLifeArr = [] 
    loLifeArr = [] 
 
    for i,passArr in enumerate(iTrace):  #use the local 
threshold in avglevelArr 
        a1, a2, a3 = pyro.singleTraceFindPeakDip(passArr, 
avglevelArr[i], avglevelArr[i]) 
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        hiLifeArr.append(np.mean(a2))  #array of mean lifetimes 
for each pass 
        loLifeArr.append(np.mean(a3)) 
        totlength = [] 
        hilength = [] 
        if avglevelArr[i] != -.099: #dont include these for 
local calculations 
            totlength.append(len(passArr)) 
            
hilength.append(len(passArr[passArr>avglevelArr[i]])) 
            
hipercentloc.append(np.mean(hilength)/np.mean(totlength)*100) 
            countslocal.append(a1) 
            hiLifeArr.append(np.mean(a2))  #array of mean 
lifetimes for each pass 
            loLifeArr.append(np.mean(a3)) 
         
    print 'counts(local thresh) vs pass for single bias: 
',countslocal 
    print 'hi% (local) vs pass for a single bias: ', 
hipercentloc 
 
    meanCountsLocal = np.mean(countslocal) #get the mean using 
local for a singel bias 
    countsArr2.append(meanCountsLocal) 
 
    meanpercentLocal = np.mean(hipercentloc) #get the mean using 
local for a singel bias 
    percentHiArr2.append(meanpercentLocal) 
 
    meanHiLocal = np.mean(hiLifeArr) #get the mean using local 
for a singel bias 
    hilifetimeArr2.append(meanHiLocal) 
 
    meanLoLocal = np.mean(loLifeArr) #get the mean using local 
for a singel bias 
    lolifetimeArr2.append(meanLoLocal) 
 
''' end processing of all bias points ''' 
 
 
 
print '###########################' 
print 'precent hi(global) vs bias for all pass: ' ,percentHiArr 
print 'precent hi(local) vs bias for all pass: ' ,percentHiArr2 
print 'counts(global) vs bias for all pass: ',countsArr 
print 'counts(local) vs bias for all pass: ',countsArr2 
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plt.figure() 
plt.plot(biasVector[:],percentHiArr2[:],'-') 
plt.ylabel('percentHI') 
plt.title(folder) 
 
 
plt.figure() 
plt.plot(biasVector[:],countsArr2[:],'-') 
plt.ylabel('counts local') 
plt.title(folder) 
 
plt.figure() 
plt.plot(biasVector[:],hilifetimeArr2[:],'-') 
plt.ylabel('hilife local') 
plt.title(folder) 
 
plt.figure() 
plt.plot(biasVector[:],lolifetimeArr2[:],'-') 
plt.ylabel('lolife local') 
plt.title(folder) 
 
 
 
 
''' 
plt.figure() 
plt.plot(biasVector[170:240],percentHiArr[170:240],'-o') 
 
plt.figure() 
plt.plot(biasVector,percentHiArr,'-o') 
 
plt.figure() 
plt.plot(biasVector[80:100],countsArr[80:100],'-o') 
 
plt.figure() 
plt.plot(biasVector,countsArr,'-o') 
 
''' 
 
''' load each bias to determine a threshold point''' 
''' then determine the number of hi vs lo points there are ''' 
''' lastly, use the treshold positions to determine the counts 
and add them up ''' 
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a1 = np.array(countsArr) 
a2 = np.array(biasVector) 
a3 = np.array(percentHiArr) 
 
# likely need something to do counts on a file by file basis 
 
 
E.5.2 PyroDelayFunc_v2.py 
 
 
#!/usr/bin/env python2 
# -*- coding: utf-8 -*- 
""" 
Created on Sun Jan  8 00:16:19 2017 
 
@author: calvinpatel 
""" 
 
import numpy as np 
import matplotlib.pyplot as plt 
import time 
 
def traceLength(directory,filename,col1,col2): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    for line in fr.readlines(): 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
    #print len(newMat) 
    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    return len(newMat1) 
 
 
def singleTraceLoad(directory,filename,col1,col2,freq1,print1 = 
True): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    for line in fr.readlines(): 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
    #print len(newMat) 
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    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    if print1 == True: 
        print "total size: %f seconds" %(len(newMat1)/freq1) 
    return newMat1, newMat2 
     
def 
singlePartialTraceLoad(directory,filename,col1,col2,start,stop,f
req1,print1 = True): 
    newMat1 = [] 
    newMat2 = [] 
    fr = open("%s%s" % (directory,filename)) 
    i=0 
    while i<start: 
        line= fr.readline() 
        i+=1 
    while i<stop and i>=start: 
        line= fr.readline() 
        lineArr = line.split() 
        newMat1.append(float(lineArr[col1])) 
        newMat2.append(float(lineArr[col2])) 
        i+=1 
    fr.close() 
    newMat1 = np.array(newMat1) 
    newMat2 = np.array(newMat2) 
    if print1 == True: 
        print "total size: %f seconds" %(len(newMat1)/freq1) 
    return newMat1, newMat2 
     
     
def singleTraceFindPeakDip(array2, hiThreshold,loThreshold): 
    pkcount = 0 
    dpcount = 0  
    state = 0 
    peaks = [] 
    dips = [] 
    for j in range(int(len(array2)-1)): 
        if array2[j]<hiThreshold and array2[j+1] > hiThreshold: 
            if state == 0: 
                pkcount=pkcount+1 
                peaks.append(j) 
                state = 1 
            else: 
                peaks[-1] = j 
        if array2[j]>loThreshold and array2[j+1] < loThreshold 
and state ==1: 
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            dpcount = dpcount+1 
            dips.append(j+1) 
            state = 0 
    if pkcount-dpcount == 1: 
        peaks.pop(-1) 
    #print peaks 
    #print dips 
    peaks = np.array(peaks) 
    dips = np.array(dips) 
    #print "counts: ",pkcount 
    #print dpcount 
    return pkcount, peaks, dips 
     
def switchingLifetimes(peaks1, dips1): 
    hiLife = [] 
    loLife = [] 
    for i in range(len(peaks1)): 
            hiLife.append(dips1[i]-peaks1[i]) 
            if i>0: 
                loLife.append(peaks1[i]-dips1[i-1]) 
    #print hiLife 
    #print loLife 
    hiLife = np.array(hiLife) 
    loLife = np.array(loLife) 
    return hiLife,loLife 
    plt.title(np.median(percent)) 
 
 
def createFilenamePassStep(passstart,passend,stepstart,stepend): 
    newArr = [] 
    for i in range(passstart,passend+1): 
        for j in range(stepstart,stepend+1): 
            newfile = "P%dS%d.txt" % (i , j) 
            newArr.append( newfile ) 
    #print newArr 
    return newArr 
 
def 
multiplePartialTraceLoad(directory1,filenamearray1,column1,colum
n2,start1,stop1,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singlePartialTraceLoad(directory1,file1,column1,column2,start1,s
top1,freq1) 
       newMat3.extend(mat1) 
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       newMat4.extend(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
     
def 
multipleTraceLoad(directory1,filenamearray1,column1,column2,freq
1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singleTraceLoad(directory1,file1,column1,column2,freq1) 
       newMat3.extend(mat1) 
       newMat4.extend(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
         
def createBiasVector(startbias1,stepsize1,numberofsteps): 
    newArr = [] 
    for i in range(numberofsteps): 
        newArr.append(startbias1+i*stepsize1) 
    newArr = np.array(newArr) 
    return newArr 
 
def 
multiplePartialTraceLoadAppend(directory1,filenamearray1,column1
,column2,start1,stop1,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singlePartialTraceLoad(directory1,file1,column1,column2,start1,s
top1,freq1,print1=False) 
       newMat3.append(mat1) 
       newMat4.append(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
 
def 
multipleFullTraceLoadAppend(directory1,filenamearray1,column1,co
lumn2,freq1): 
    newMat3 = [] 
    newMat4 = [] 
    for file1 in filenamearray1: 
       mat1 , mat2 = 
singleTraceLoad(directory1,file1,column1,column2,freq1,print1=Fa
lse) 
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       newMat3.append(mat1) 
       newMat4.append(mat2) 
    print "total size: %f seconds" %(len(newMat3)/freq1) 
    return newMat3, newMat4 
 
     
def biasPlot(bias , current, title, yaxis = None, alph = None): 
    f, ax = plt.subplots() 
    plt.gca().set_color_cycle(['blue']) 
    ax.plot(bias,current, "o",alpha=alph,markersize=2) 
    ax.set_title(title) 
    ax.set_ylabel(yaxis) 
 
     
def biasThresholdPlot(bias , current,threshold, title, yaxis = 
None, alph = None): 
    f, ax = plt.subplots() 
    plt.gca().set_color_cycle(['blue']) 
    ax.plot(bias,current, "o",alpha=alph,markersize=2) 
    ax.plot(bias,threshold, "o",alpha=1,markersize=4) 
    ax.set_title(title) 
    ax.set_ylabel(yaxis) 
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APPENDIX F 

Arduino Pressure Safety Solenoid Controller 

 

 

 

F.1 Introduction 

 This Appendix contains the Arduino code used in the STM4 for the Arduino Pressure 

Safety Solenoid Controller. This device sits between the power relay and the solenoid so that if 

the backing pressure near the roughing pump gets bad (in the event of a local power failure, or 

pump failure), the solenoid will prevent a system vent.  

F.2 Arduino Valve Controller 

The code was revised to include LED indication of the state of the system because it can 

be difficult to know exactly which loop the device is in. LED5 indicates that the pressure is bad. 

LED6 indicates that the pressure is good, but the valve has not yet been opened. LED 7 indicates 

that pressure is good AND the solenoid valve is opened. When the pressure is below the threshold, 
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pin 11 is driven from 5V to ground at the 917 Pirani Controller, causing the circuit to sense that 

the pressure is good.  

There is a single button on the controller that advances the system to the next state, or next 

loop. This is used to open the valve when the pressure is already good. Holding the button down 

will override the system and hold the valve open, this is typically used for initial cooldowns.  

 

F.3 Arduino Code 

//LED version. Pins 5,6,7 are wired to LEDS 
 
//the leds 5,6,7 indicate logical state of the device 
// 5 indicates pressure is bad 
// 6 indicates pressure is good, waiting for startup 
// 7 indicates pressure is good, solenoid powered, default state. 
 
//always check LED near pin 13 for Solid State Relay output as in 
indicator for the solenoid. 
 
int detector = 11; 
int button = 3; 
int valve = 8; 
int LED = 13; 
 
void setup() { 
  // put your setup code here, to run once: 
    pinMode(LED,OUTPUT); 
    digitalWrite(LED, LOW); 
    pinMode(detector, INPUT); 
    digitalWrite(detector , HIGH); 
    pinMode(button, INPUT); 
    digitalWrite(button , HIGH); 
    pinMode(valve, OUTPUT); 
    digitalWrite(valve, LOW); 
 
    pinMode(5,OUTPUT); 
    digitalWrite(5, LOW); 
    pinMode(6,OUTPUT); 
    digitalWrite(6, LOW); 
    pinMode(7,OUTPUT); 
    digitalWrite(7, LOW); 
     
} 
 
void loop() { 
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  // first while loop is to recover using an override when the pressure is 
bad 
  //Called the override loop, the valve is powered once the switch is 
pressed, but this doesnt allow the device to escape 
  //the unit stays in this loop until pressure is good regardless of 
solenoid power 
  //if the override button is held down, the system will be prevented from 
depowering the solenoid allowing for pumpdown 
  //It will automatically go into the sustain state when pressure is good 
at which point the button can be released.  
 
  while (digitalRead(detector)) 
  {delay(20); 
    if(digitalRead(detector)) 
      { digitalWrite(5, HIGH); 
        digitalWrite(6, LOW); 
        if(!digitalRead(button)) 
         {delay(20); 
          if(!digitalRead(button)) 
          digitalWrite(valve, HIGH); 
          digitalWrite(LED, HIGH); 
          delay(20); 
         } 
      } 
  } 
//once pressure is good, it escaped the override loop and enters the void 
loop 
//the void loop is where the device resides when the pressure good, but 
the start button has not been pressed   
 
if (digitalRead(button)) 
  { 
  digitalWrite(valve, LOW); 
  digitalWrite(valve, LOW); 
  digitalWrite(LED, LOW); 
 
  } 
 
  digitalWrite(5, LOW); 
  digitalWrite(6, HIGH); 
   
//if the pressure is still good during a button press, it enters the 
startup loop which powers the solenoid 
//the nested while loop in the startup loop is where the device remains 
when pressure is good and solenoid is powered 
  while (!digitalRead(button)&&!digitalRead(detector)) 
    {delay (20); 
    if (!digitalRead(button)) 
      {digitalWrite(valve, HIGH); 
      digitalWrite(LED, HIGH); 
      digitalWrite(6, LOW); 
      digitalWrite(7, HIGH); 
      } 
      else 
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      { 
        digitalWrite(valve, LOW); 
        digitalWrite(LED, LOW); 
      } 
    while(!digitalRead(detector))  
      { 
       
      } 
    } 
//if the pressure goes bad, it escapes the startup loop and enters the 
void loop and depowers the solenoid 
//usually the pressure is still bad and the device enters the override 
loop waiting for a button press to power the solenoid 
 
 if (digitalRead(button)) 
 {    
  digitalWrite(valve, LOW); 
  digitalWrite(valve, LOW); 
  digitalWrite(LED, LOW); 
 
 } 
  digitalWrite(7, LOW); 
  digitalWrite(6, HIGH); 
} 

 

 

F.4 Conclusion 

 This circuit and state system code give us an added safety measure against catastrophic 

pump failures or local power outages in the pump room. While the solenoid valve protects against 

global power outages, any local problems in the pump room are not communicated without this 

Arduino based system in place.  
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Figure F.1: Picture of the Arduino pressure safety solenoid controller. On the bottom left is a solid 

state relay used to open and close power to the solenoid valve between the backing turbo and the 

mechanical pump. Top right contains a dissected 12 V power supply used to power the Arduino 

board. Bottom right is the actual Arduino board that contains the code and operates the solid state 

relay. The right side of the box is the power input and the left side of the box is the power output.  
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Figure F.1 
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APPENDIX G 

Sample Holder and Capacitance-Based 

Sample Measurements 

 

 

 

G.1 Contents 

 This appendix contains information on the new STM4 sample holder for a hat-shaped 

sample as well as the capacitance-based measurements used for accurately determining the ramp 

to sample distance. The sample holder CAD drawings and the theory of operation of the 

capacitance measurement are presented.  

 

G.2 Sample Holder 

 We decided to move towards a hat-shaped sample holder in order to avoid accidental 

sputtering from the tabs that hold the sample onto the sample holder body. This required 
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modifications because the new samples are double the 0.020” thickness of the old type. In order 

to use to the same tip length for all of the samples, the new hat-shaped sample holders needed to 

have the same ramp to sample height as the flat-shaped sample holders.  

 Figure G.1 shows a CAD drawing of the new sample holder style. The diameter of the 

molybdenum body is 0.800” with 6 evenly spaced holes. Ramps of 2.5 degree incline are used so 

that the tip approach motion can smoothly slide the sample towards the tip.  

 While the sample is much thicker, the sample holder must be the same thickness in order 

to still fit into the heater body for sample cleaning. Therefore, the sample holder base was 

machined down to only 0.030” thick and the sample ramps were increased in height by 0.010” 

compared to the old design. Unfortunately, this means the rails are effectively shorter and more 

care needs to be taken to prevent the sample from falling off of the scanner.  

 Figure G.2 shows the full assembly as well as the hat-shaped sample holder. The colors are 

used for visual clarity. 0.005” thick tantalum is generally used for the tabs [Fig. G.2] shown in red 

and 0.010” thick tantalum is used for the grabber (light blue). The other two rails can be machined 

out of molybdenum or tantalum in 0.005” or 0.010” thicknesses, both materials can withstand high 

temperatures without problem.  

 Screws for high temperature samples should be made out of tantalum or molybdenum, but 

stainless streel (304 or 316 grades) can be used in the low temperature samples that need less than 

600 C. Examples of these would be copper, silver, and gold. High temperature samples require 

heating past 1000 C, and should use a more robust material to prevent outgassing.  
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G.3 Capacitance-Based Sample Measurements 

 One of the key criteria for introducing new sample holders into the system is a match 

between the sample and holder such that all of the samples in the chamber can use similarly sized 

tips. To do this, an accurate measurement of the sample holder bottom, sample holder ramp height, 

and sample thickness need to be made.  

 Directly measuring the sample is dangerous and could permanently scratch, dent or 

contaminate the sample. Instead, Ungdon Ham devised a capacitance-based measurement tool to 

measure the ramp to sample distance. As long as all of the samples have very similar ramp to 

sample distances, the same tip can be used. Tolerances of 0.001” are required to prevent tip crash 

at zero angle for ramp to sample distances that are too short. Ramp to sample distances that are too 

large will not achieve tunneling before the grabber collides with the springs.  

 The operating principle for the measurement is shown in Fig. G.3. Essentially, there are 3 

pieces, the tip, the sample, and the sample stage (also known as the receiver). While the sample 

and stage are stationary, the tip is capable of advancing towards the sample using the attached 

micrometer. By doing so, the capacitances between all three pieces change, which can be measured 

using a lock-in amplifier.  

 Figure G.4 is a picture of the setup along with labels for the input, output, micrometer, and 

sample stage. The lock-in oscillator (1 Vrms) is connected to the tip and parasitic voltages at the 

oscillator frequency (approximately 1 kHz) are read by the lock-in. A plot of this effect is shown 

in Fig. G.5 for two measurements on the same sample. If a known sample is used, one that is 

already compatible with the STM, we can calibrate any new samples by noticing any offset in this 

response curve. Care must be taken to not touch the sample as the conductance spikes and 
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overloads the lock-in. Fortunately, the tip is offset from the center of the sample so that this should 

not damage the sample.  

 The capacitance measurement tool uses two micrometers connected to each other by a 5:1 

gear ratio in order to give more control over the tip-sample distance. The minimum resolution is 

0.000020 inches, a resolution that is needed to accurately measure the steep rise that occurs within 

fractions of a thousandths of an inch [Fig. G.5].  
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Figure G.1: CAD drawing of the STM sample holder body.  
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Figure G.1  
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Figure G.2: CAD drawing of the assembled STM sample holder. A section of the ramp height 

and angle are shown. The tabs, rails, and grabber are shown in different colors for visual clarity.  
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Figure G.2  
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Figure G.3: A model schematic of the capacitance-based sample measurement device. As the 

center tip moves closer to the sample, the Tip-Sample and Tip-Receiver capacitances change in a 

non-linear way.  
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Figure G.2 
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Figure G.4: Picture of the capacitance-based sample measurement device. The micrometer on the 

left is turned to advance an electrode on the stage. Input and output connects are used to 

determine the conductance of the capacitive junction. Minimum resolution is 20 microinches.  
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Figure G.4 
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Figure G.5: Graph of two capacitance-based sample measurements. Two runs using an 800 Hz, 1 

Vrms input into the central electrode of the device. The zero point is at 17 to 18 thousandths of an 

inch in travel, as indicated by the steep rise.  
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Figure G.5 
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