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ABSTRACT OF THE DISSERTATION 

 
Probing and Visualizing Quantum State Coupling Between Single Molecules 

 
By 

 
Gregory Allen Czap 

 
Doctor of Philosophy in Physics 

 
 University of California, Irvine, 2018 

 
Professor Wilson Ho, Chair 

 
 

Single atoms and molecules represent the ultimate spatial limit of chemistry and device 

fabrication. Scanning probe microscopy remains a central tool in atomic-scale research due to its 

unparalleled spatial resolution and versatility. Recent advances in this field have seen the use of 

single molecules attached to the scanning tip as sensing devices capable of detecting short range 

electrostatic fields, van der Waals attractive forces and short-range repulsive Coulomb or Pauli 

forces. However, it is also possible for the quantum states of the scanned molecule sensor to couple 

with the quantum states of adsorbates, potentially leading to novel physics which can be probed 

continuously at sub-nanometer scales. 

In this dissertation we demonstrate the ability to visualize quantum state coupling between 

a scanning single molecule tip and other molecules adsorbed on metal surfaces. To highlight the 

sensitivity of single molecules to their local environment, inelastic electron tunneling spectroscopy 

is used to study the overtone vibrations of carbon monoxide molecules in different adsorption sites, 

revealing site-dependent anisotropies and anharmonicities. Next, the mechanical coupling of 

quantum vibration states of a CO molecule attached to an STM tip with another CO adsorbed on 

the surface is shown to be sensitively dependent on lateral intermolecular distance and reveals new 
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information about the force fields experienced by the surface adsorbate. In this way the anisotropy 

of the adsorbate’s lateral confinement potential is visualized for the first time.   

Going further, we then extend the sensing capabilities of single molecule scanned probes 

to the detection of spin densities on the surface. A single nickelocene molecule adsorbed on the 

tip is used to initiate and continuously tune superexchange interactions with another magnetic 

adsorbate. We then show that the spin-spin coupling can be visualized in real space through 

imaging, demonstrating the ability of a single molecule sensor to function as a magnetometer. 

Finally, we show that inelastic scattering of tunneling electrons can be used to excite single 

nickelocene molecules to combined spin-vibration excited states, providing a route toward the later 

study of spin-vibration coupling.
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CHAPTER 1 

Introduction 

 

1.1 Introduction to the Scanning Tunneling Microscope 

 

In some sense it is perhaps inevitable that intelligent, tool-making beings will eventually 

get around to staring at and prodding around individual atoms and molecules. Better tools require 

better designs and more efficiency in the form or function of the tool. A drive toward 

miniaturization emerges from a need to improve efficiency in size. Single atoms and molecules 

represent the ultimate limit of miniaturization. 

That it is actually possible for objects as small as atoms to be individually probed, 

repositioned and assembled into structures is nonetheless not obvious. Richard Feynman’s famous 

1959 lecture “There’s Plenty of Room at the Bottom”  [1]  is often credited as being the defining 

call-to-arms for the scientific and engineering communities to imagine how we might be able to 

detect, controllably position and even manufacture devices with individual atoms. His vision set 

the stage for the creation of tools that could accomplish these tasks. In Feynman’s speech, he 

fancifully imagined that one might build a set of tiny mechanical hands that could be controlled 

electronically to mimic the motions of human hands, which could then be used to manufacture 

even smaller hands similarly configured to follow human hands, and so on until eventually this 

process had resulted in hands small enough to touch and reposition single atoms. Just 22 years 

later, an instrument capable of imaging and repositioning individual atoms was invented. 

 The first incarnation of such a tool, the Scanning Tunneling Microscope (STM), was 

developed by Gerd Binnig and Heinrich Rohrer at IBM Zürich in 1981 [2–4], for which they 



2 
 

received the 1986 Nobel Prize in Physics  [5]. The instrument consists of a sharp metal needle 

called a tip, which is carefully positioned to within a billionth of a meter of a clean, polished-flat 

metal or semiconducting surface using a piezoelectric actuator combined with an electronic 

feedback loop. When a bias voltage is applied between the tip and the surface at this very small 

separation, electric current can flow from the tip to the surface (or vice versa) via the quantum 

tunneling effect. This tunneling current is exquisitely sensitive to the tip-surface separation, so 

much so that a change of one tenth of one billionth of a meter typically results in a factor of ten 

change in the tunneling current! This sensitivity combined with the extremely precise three-

dimensional positioning capabilities enabled by piezodrives allows for the detection of features as 

small as single atoms. What’s more, the tip can be contacted with individual atoms and used to 

manually reposition them on the surface  [6], allowing for the building of structures on the 

nanometer scale just as Feynman had envisioned. 

Many developments have continued to advance the capabilities of the scanning tunneling 

microscope since the early years. The instrument design can used to probe electronic states of 

materials and adsorbates  [7], the static spin configuration of magnetic domains in materials and 

thin films  [8,9], the spin states of single magnetic atoms and nanostructures  [10,11], the vibration 

states of adsorbates which serve as fingerprints for their identification [12] and much more. 

Beyond using tunneling electrons, the STM can be combined with other useful experimental 

techniques to simultaneously reap the benefits of other probing schemes with the spatial resolution 

and imaging capabilities of the STM. A charge-coupled device can be used to detect the emission 

of light (photons) from materials  [12] or even a single molecule in a tunneling junction  [13], 

allowing the spatial visualization of chromophores at the single molecule level. Light can also be 

sent into the tunneling junction, where it is amplified by localized tip plasmons and directed into 



3 
 

single molecules with nanometer scale selectivity  [14] allowing the study of photo-spectroscopy 

and photochemistry to extend to the single molecule scale. 

 In addition, cousin techniques of STM have arisen which detect other short-range 

properties such as tip-sample force instead of tunneling current, which together comprise a family 

of experimental tools known as scanning probe microscopes (SPM), where the definition of probe 

is left general. The most important of these cousin techniques is the atomic force microscope 

(AFM), in which a sharp tip is mounted to a vibrating cantilever, and forces acting locally on the 

tip at the atomic scale deflect the cantilever and shift its vibration frequency which can then 

detected [15,16]. This gives the AFM the advantage of more generality than STM, as the AFM 

can be used to study completely non-conducting materials. Many new technique developments 

have arisen from extending the capabilities of the AFM, such as Kelvin Probe Force Microscopy 

which measures the local contact potential difference (in turn allowing atomic scale workfunction 

measurements)  [17], Magnetic Force Microscopy to image magnetic fields and domains in 

materials  [18], Scanning Thermal Microscopy to image temperature on the nanoscale  [19], 

methods for measuring biological samples in liquids  [20–22] and more. The AFM compliments 

the STM in many ways, and modern instruments are often designed as combined STM/AFMs.  

The family of SPM techniques continues to grow, with recent exciting developments 

including using a scanning Superconducting Quantum Interference Device (S.Q.U.I.D). 

microscope  [23,24] to directly image thermal dissipation on the nanoscale  [25], scanning NV 

center microscopes which uses the electron spin of a nitrogen vacancy defect in diamond as a probe 

to detect magnetic interactions with its environment  [26,27], the use of nanowire tips to perform 

vector imaging of electrostatic force gradients in the lateral plane  [28,29], the use of single 

molecules attached to the SPM tip which serve as local probes of forces  [30–33] and electrostatic 
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fields  [34,35], the development of photo-induced force microscopy  [36], the achievement of 

single molecule tip enhanced Raman spectroscopy with unprecedented spatial resolution  [37,38], 

and the successful marriage of femtosecond-resolution optical techniques with STM to achieve 

time-resolved measurements of single molecule vibrations  [39,40]. A common thread among 

many SPM advances is the use of novel probes to extend the capabilities of the instrument. The 

invention of the STM by Binnig and Rohrer then did not just represent the creation of a powerful 

new tool, but rather a groundbreaking platform for realizing many new tools.  

In this dissertation, all experimental results described were performed on a sub-kelvin, 

ultra-high vacuum STM equipped with a superconducting magnet capable of generating a static 

magnetic field of up to 9 T oriented perpendicular to the sample surface under study. The 

experiments all make use of the powerful spectroscopic capabilities of this apparatus, which is 

capable of detecting excitations of vibration, electron spin, electronic states and combinations 

thereof in single atoms and molecules using electron tunneling spectroscopy. The work described 

here primarily makes use of inelastic electron tunneling spectroscopy (IETS) in which the 

tunneling electrons inelastically scatter off an adsorbate in the tunneling junction as they travel 

from the tip to the sample (or vice versa), losing energy to the adsorbate in the process. This energy 

is transferred into excitations of quantum states of the adsorbate and is detected as an increase in 

the total available number of electron tunneling pathways, manifesting as an increase in the 

tunneling junction conductance. A common theme of this dissertation is the use of the quantum 

states of single molecules to probe interactions with the surrounding environment of the molecules. 

In this manner a single molecule acts as a device at the ultimate size limit, with the choice of 

molecule controlling the types of physical interactions it can probe. When used as a device, the 

molecule can be seen as an integrated component of the STM, and an understanding of the 
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molecule’s sensing capabilities requires an understanding of the operating principles of STM and 

the spectroscopic methods used to detect the molecule’s quantum states.  The basic elements of 

electron tunneling, tunneling spectroscopy techniques and the Ho group sub-kelvin STM are 

described in the next sections. 

 

1.2 Working Principles of the Scanning Tunneling Microscope 

 

The physical process underlying vacuum tunneling can be understood by first considering 

the introductory quantum mechanics problem [41] of a quantum particle interacting with a square 

potential barrier. Recall that the time-independent Schrödinger equation states that the particle’s 

wavefunction must obey the relation 

−
ℏ

2𝑚

𝑑

𝑑𝑧
𝜓(𝑧) + 𝑈(𝑧)𝜓(𝑧) = 𝐸𝜓(𝑧) 

where here the particle (assumed to be an electron) is confined in one dimension along the z axis, 

m is the mass of the electron, ℏ is the reduced Planck’s constant, 𝜓(𝑧) is the electron wavefunction, 

𝑈(𝑧) is the potential energy barrier and 𝐸 is the allowed energy eigenvalues of the electron. 

Suppose that the potential energy barrier 𝑈(𝑧) has finite height 𝑈 and width d and can be described 

as 

𝑈(𝑧) =
 0 (0 > 𝑧 > 𝑑)

 𝑈 (0 ≤ 𝑧 ≤ 𝑑)
 

For large 𝑑, the solutions to the Schrödinger equation outside the potential barrier (in the 

classically allowed region) take the form  

𝜓(𝑧) = 𝜓(0)𝑒±     , (0 > 𝑧 > 𝑑) 

with 



6 
 

𝜅 =
2 𝑚 (𝐸 − 𝑈)

ℏ
  , (0 > 𝑧 > 𝑑) 

while within the potential energy barrier region (the classically forbidden region), the solutions 

take the form 

𝜓(𝑧) = 𝜓(0)𝑒     , (0 ≤ 𝑧 ≤ 𝑑) 

with 

𝜅 =
2 𝑚 (𝑈 − 𝐸)

ℏ
  , (0 ≤ 𝑧 ≤ 𝑑) 

where 𝜅 here has clear meaning as an exponential decay constant which describes how far into the 

classically forbidden region the wavefunction can extend. This situation is depicted in Fig. 1.1(a). 

In a STM tunneling junction, the vacuum gap between the tip and the sample takes the place of 

the potential barrier 𝑈, with the magnitude of 𝑈 largely given by the energy required to remove an 

electron from the metal tip or surface into the vacuum, known as the workfunction 𝜙. Often the 

approximation 

(𝑈 − 𝐸) = (𝜙 − 𝐸) ≈ 𝜙 

is appropriate so that 𝜅 =
  

ℏ
. Typical values of 𝜙 are ~ 5 eV, giving 𝜅 ~ 10 nm-1. 

Now suppose that we can obtain an idea of the probability of this electron successfully 

passive through the barrier if it has finite width 𝑑 = 𝑧  (Fig. 1.1(b)). The probability of finding 

the electron at the left side of the barrier is given by the square of the wavefunction, which is then 

𝜓(0)𝑒   ( ) = 𝜓(0) , while at the right side it is 𝜓(0)𝑒   ( ) = 𝜓(0) 𝑒    . The 

ratio of these probabilities can be taken to be equivalent to the transmission coefficient, which we 

suppose should be directly related to the tunneling current, and finally gives 

𝐼 ∝ 𝑒     . 
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Figure 1.1. The Tunneling Barrier. Depiction of an electron wavefunction impinging on a potential 

energy barrier with height 𝑈 and width 𝑑. (a) A wavefunction propagating from the left (blue) 

enters the classically forbidden barrier region and decays to zero (red) for large 𝑑. (b) Propagation 

of the wavefunction (blue) through the barrier (red) with a small probability to be found on the 

other side (green) if the width 𝑑 = 𝑧  is not large. 
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 This expression then gives a (correct) sense that the tunneling current should have an 

exponential dependence on the tip-surface separation. However the actual tunneling rate, which is 

the true expression of the tunneling current, requires a different treatment to derive which is 

discussed below. 

The conventional starting point for deriving the electron tunneling rate in STM is the model 

developed by John Bardeen  [42] to explain tunneling in metal-insulator-metal junction 

experiments. The vacuum gap between a tip and sample in an STM experiment then takes the place 

of the insulating material in the model.  

The essential result of Bardeen’s formulation for the tunneling rate is that the current can 

be approximated as 

𝐼 =
4𝜋𝑒

ℏ
[𝑓(𝐸 − 𝑒𝑉 + 𝜖)𝑓(𝐸 + 𝜖)]|𝑀 | 𝜌 (𝐸 − 𝑒𝑉 + 𝜖)𝜌 (𝐸 + 𝜖) 𝑑𝜖 

where the integral is carried over all energies 𝜖, 𝑓(𝐸) is the Fermi distribution function, 𝜌 (𝐸) and 

𝜌 (𝐸) are the density of states in electrode A and B evaluated at some energy 𝐸, 𝑉 is the bias 

voltage applied between the electrodes and |𝑀 |  is the tunneling matrix element which describes 

the probabilities for a tunneling electron in one of the various states of electrode A to transition 

into one of the states of electrode B. 

This expression can be approximated further by making some assumptions common to 

many STM experiments, including the work presented here. One assumption is that the energy 

scale of the thermal broadening of the Fermi levels of both electrodes is much smaller than the 

energies of spectroscopic features being probed in the experiment, in which case the Fermi 

distribution functions can be approximated as step functions, giving 

𝐼 =
4𝜋𝑒

ℏ
|𝑀 | 𝜌 (𝐸 − 𝑒𝑉 + 𝜖)𝜌 (𝐸 + 𝜖) 𝑑𝜖 
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Here we have redefined electrodes A and B to correspond to a tip electrode and sample surface 

electrode, respectively. At first, this expression seems to be missing the tip-surface distance 

dependence that is critical to the operation of the STM. However, the expression for the tunneling 

matrix element contains this dependence as 

𝑀 =
ℏ

2𝑚
2 𝜅  𝜓 (0)𝜓 (𝑧) 𝑑𝑥 𝑑𝑦 𝑒   

with 

𝜅 =
  

ℏ
 , 

where the integral is a surface integral parallel to the surface plane evaluated at an arbitrary location 

between the tip and surface, 𝑧 is the tip-surface separation and 𝐸 = 𝜙 − 𝜖 ≈ 𝜙 , which is 

approximately true for small bias voltage. Since the exponential term is outside of the surface 

integral, plugging this expression for the tunneling matrix element into the expression for the 

tunneling current recovers the exponential tip-surface dependence we expected to see from the 

time-independent tunneling picture presented at the start of this section. 

 

1.3 Basic Ideas in Tunneling Spectroscopy 

 

Even without external probing tools such as photons or magnetic fields, the scanning 

tunneling microscope is capable of much more than merely probing the density of states near the 

Fermi level and acquiring topographic images of surfaces. The instrument can also make use of 

electron tunneling spectroscopy to explore the electronic structure of materials and adsorbates and 

additionally can perform inelastic electron tunneling spectroscopy to probe the quantized vibration 

and spin states of single atoms and molecules within the tunneling junction.  
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Bardeen initially assumed that the tunneling matrix element 𝑀  was independent of 

energy. When the electrode bias voltage 𝑉 is relatively small (on the scale of meV) this is a 

reasonable assumption, but if the bias voltage is raised to much higher values on the scale of eV 

then the energy dependence of 𝑀  must be taken into consideration. This energy dependence can 

be straightforwardly obtained from reconsidering the exponential term in the expression for the 

tunneling matrix surface integral and supposing that the approximation 𝜙 − 𝜖 ≈ 𝜙  no longer 

holds true. If the expression for the exponential decay constant 𝜅  is then rewritten with an energy 

dependence, one obtains 

𝜅 =
2 𝑚 𝐸

ℏ
=

2 𝑚 (𝜙 − 𝜖 )

ℏ
≈

2 𝑚 𝜙

ℏ
1 −

𝜖

2  𝜙
 , 

where in the last step a first-order Taylor expansion in small 𝜖 has been used. 

   Plugging in the previous surface integral expression for the tunneling matrix element into 

Bardeen’s tunneling current formula and assuming 𝜙 = 𝜙 = 𝜙 now gives 

𝐼 =
4𝜋𝑒

ℏ
|𝑀 | 𝜌 (𝐸 − 𝑒𝑉 + 𝜖)𝜌 (𝐸 + 𝜖)𝜅  𝑒    𝑑𝜖 

𝐼 =
4𝜋𝑒

ℏ
|𝑀 | 𝜌 (𝐸 − 𝑒𝑉 + 𝜖)𝜌 (𝐸 + 𝜖) 1 −

𝜖

2 𝜙
𝑒   /  𝑑𝜖 

where here 𝑀  is the result of evaluating the surface integral with the exponential term (which has 

no variation on the surface) separated out and then absorbing some constants into it. Note the sign 

change in the exponent due to the new expression for  𝜅  evaluated at the second step. 

Finally, under the assumption of large enough tip-surface separation 𝑧, and without concern 

of the details of the densities of state of the tip and surface, one supposes that the exponential term 

causes the contributions from the integral to the tunneling current to be maximized near 𝜖~𝑒 ∙ 𝑉. 

Then taking the derivative of both sides at fixed tip height z,  



12 
 

𝑑𝐼

𝑑𝑉
∝ 𝜌 (𝐸 + 𝑒 ∙ 𝑉)𝜌 (𝐸 ) . 

This is the simple and often used model for tunneling spectroscopy, which is that the 

derivative of the tunneling current with respect to the bias voltage is proportional to the density of 

the states of the tip at the Fermi level and the sample surface at 𝑒 ∙ 𝑉 above the Fermi level. If the 

density of states of the tip is flat near the Fermi level,  then probes the electronic structure of the 

sample surface. In this manner spectroscopy can be performed by ramping the sample bias 𝑉, 

obtaining a spectrum which is then a measurement of  𝑣𝑠 𝑉.  This picture still assumes that the 

tunneling is elastic. 

 The nature of the spectroscopic measurement changes somewhat in the case that other 

kinds of states can be accessed by tunneling electrons via inelastic scattering. In this picture, 

tunneling electrodes enter the sample with less energy than they had in the tip, having lost some 

energy to vibrations, phonons or spin excitations of one of the electrodes or of an adsorbate trapped 

in the tunneling junction. Since these collisions occur at the atomic scale, the energy lost by the 

electron is usually used to excite quantum states with discrete energy level spacings, which means 

that the electron must possess enough initial energy to meet or exceed the energy difference 

between the initial and final quantum states. Measurements which make use of inelastic tunneling 

are known as IETS as introduced in Section 1.1. IETS was first demonstrated by Lambe and 

Jaklevic in 1968 using molecule-doped metal-insulator-metal and metal-insulator-superconductor 

tunneling junctions [43,44]. It might seem natural then to extend such a technique to STM, which 

is after all another kind of tunneling junction, but additional experimental challenges such as the 

need for liquid helium temperatures, the small signal originating from a single molecule, the 

requirement of very low lateral and vertical thermal drift of the tunneling junction and extra careful 



13 
 

vibration damping of the STM scanner meant that the first demonstration of STM-IETS did not 

occur until some 17 years after the invention of STM [45].  

 

To understand the IETS process, consider the simple example of a molecular adsorbate 

trapped in the tunneling junction which possesses vibration energy levels 𝐸 = ℏ𝜔(𝑛 + ), with 

required excitation energy ℏ𝜔 as depicted in Fig. 1.2(a). The tunneling electrons with incident 

energy 𝑒 ∙ 𝑉 for which 𝑒 ∙ 𝑉 <  ℏ𝜔 do not have enough energy to excite the vibration to a higher 

energy state and can only tunnel elastically through the junction. In contrast, if  𝑒 ∙ 𝑉 ≥  ℏ𝜔, the 

tunneling electron now has enough energy to excite the vibration mode and if inelastic scattering 

occurs, it would leave the tunneling junction with reduced energy 𝑒 ∙ 𝑉 − ℏ𝜔. In the simplest 

approximation, the tunneling rate increase due to these additional inelastic tunneling channels are 

simply additive to the elastic tunneling channels, resulting in a stepwise increase in the differential 

conductance  each time the condition 𝑒 ∙ 𝑉 = ℏ𝜔 is met for the various vibration modes of the 

molecule. More commonly however, the second derivative of the current with respect to voltage 

 is mathematically computed from a numerical derivative of  or, ideally, is measured directly. 

Since the derivative of a step function is a delta function, a measurement of  provides peaks 

which are more straightforward to fit and visually understand than the corresponding  

measurement, resulting in improved energy resolution. Experimental data are shown as example 

spectra in Fig. 1.2(b). 
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Figure 1.2. Schematic Diagram Depicting STM-IETS. (a) Energy level diagram for the tunneling 

process. With an applied bias voltage 𝑉  between the sample and tip, the Fermi level of the tip 

is pushed up by an amount 𝑒 ∙ 𝑉 , allowing electrons to tunnel elastically through the vacuum 

gap from the tip to the sample (red arrow). If there is a molecule present in the tunneling junction, 

the tunneling electrons can also inelastically scatter off the molecule and lose energy to a vibration 

if  𝑒 ∙ 𝑉 ≥  ℏ𝜔 (dark blue arrow). The resulting inelastically scattered tunneling electrons then 

enter the sample with energy 𝑒 ∙ 𝑉 − ℏ𝜔 (light blue dashed arrow). (b) Example STM-IETS 

measurements of a carbon monoxide molecule in the tunneling junction, with inelastic features 

corresponding to excitations of vibrational modes at 2 meV and 20 meV. 
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 The actual lineshape of peaks in the  measurement is given by the expression 

𝑑 𝐼

𝑑𝑉
= 6𝑒

(𝑥 − 2)𝑒 + 𝑥 + 2

(𝑒 − 1)
 , 

where the term 

𝑥 =
𝑒 ∙ 𝑉 − ℏ𝜔

𝑘 𝑇
 

results in thermal broadening of the peaks, which has been shown to increase the full width at half 

maximum of the peak to 5.4 𝑘 𝑇  [46]. In practice it is common to fit the lineshape of peaks 

observed in  to a Gaussian function. 

Both preceding discussions provide an understanding of the physical picture of electron 

spectroscopy without mention of how such measurements are actually made. In practice, the 

conductance changes due to spectroscopic features can be small relative to the conductance 

background, especially in the case of IETS peaks, so that a lock-in amplifier is needed to obtain 

the signal. 

In a lock-in amplifier detection scheme, a sinusoidal bias voltage modulation with 

frequency Ω is added to the sample bias voltage. By comparing with a reference signal at the same 

frequency, only the frequency components of the signal (in this case the signal is tunneling current) 

which match the modulation frequency will be extracted, with all other frequencies canceling to 

zero due to the orthogonality of sinusoid waves. This allows a small signal to be extracted from a 

noisy background, eliminating most white noise from the measurement  [47]. In addition, the lock-

in amplifier can also be used to directly measure the derivative of the signal with respect to the 

applied bias voltage. To understand this, consider the situation of an applied bias modulation in an 

STM setup where tunneling current is the measured signal. This results in a time-varying bias 

voltage and corresponding time-varying tunneling current  
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𝑉(𝑡) = 𝑉 + 𝑉 𝐶𝑜𝑠(𝛺 𝑡)   ,   𝐼(𝑡) = 𝐼(𝑉(𝑡)) 

where 𝑉  is the static sample bias voltage and 𝑉  is the root-mean-square modulation voltage.  

In the approximation that 𝑉 ≪ 𝑉 , the effect of the modulation on the tunneling current can be 

understood from a Taylor expansion of 𝐼(𝑉(𝑡)) with respect to 𝑉 centered on 𝑉 = 𝑉  , even without 

knowing the particular details of 𝐼(𝑉(𝑡)).  

This gives, to second order: 

𝐼(𝑡)  ≈ 𝐼(𝑉 ) + 𝑉 𝐶𝑜𝑠(𝛺 𝑡) + 𝐶𝑜𝑠 (𝛺 𝑡) + 𝑂 . 

This can be rewritten using the cosine half angle formula  

𝐼(𝑡)  ≈ 𝐼(𝑉 ) + 𝑉
𝑑𝐼

𝑑𝑉
𝐶𝑜𝑠(𝛺 𝑡) +

𝑉

4

𝑑 𝐼

𝑑𝑉
(1 + 𝐶𝑜𝑠 (2 𝛺 𝑡)) + 𝑂  

which reveals that the response of the tunneling current to the bias modulation 𝑉 𝐶𝑜𝑠(𝛺 𝑡) is 

to acquire AC current components that are proportional to the first and second derivatives of the 

current with respect to bias voltage. Further, each derivative has acquired a time-varying 

component with a different frequency, in the first case corresponding to the first harmonic of the 

reference and in the second case, the second harmonic of the reference. Since the frequencies are 

different, the lock-in can use both the standard reference signal oscillating at 𝛺 and a second 

reference signal at 2𝛺 to extract the first and second derivatives, respectively. This allows for a 

direct experimental measurement of each derivative without the use of any numerical derivative 

calculations which would magnify the noise present in the current signal. In all the spectroscopic 

measurements made in this work, the  and  measurements were acquired with a lock-in 

amplifier using the principles outlined above. 

The application of modulation bias required to obtain the direct  measurement also adds 

to the energy broadening of detected peaks, however. The total broadening of IETS peaks due to 
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the previously described thermal broadening, modulation broadening and any intrinsic broadening 

can be approximated as 

𝑊 = 𝑊 + 𝑊 + 𝑊  

where 𝑊 = 5.4 𝑘 𝑇 , 𝑊 = 1.7 𝑉  and 𝑊  can often be neglected compared to these other 

two sources of broadening.  

The modulation broadening term, when compared with the 𝑉  and  coefficients in 

front of the  and  terms in the approximation to the tunneling current, demonstrates a tradeoff 

inherent to the lock-in measurement. Lower modulation bias amplitude 𝑉  improves the energy 

resolution of the measurement by reducing the modulation broadening 𝑊 , but this comes at the 

cost of a significantly reduced  and  signal amplitude, especially in the latter case. On the 

other hand, raising 𝑉  too high can cause so much broadening that two nearby peaks will 

broaden into one peak, leading to inaccurate conclusions about the physical system under study 

where peak splitting can serve as evidence of anisotropies in the potential energy landscape or 

interactions with the environment. It is for this reason that the 𝑉  must be chosen carefully for 

the system under study to optimize the signal strength without compromising the resolution 

requirements, which accounts for why so many different values of 𝑉  are used throughout this 

work. 

On the other hand, the thermal broadening term 𝑊  in this expression reveals an important 

fact of IETS.  Since most vibration fundamental modes occur in the 10 meV – 400 meV (~ 80 cm-

1 – 3200 cm-1) range, and temperature broadening alone contributes ~ 4.65 meV broadening at T 

= 10 K, it is clear that low temperatures are critical to obtain useful spectral resolution. Even at 

liquid nitrogen temperatures (T = 80 K) the broadening is ~ 37 meV, which severely limits the 
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ability to discern any spectral features, hence liquid helium temperatures (T = 5 – 10 K) are 

typically assumed to be required for IETS measurements. However, even liquid helium 

temperatures are sometimes insufficient. Very low energy surface vibrations of adsorbates, 

especially physisorbed species, can occur in the 0 – 10 meV energy range. In addition, electron 

spin transitions which can also be excited with IETS may require electron energies less than 1 

meV. The ~ 4.65 meV broadening therefore prevents detailed study of these kinds of very low 

energy transitions, but the temperature can be reduced further. This can be achieved by more 

elaborate apparatus designs that cryopump on the rare isotope 3He in a closed cycle system, 

resulting in sub-kelvin temperatures. At T = 600 mK the thermal broadening is reduced to just 

0.275 meV permitting measurements of very soft vibrations, low energy electron spin transitions, 

and improved energy resolution (as low as 0.6 meV/5 cm-1). All of the experiments described in 

this dissertation were performed with such a subkelvin STM using a closed-cycle 3He refrigerator 

system. The resolution of very subtle isotope shifts and peak splittings in the IETS spectra shown 

in this work would be impossible without sub-kelvin temperatures. 
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1.4 A Brief Description of the Ho group Sub-Kelvin STM 

 

 The Ho group’s home built sub-kelvin ultra-high vacuum STM used in this work consists 

of a Besocke Beetle-style STM scanner adapted from the design described in  [48], which is 

thermally anchored to a one-shot closed cycle 3He-pot refrigerator capable of reaching 

temperatures ~ 600 mK under load. The surrounding vacuum space is enshrouded by two 

concentric 4He Dewars to ensure that the thermal radiation load on the STM scanner and 3He-pot 

are minimized. During experiments, the STM scanner sits in the bore of a superconducting NbTi 

solenoid magnet capable of generating a static magnetic field of up to 9 T oriented normal to the 

sample surface plane. An overview of the system and major components is depicted in Fig. 1.3. 

Details of the design elements, construction and capabilities are described in Prof. Xi Chen and 

Dr. Ungdon Ham’s Ph.D. Theses  [49,50]. The sub-kelvin temperature and the careful attention to 

vibration damping and noise filtering allows the apparatus to excel at studying low-energy 

quantum states of adsorbates such as soft vibration modes and electronic spin-flip excitations. 

 A schematic diagram depicting the STM, the supporting home-built electronics and motion 

of the piezodrives while scanning are shown in Fig. 1.4. 
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Figure 1.3. Model of the Ho Group Sub-Kelvin STM. The apparatus features a preparation 

chamber for sample and tip preparation and a main experiment chamber. A graduate student is 

shown for scale. A simplified schematic of the internal dewar structure is shown at right. The main 

components consist of the (1) outer vacuum shroud, (2) outer radiation shield, (3) inner radiation 

shield, the three 4He dewars are indicated in the schematic, (4) an Insert Vacuum Can which 

encases the (5) charcoal sorption pump and (6) 1K-Pot of the closed-cycle 3He system, (7) the 3He-

Pot, (8) STM scanner assembly and (9) NbTi superconducting solenoid magnet immersed in 4He 

within He-4-I. Note the approximate position of the STM scanner and tunneling junction is 

indicated by a star. 
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Figure 1.4. Schematic of the Ho Group STM Scanner. (a) Simplified schematic of the STM, 

tunneling junction and supporting electronics. (b) Scale drawing isometric view of the Ho group 

Besocke scanner (with sample holder lifted off the tungsten spheres for visual clarity). A tripod of 

piezo tubes terminating in tungsten spheres supports and translates the sample holder in the lateral 

(XY) plane while a fourth piezo tube located at the center of the tripod actuates the tip vertically 

(Z). (c) Scale drawing sample holder with silver hat-shaped sample mounted in the center. (d) 

Scale schematic of the scanner with a cross-section view of the sample holder. (e) Depiction of 

XY motion of the sample during raster scanning using the outer piezo tube tripod. (f) Depiction of 

Z motion of the tip using the inner tip piezo tube. Note that in (e-f) the motion of the piezo tubes 

is exaggerated for visibility, in reality the motions are on the scale of microns at most and are 

therefore not perceptible to the naked eye. 
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1.5 Overview of the Contents of this Dissertation 

 

A common theme of the experiments described in this dissertation is the use of single 

molecules as local probes. The quantum states of single atoms and molecules, such as vibration or 

spin states, can serve as highly spatially-confined sensors of the surrounding environment. The 

vibrational states are shown to be sensitive to both the anharmonicity and anisotropy of an 

adsorption potential energy landscape as well as short-range attractive or repulsive intermolecular 

forces. The electron spin states are also shown to be sensitive to the presence of magnetic fields 

and other nearby magnetic molecules. Beyond probing force fields in the local environment, 

vibration and spin states are both shown to couple with the vibration and spin states of other nearby 

molecules. This coupling is visualized in real space. Finally, the spin and vibration states in single 

nickelocene molecules are shown to be excited simultaneously in IETS measurements, providing 

a route for the later study of intramolecular spin-vibration coupling effects which have recently 

been attracting considerable attention. 

 

In Chapter 2, “Adsorption Site-Specific Detection of CO Overtones with STM-IETS”, the 

observation of vibrational overtone modes in single carbon monoxide molecules is confirmed 

using isotope substitution. The overtones permit measurements of the vibrational anharmonicity 

which is compared among molecules in different adsorption environments, allowing for the first 

time a direct correlation between adsorption site and anharmonicity in the lateral confinement 

potential of an adsorbate at the single-molecule level. 
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In Chapter 3, “Real-Space Visualization of Anisotropic Vibration Mode Coupling Between 

Two Molecules,” intermolecular vibration coupling between a molecule probe tip and another 

adsorbed molecule is visualized in real space for the first time. The vibrational coupling strength 

is shown to not only depend sensitively on the intermolecular separation at sub-nanometer length 

scales but is also heavily influenced by the anisotropy of the adsorbed molecule’s lateral 

confinement potential. Imaging contours of intermolecular coupling strength then directly reveals 

the directions of soft and stiff vibrations of the surface molecule, providing new information that 

complements point spectroscopy measurements. 

 

In Chapter 4, “Probing and Visualizing Superexchange Interactions with a Single Magnetic 

Molecule Scanning Sensor,” the concept of a scanning molecular sensor is extended from the 

detection of electrostatic or “Pauli” forces to the detection of magnetic interactions at sub-

nanometer length scales. The coupling of the spins of the magnetic tip molecule and magnetic 

surface molecules is probed in three dimensions. First, the spin interaction strength as a function 

of intermolecular separation (Z) is shown to originate from antiferromagnetic superexchange 

interactions which act across the vacuum gap. Then, imaging contours of spin exchange strength 

in two dimensions (XY) is performed for the first time using STM-IETS. The new probe enables 

the imaging of surface spin density with Ångström-scale resolution and is also shown to reveal 

locations of significant quantum state mixing between the probe and adsorbate. 

 

In Chapter 5, “Observation of Combined Spin-Vibration Excitations in STM-IETS 

Measurements of Single Magnetic Molecules”, the vibrational and spin degrees of freedom 

explored in the previous chapters are shown to be excited simultaneously in single nickelocene 
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molecules. An external magnetic field is used to demonstrate that IETS peaks corresponding to 

nickelocene vibration excitations exhibit the Zeeman effect, indicating the involvement of excited 

electron spin in the vibrational excitation process. DFT calculations confirm that the vibration 

excitation energies observed in experiment are all blueshifted by the magnetic anisotropy energy, 

further evidencing the peaks correspond to spin-vibration combined excitations. Finally, vibrations 

of the two-molecule spin-coupled system are revealed to be excitations of two spin quanta and one 

vibration quanta simultaneously. 

 

In Chapter 6, “Design and Construction of a 3-Port Evaporator Loadlock,” the development of 

a new loadlock system for the Ho group sub-kelvin STM is described. The new loadlock system 

allows all three of the atom/molecule evaporators installed on the main chamber to be exchanged 

without needing to bring the apparatus to room temperature and ambient pressure. The essential 

design considerations, advantages and disadvantages of the new loadlock system are discussed. 

 

In Chapter 7, “Non-Invasive Repair of a Helium Leak and Detection of Spectroscopic 

Signatures of Adsorbed Helium Atoms,” the initial symptoms and problem-solving steps involved 

in addressing a 4He leak into the UHV space of the Ho group sub-kelvin STM are described along 

with the tools designed and developed to repair the leak in a non-invasive way. Additionally, the 

detection of adsorbed 4He atoms on metal surfaces with the STM is described. 

 

Finally, in Chapter 8 “Conclusions and Future Prospects,” a summary of the work described 

herein is presented along with suggested future experiments which build off of the new 

observations and understandings gained here. 
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The appendices contain formulas used for the fitting of CO overtone peaks, errors and 

anharmonicities. 
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CHAPTER 2 

Adsorption Site-Specific Detection of CO Overtones with STM-IETS*

 

2.1 Abstract 

 

Inelastic Electron Tunneling Spectroscopy with the Scanning Tunneling Microscope (STM-IETS) 

is a powerful technique used to characterize vibration and spin at the single molecule level. While 

IETS lacks hard selection rules, historically it has been assumed that vibrational overtones are 

rarely seen or even absent. Here we provide direct experimental evidence that the hindered rotation 

overtone excitation of CO molecules on Ag(110) can be detected with STM-IETS by isotope 

substitution. We also show that the anharmonicity of the overtone excitation can be characterized 

and compared between unique adsorption sites and find evidence of anisotropy in the vibrational 

anharmonicity for CO adsorbed on the [110] step edge.   

 

 

 

 

 

 

 

 

                                                           
* This chapter by G. Czap, Z. Han, P. J. Wagner and W. Ho is prepared for submission to Physical 
Review Letters. 
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2.2 Introduction 

 

Vibrational spectroscopy is among the most important tools for identifying chemical 

compounds. In a single molecule of a substance, the chemical bonds that glue the atoms of the 

molecule together are not perfectly rigid, allowing the atoms to be stretched, compressed and bent 

relative to one another as if they were spheres connected by stiff springs. The masses of the spheres 

(atoms) are determined by their element and isotope, while the stiffness of the springs (bonds) 

connecting them is determined by the nature of the chemical bond holding the atoms together. 

Since the masses are element-specific and the spring stiffness is context-specific, the resonance 

frequency of this mass-spring system is highly sensitive to the chemical identity that is vibrating. 

The carbon-carbon bonded pair, for example, has a markedly different vibrational frequency 

(1600-1800 cm-1) than a carbon-hydrogen bonded pair (3100-3500 cm-1)  [1].  This sensitivity 

allows specific element-bond combinations to be identified directly through measurements of their 

vibration frequencies, providing an essential fingerprint that can reveal the identity of an unknown 

chemical species. 

 There are many different tools one can use to probe the vibrational frequencies of a 

compound, and by far the most common are light-based methods. However, spectroscopies based 

on scattering of massive particles exist which use electrons, neutrons  [2]  or even helium 

atoms [3]. In all cases, probe particles are sent into a material, and if the probe particles interact 

with the atoms or molecules in the material, they may lose energy to vibrations (by being scattered 

or absorbed), and then one attempts to detect that this energy has been lost. By measuring this 

energy loss as a function of the incoming probe energy (typically by tuning the wavelength of light 
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or the kinetic energy of the massive particles), it is straightforward to resolve absorption/scattering 

due to vibrations with frequencies that correspond to the energy lost.  

To a first approximation, one can describe the stretching and compressing behaviors of 

chemical bonds in a very similar way one would describe a mechanical (and classical) spring 

system, albeit within the framework of quantum mechanics. This is known as the quantum 

harmonic oscillator model, with Hamiltonian: 

𝐻 = + 𝑘𝑥 , 

The coefficient 𝑘 serves the same role as the spring constant of a classical spring. 

Obtaining the eigenvalues and eigenvectors for this system is a textbook problem in 

introductory quantum mechanics coursework  [4], and using the above Hamiltonian in the time-

independent Schrödinger equation one finds the solutions: 

𝐸(𝑛) = ħ𝜔 𝑛 + ,     𝑛 =  0, 1, 2, 3 … 

and 

𝜔 =
𝑘

µ
 

Here 𝜔 is a characteristic resonance frequency, 𝑘 is the spring constant of the bond and µ 

is the effective mass of the oscillating system. The states are seen to form a “ladder”, with the 

bottom rung “ground state” having energy 𝐸(0) =  ħ𝜔  and subsequent states 𝑛 > 0  climbing 

increasingly high in energy in increments of  ħ𝜔 as depicted in Fig. 2.1. 

In real chemical bonds, the stiffness of the bond is not exactly like a real spring, only 

approximately. Whereas a spring will behave harmonically so that the restoring force increases 

linearly with the distance stretched or compressed, chemical bonds exhibit varying degrees of 

anharmonicity. For the most part, real bonds become increasingly stiff as they are compressed and  
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Figure 2.1. The Quantum Harmonic Oscillator. The vibration ground state 𝑛 = 0 has nonzero 

energy  𝐸 = ℏ𝜔, and excited states are incrementally ℏ𝜔 higher in energy. The single particle 

wavefunctions Ψ (x) corresponding to each state are shown as solid colored lines while the 

probability densities  |Ψ (x)|  are shown as filled-in curves. The wavefunctions and densities are 

not normalized and are instead scaled for visual clarity. On the right-hand side, eigenstates of the 

carbon monoxide hindered translation (HT) and hindered rotation (HR) vibrations are shown for 

different values of 𝑛. The smaller (darker) circle inside each atom represents the motion of the 

nucleus. Note that the real vibration amplitudes and eigenstates for large 𝑛 likely differ from what 

is shown in this conceptual depiction. 
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increasingly soft as they are pulled apart, until the bond breaks. Although the quantum harmonic 

oscillator model is used as a first approximation to describe chemical bonds as they vibrate, it is a 

poor approximation when the atoms are located far away from equilibrium. The canonical model 

used to more accurately describe real chemical bonds is the Morse oscillator, with its 

corresponding Morse Hamiltonian of the form: 

𝐻 =
�̂�

2𝑚
+  𝐷  (1 − 𝑒 ( ))  

𝑎 =  
𝑘

2 𝐷
 

Here  𝐷  is a new quantity that represents the energy required to break the chemical bond. 

This Hamiltonian also yields exact solutions from the time-independent Schrodinger equation, 

with eigenvalues: 

𝐸(𝑛) = ħ𝜔 𝑛 + − 𝜒 ħ𝜔 𝑛 + ,     𝑛 =  0, 1, 2, 3 … 

𝜒 =
ħ𝜔

4 𝐷
  

Example harmonic and anharmonic (Morse) potential energy curves are shown in Fig. 2.2. On 

inspection it is reasonable that the Morse potential should give a better description of real bonds 

since it accounts for the breaking of the bond as the two atoms are pulled apart. Note the similarity 

of the above Morse potential energy levels to the Harmonic potential case, except that there is a 

new additional term that represents the anharmonicity of the bond. The coefficient 𝜒  is known as 

the anharmonicity constant and has a typical value of order 0.01  [1]. For highly vibrationally 

excited atoms in which 𝑛 ≫ 1, even the Morse potential begins to fail to describe real bonds and 

additional corrections must be used for the energy eigenvalues, necessitating additional 

anharmonicity coefficients beyond 𝜒   [5]. In general the larger these coefficients, the more 
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Figure 2.2. Harmonic and Morse Potentials. The harmonic (blue) potential continues to grow 

unbounded as the interatomic distance 𝑟 → ∞ , while the anharmonic Morse (red) potential levels 

off at 𝐷  as 𝑟 → ∞, representing the breaking of the bond. Note that the real dissociation energy 

will be less than 𝐷  due to the zero-point energy of the vibration so that the actual energy needed 

to break the bond will be 𝐷 =  𝐷 −  ℏ𝜔. 
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anharmonic the bond is and accordingly anharmonic effects will play a more important role in the 

physical system under study. For most systems however, the first several vibrational states are well 

enough described by the Morse potential that useful information can be extracted from 

experimentally derived estimates of 𝜒 , as will be discussed in the next section. 

Among the variety of spectroscopy techniques available to an experimentalist, each has 

advantages and disadvantages in different situations, but an important feature of vibrational 

spectroscopy techniques in general is that many obey selection rules. This means that for a given 

technique only certain kinds of vibrations can actually be detected, with the rules usually based on 

some kind of symmetry. For example, infrared absorption spectroscopy obeys the dipole selection 

rule, which states that only vibrations of atoms which result in a dynamically oscillating charge 

dipole when excited are infrared-active. In contrast, for Raman spectroscopy (in which light 

inelastically scatters off of a molecule rather than being totally absorbed), only vibrations that 

result in an oscillating polarizability can be observed. This selection rule is modified for molecules 

on metal surfaces so that only vibrations which involve an oscillating charge dipole perpendicular 

to the surface can be readily observed  [6]. It is often critical that an experimentalist understands 

the selection rules of the technique being used, since the absence of a vibration in a certain 

frequency range can sometimes convey as much information as the presence of vibrations. A full 

“fingerprint” then constitutes both the observed and unobserved vibrational states in a compound, 

and using multiple vibrational spectroscopy techniques with different selection rules can give 

complimentary information. 

The anharmonicity of real chemical bonds may seem like a small detail, but it can have 

important implications for the proper identification of chemical compounds, their adsorption 

geometries on surfaces, and the binding (dissociation) energy holding atoms together or to a 
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surface. This is particularly true for vibrational excitations beyond the first harmonic excitation, 

so-called overtones, and the detection of hindered-rotation overtone modes for carbon monoxide 

molecules adsorbed on the Ag(110) surface is the central experimental result of this work. 

While the deviation from harmonic spring behavior is small for the first vibrational 

excitation (fundamental) of a chemical bond, this deviation becomes increasingly large as the bond 

is excited to higher vibrational states (overtones). Since the anharmonic term in the expression for 

the Morse oscillator energy eigenvalues is proportional to 𝑛 + , overtones (𝜈(𝑛 = 0) →

 𝜈(𝑛 ≥ 2)) are much more anharmonic compared to the fundamental (𝜈(𝑛 = 0) →  𝜈(𝑛 = 1)). 

The anharmonicity can serve as an additional fingerprint to help discriminate between chemical 

bonds with very similar fundamental vibrational frequencies, and provides direct information 

about the bond dissociation energy  [7,8]. For example, one can approximate the bond dissociation 

energy by using measurements of the fundamental and overtones (ideally as many as can be 

observed) using the Birge-Sponer relationship. If only the fundamental and first overtone 

vibrations can be measured, this can be approximated as  [9]: 

𝐷 =
(  ( ) ( ))

(  ( ) ( ))
− 𝜈( ) + 𝜈( )   

Here   𝜈( ) = (𝜈(𝑛 = 0) →  𝜈(𝑛 = 1))  and  𝜈( ) = (𝜈(𝑛 = 0) →  𝜈(𝑛 = 2)) . 

Large anharmonicity in a chemical bond leads to other important physical consequences. 

It turns out that light-induced overtone transitions would actually be selection rule forbidden if 

vibrations were perfectly harmonic  [1,5]. Anharmonicity lifts the selection rule, allowing the 

observation of overtones in the first place. Since the anharmonicity is typically a small effect, the 

light absorption/scattering cross-sections (excitation probabilities) for overtones are typically an 

order of magnitude less than the fundamental, and decreases further by an additional order of 

magnitude each time one climbs the vibrational ladder to higher overtone states. While this can 
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make it difficult to actually detect overtones, many of the most important applications of overtone 

spectroscopy take advantage of this fact. Since the probability to excite overtones is low, light will 

penetrate deeply (or completely) through many types of matter without being completely absorbed, 

allowing non-invasive, inexpensive spectroscopic measurements of solid objects. This is 

especially true for overtones of stretch modes (usually the highest frequency vibration modes of 

molecules), which absorb light in the so-called Near-Infrared (NIR) (780 nm – 2500 nm/4000 cm-

1 – 12800 cm-1 ) region of the electromagnetic spectrum.  Practical applications of NIR 

spectroscopy are numerous, including medical imaging  [10], characterization of 

pharmaceuticals  [11], assessment of food quality in the agricultural industry  [12,13], and 

more  [14–16]. 

The study of overtones for molecules adsorbed on surfaces is motivated by the fact that 

catalytically important reactions often involve small molecules on surfaces, and that a complete 

understanding of these adsorbates is aided by the kind of information that overtones can provide. 

On the other hand, vibrational spectroscopy of molecules on surfaces can be challenging since 

signals are relatively weak, especially at low coverages. The difficulty is raised further when single 

crystals are used in place of high surface area powders, which provides the benefit of a well defined 

adsorption environment at the cost of a significant reduction in the number of adsorbed molecules 

due to the loss of surface area  [7]. Combined with the comparatively weaker overtone signal 

strength compared to fundamental vibrations, it should come as no surprise that only a handful of 

infrared absorption spectroscopy measurements of overtones on single-crystal surfaces existed by 

the mid 1990s  [7,17–20]. Aside from light-based methods, electron-scattering methods such as 

electron energy-loss spectroscopy (EELS) have been used to observe adsorbate overtones in a 
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number of systems  [21–25]. However, while EELS may hold an edge over light-based methods 

in sensitivity, the energy resolution can be limited in comparison  [26].  

Considering the additional information granted by overtone vibrations and combination 

bands, it is clear that in the ideal case, one would be able to spectroscopically study a molecule 

adsorbed on a surface and obtain all of the information available from vibrational excitations, such 

as the vibrational frequencies of all possible modes, the anharmonicities of their overtone 

excitations, and the degree of coupling between different vibrational modes. This may permit exact 

chemical identification, knowledge of the adsorption well depth (binding energy), the diffusion 

barrier for lateral motion on the surface, and the degree to which the intramolecular or even 

intermolecular bonds of the adsorbate have been strengthened or weakened due to the binding with 

the substrate.  

While it is clearly advantageous to be able to acquire nano-scale topographic images of single 

molecules as well as their individual vibrational spectra, STM-IETS does have a central drawback. 

Unlike light-based spectroscopy, IETS lacks “hard” (rigidly enforced) selection rules to guide the 

understanding of the experimentalist. Instead, so called “propensity rules” act as soft selection 

rules  [29–33]. There is still significant theoretical and experimental effort in trying to understand 

STM-IETS propensity rules  [34–37], although it is noteworthy that almost all theoretical effort to 

this end has been directed at fundamental vibration excitations, with only recent attention focused 

on overtones  [38]. 

Historically in IETS measurements reported in the literature, overtones were infrequently 

observed and peaks assigned as overtones were typically extremely weak  [39]. Nevertheless, it is 

occasionally the case that certain spectroscopic features have been assigned to overtones, lacking 

other obvious possibilities, but these assignments have been made in error before  [40,41]. Some 
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difficulty arises from the fact that conventional IETS measurements are ensemble measurements, 

preventing a clear understanding of how the details of a molecule’s adsorption site and surrounding 

environment affects IETS cross sections for overtones and also allowing for the possibility that 

unaccounted for adsorbates (contaminants) may be contributing to the spectrum. An approach 

using STM-IETS has the benefit of being a single-molecule measurement and also allows for 

precise knowledge of the adsorption site. In this respect it would be highly valuable to find an 

experimental model adsorbate/surface system in which overtones can be observed with STM-

IETS, forming the foundation onto which further theoretical and experimental study can be built. 

Insight into why overtones can appear in the model system and not in most others could reveal 

new physical understandings of electron transport through molecules as well as clues that may lead 

to methods of enhancing the cross section of overtone modes. Since the selection rules in IETS are 

complicated and remain a topic of current research, theoretical case-studies exist in which different 

functional groups or binding schemes of an adsorbate can be chosen to tune IETS cross 

sections  [38,42–44]. In a similar manner, a system with known overtone signals can provide the 

experimental inputs to a theoretical case study in which adsorbate, adsorption geometry and/or tip 

and substrate material are varied in order to understand how the overtone signal strength can be 

tuned. 

In the work that follows, we provide proof by isotope substitution that such a model system 

exists in the case of the hindered rotation vibration of carbon monoxide molecules adsorbed on a 

silver surface. Further, we take advantage of the unique capabilities of the STM to manually 

reposition single molecules in order to study the affect of adsorption geometry on the overtone 

anharmonicity. 
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2.3 Article 

 

Overtone vibrations of adsorbed molecules can reveal valuable information about binding 

energies [5,25,45], lateral diffusion barriers  [46], and coupling between different vibrational 

modes [7,47] or other adsorbates [21,48]. In this context, single molecule experiments using the 

scanning tunneling microscope (STM) are of considerable value as they allow an unambiguous 

correlation between the local environment of the adsorbate and changes in its spectroscopic 

features, motion or reaction rates [49–51]. Overtones have been observed with the STM in the 

action spectra of single molecules as they diffuse or desorb [45,46], however this detection scheme 

requires molecules that readily undergo vibration-induced changes under the STM tip. It is highly 

desirable to be able to access the information contained in the overtone vibrations directly using 

inelastic electron tunneling spectroscopy (IETS) with the STM [27], but overtones are known to 

be scarcely observed in IETS [38,39]. 

Considerable theoretical and experimental attention has been focused on quantum 

interference effects in electronic transport through single molecules [52–54], which may provide 

routes to realizing proposed single molecule devices [55–58]. It has also been suggested that 

quenching the elastic transport channel in single molecule junctions by exploiting destructive 

quantum interference can increase the inelastic contribution to the conductance, potentially 

allowing observations of overtones [38]. Promising results were recently demonstrated in IETS 

measurements of anthraquinone molecular junctions [59], but the ensemble nature of the 

measurements and the lack of isotope substitution to characterize modes assigned to overtones 

makes conclusive assignments challenging. At the same time carbon monoxide (CO), one of the 

most well studied molecules in surface science [26], is also believed to exhibit quantum 
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interference in the STM tunneling junction [60,61]. Recently a new vibration mode of CO on 

Ag(110) was detected with STM-IETS [62], which was speculated to be an overtone excitation of 

the CO hindered rotation (HR) mode but is too energetically close to the Ag-CO bouncing 

mode [46] for definitive assignment.  

Here we provide direct evidence that the new vibration mode detected by Han et al. is in 

fact the ν = 0 to ν = 2 overtone excitation of the HR mode via isotopic substitution. Further, we 

use STM tip manipulation to position three CO isotopes in different adsorption geometries, 

enabling site-specific measurements of anharmonicity and anisotropy in the vibrational potential 

energy surface. 

Experiments were performed with a home-built subkelvin STM at a base pressure of 6 × 

10-11 Torr. Chemically etched Ag tips and Ag(110) single crystal were cleaned in situ with several 

cycles of sputtering with Ne+ followed by annealing. 12C16O, 13C16O, and 12C18O molecular 

isotopes were dosed individually through a variable leak valve onto the Ag(110) surface held at 

~26 K. The sample was then cooled to 600 mK for all measurements. CO molecules were 

transferred to the tip by performing constant-current STM scans over the CO with feedback 

setpoint 1 mV/1 nA. CO molecules were non-destructively returned to the surface by ramping to 

the feedback setpoint 1.5 V/1 nA, waiting for a ~ 0.5 Å change in the feedback Z, then quickly 

ramping the bias to < 100 mV to prevent the new surface-adsorbed CO from laterally hopping or 

desorbing. Unless otherwise noted all STM-IETS measurements were acquired with feedback 

setpoint 10 mV/300 pA.  

 CO molecules adsorbed on the Ag(110) surface appear as dark depressions in constant 

current STM topography as shown in Fig. 2.3(a). Upon transferring a CO molecule to the STM 

tip, the depression disappears from the surface and the topography exhibits greatly  enhanced
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Figure 2.3. STM Topography and IETS of CO Molecules. (a) Constant current topography of a 

single CO molecule with feedback setpoint 100 mV/ 0.1 nA. (b) Constant current topography of 

the Ag(110) surface obtained after transferring the CO molecule to the STM tip with feedback 

setpoint 10 mV/ 0.3 nA, image size 20 Ångströms square. (c) STM-IETS of CO adsorbed on the 

Ag(110) surface (top), CO adsorbed on the STM tip (middle) and the Ag(110) surface taken with 

bare tip as a background measurement (bottom) . Each spectra is the average of 40 passes, taken 

with 2 mVRMS bias modulation at 471 Hz. Inset spectra were taken with finer bias step size and 

averaging 80 passes. (d) Schematic diagram showing the four possible vibration modes of CO on 

the surface. Note that HT and HR are both normally doubly degenerate, but this degeneracy can 

be lifted due to surface anisotropy as in the present work. 
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contrast, permitting resolution of the individual Ag(110) surface atoms as in Fig. 2.3(b). Intense 

peaks appear in d2I/dV2 measurements shown in Fig. 2.3(c), which correspond to the hindered 

translation (HT) and HR modes of CO on the surface as depicted schematically in Fig. 2.3(d). In 

addition, a new feature is observed at 37.1 mV (35.6 mV) for the CO adsorbed on the terrace (tip) 

as reported recently  [62]. The identity of this new mode was speculated to be the overtone of the 

HR mode, however the energetic proximity to the Ag-CO bouncing mode (~ 31 meV) [46] 

prevents definitive identification. As there are sound theoretical reasons to believe that both the 

M-CO bouncing mode  [32] and overtone modes  [38,39,63] should be difficult or even impossible 

to observe in IETS, the observation of a new IETS feature alone does not provide adequate 

information to make an assignment in this case.  

Previous studies of the hindered vibration modes of CO on metal surfaces [64,65]  have 

indicated that the three surface modes shown in Fig. 2.3(d), which are the (HT), (HR) and (M-CO) 

modes, show distinct isotope shifts. Specifically, the HT mode largely consist of oxygen motion 

with a small amount of carbon motion, so that it is more analogous to a wagging mode than a direct 

translation of the entire molecule  [62,64]. This causes the HT mode to be more sensitive to an 

increase in the oxygen mass through isotope substitution compared to carbon. For the HR mode 

however, the vibration amplitude for the carbon atom is larger than for oxygen and it is therefore 

more sensitive to carbon atom isotope substitution. In contrast the M-CO mode is a translation of 

the entire molecule against the surface and has equal sensitivity to carbon or oxygen isotope labels. 

Further, the M-CO mode exhibits a smaller isotope shift compared to the other two modes since 

its vibration frequency is proportional to the inverse of the entire molecular mass rather than 

primarily the oxygen atom (HT) or carbon atom (HR) alone. 
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In light of the above considerations, we chose to perform high-resolution STM-IETS 

measurements of three different isotopes of CO in order to elucidate the identity of the new mode. 

Roughly equal quantities of 12C16O, 13C16O, and 12C18O were dosed onto the Ag(110) for this 

experiment. On the Ag(110) surface, the degeneracy of the CO HR mode is lifted and at small bias 

modulation (< 1 mV), two peaks can be readily distinguished [50]. High resolution STM-IETS 

measurements of the lower HR peak are shown in Fig. 2.4(a) permitting the distinction of three 

isotopes by inspection. With each isotope identified, individual CO molecules of each type were 

assembled together by tip manipulation in the constant current STM image in Fig. 2.4(b). High 

resolution IETS spectra with more passes averaged were then obtained for all three isotopes 

adsorbed on the terrace as shown in Fig. 2.4(c), all with the same tip apex termination. Similar to 

the HR mode, the HT mode degeneracy is also lifted due to the surface anisotropy. In addition, a 

small peak feature near zero bias appears. This has been reported before as a Zero Bias 

Conductance Dip and is also present with the tip positioned over the bare surface [66,67]. Isotope 

shifts for both vibration modes are readily apparent for the 13C and 18O substituted CO, with the 

shift in the HR mode (right panel) amounting to ~ 0.55 mV for 13C16O and ~ 0.15 mV for 12C18O. 

Notably, the isotope shift for the HT mode (left panel) follows the opposite trend, with a barely 

discernible shift of ~ 0.05 mV for 13C16O and a more obvious shift of ~ 0.15 mV for 12C18O. These 

results indicate that the red isotope (center) is 13C16O while the blue isotope (bottom) is 12C18O. 

Measurements of the new vibration mode for all three isotopes will yield clues needed for its 

identification. If the new mode is the Ag-CO bouncing mode, then the isotope shift for the 12C18O 

species should be largest since it has the greatest overall mass increase. However if it is an overtone 

of the HR mode, then the 13C16O species should exhibit a much larger isotope shift, around twice 

that of the HR mode. High resolution IETS measurements of the unidentified peak  are shown in
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Figure 2.4. Isotope Shifts of the CO Hindered Translation and Rotation Modes. (a) High resolution 

plot of the HR doublet low energy peak for all three isotopes. (b) Constant current topography of 

three CO isotopes arranged together by tip manipulation. Isotopes were assigned by measuring 

IETS peak positions prior to tip manipulation and are otherwise indistinguishable in STM 

topography. (d) STM-IETS of the HT doublet (left panel) and HR doublet (right panel) for all three 

isotopes. All HT spectra were taken with 300 µVRMS bias modulation at 311.11 Hz, averaged over 

80 passes, while all HR spectra were taken with 600 µVRMS bias modulation, averaged over 40 

passes. All peak positions displayed are the average of positive and negative bias and peak position 

indicators for 12C16O are included for all spectra to aid comparison. 
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Fig. 2.5(a) for all three isotopes adsorbed on the terrace, without background subtraction. While 

the signal strength is low owing to the greatly decreased IETS cross section compared to the HR 

fundamental, an obvious isotope shift of ~ 0.90 mV for the 13C16O species compared to ~ 0.35 mV 

for 12C18O strongly suggests that the new vibration mode is the ν = 0 to ν = 2 HR overtone 

excitation. Another key finding is that the overtone exhibits an anharmonicity of ~ 1.5 % (see 

Supporting Materials). In addition, the overtone appears as a doublet with the higher energy peak 

curiously having significantly lower intensity than the lower energy peak. A schematic diagram 

depicting the overtone excitation for example harmonic and anharmonic potentials is shown in 

Fig. 2.5(b).  

As the signal strength for the HR overtone is significantly stronger on the tip than on the 

terrace, high resolution measurements of the vibrational spectrum were repeated one at a time for 

each CO isotope adsorbed on the tip. The CO molecules were controllably transferred to the same 

metal tip apex termination and back to the surface in all cases.  Plots of HR and HR overtone 

measurements are shown in Fig. 2.5(c). In contrast to the Ag(110) top site, the symmetric Ag tip 

is a more isotropic adsorption geometry and the HR doublet remains degenerate. For this reason, 

the HR overtone would be expected to appear as a solitary, more intense peak. The HR mode of 

the CO isotopes adsorbed on the tip in Fig. 2.5(c) follow the same isotope shifts as on the terrace 

in Fig. 2.4(d), and the HR overtone indeed appears as a single, more intense peak which also 

follows the same isotope shifts, yielding a consistent anharmonicity across isotopes of  1.9 % ± 

0.15%. Based on the CO isotope measurements on the terrace and on the tip, a definitive 

assignment of the new peak as the HR overtone can be made. 

An anisotropic adsorption environment can give rise to anisotropy in a molecule’s motion 

within that environment. This is observable as direction-dependent diffusion rates  [68] or 
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Figure 2.5. Isotope Shifts of the CO Hindered Rotation Mode Overtone. (a) IETS measurements 

of the HR overtone for all three isotopes adsorbed on the terrace taken with bare Ag tip. Each 

spectra was acquired with 1.5 mVrms bias modulation at 471 Hz, averaged over 160 passes. (b) 

Schematic diagram illustrating the anharmonicity in vibrational energy level spacings for the HR. 

A harmonic potential is displayed in blue and a model anharmonic potential is displayed in red. 

Both potentials are functions of the vibration coordinate θ, visualized as the angle the Ag-C bond 

axis makes with the surface normal for conceptual simplicity.  (c) STM-IETS of the HR (left panel) 

and HR overtone (right panel) for each CO isotope adsorbed on the tip. For all spectra in (a) and 

(c), peak positions are displayed as the average of positive and negative bias and peak position 

indicators for 12C16O are included to aid comparison. 
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inequivalent vibrational frequencies along different lattice directions  [69] as seen in this work. 

Another possibility is that the anharmonicity of a molecular vibration can be anisotropic [70]. 

While the Ag(110) surface has 2-fold D2h symmetry which lifts the degeneracy of the HR mode 

and its overtone, the weak signal and close energetic proximity of the HR overtone doublet peaks 

for CO adsorbed on the terrace makes precise determination of peak positions challenging. To 

examine the overtone in a more anisotropic environment where the HR doublet will split further, 

we repeated the CO isotope IETS measurements for CO adsorbed on the Ag(110) 110  step edge. 

Each CO isotope was transferred from the terrace to the tip, and then from the tip to the step edge 

in sequence. IETS measurements of the 12C16O HR and HR overtone are shown in Fig. 2.6(a). The 

HR spectra (top) shows a remarkable increase in the doublet splitting from ~ 1.7 mV on the terrace 

to ~ 2.6 mV on the [110] step edge, so that the peaks are now well separated. The HR overtone 

peaks (bottom) are also more separated which permits improved peak fitting. To provide a direct 

visualization of the anharmonicity among different isotopes and adsorption environments, a plot 

of the lower doublet peak positions of the HR overtone vs the HR fundamental is shown in Fig. 

2.6(b). The peak positions are featured with the standard errors of their peak fits and are compared 

with the y = 2 x line in order to emphasize the anharmonicity in each measurement. While the CO 

isotopes in the terrace and step edge geometries seem to have similar anharmonicities, the tip 

geometry has a noticeably larger deviation from the y = 2 x line and therefore a larger 

anharmonicity. Constant current topography of the three CO isotopes on the step edge taken with 

bare Ag tip is shown inset in Fig. 2.6(c). Topography taken with a CO terminated tip at close 

tunneling gap yields atomic resolution of the Ag(110) surface and confirms that CO adsorbs on 

the atop sites of the terminating atoms of the step edge (Supplementary Materials). A plot of the 

higher doublet peak positions of the HR overtone vs HR fundamental is shown in Fig. 2.6(c). In 
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Figure 2.6. STM-IETS of Three CO Isotopes Adsorbed on the [110] Step Edge. (a) STM-IETS of 

the HR (top) and HR overtone (bottom) for the 12C16O isotope. (b) Plot of HR overtone (HRO) vs 

HR low peak position for all measurements made in this work. Isotope is indicated by color and 

adsorption geometry by shape. Deviations from the 𝑦 =  2 𝑥 line provide a visual measure of the 

anharmonicity in the HR overtone. (c) Plot of HR overtone vs HR high peak position. Note the 

absence of the tip geometry due to the degeneracy of the tip HR/HRO peaks. Inset (c) is constant 

current topography of three CO isotopes transferred to the step edge by tip manipulation. The 

identity of each isotope is indicated. For all spectra, peak positions are displayed as the average of 

positive and negative bias positions. Error bars are given by the peak fit standard errors in the peak 

position.  
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this case the anharmonicity of the step edge peak seems greater than that of the terrace. A plausible 

physical explanation is that the anharmonicity is anisotropic, so that vibrations along the step edge 

are more (or less) harmonic than vibrations against (perpendicular to) the step edge. Curiously, 

while intuition might predict that the softer vibration direction ([001] direction) is more 

anharmonic, it seems that vibrations along the step edge have simultaneously blueshifted and 

become more anharmonic compared to CO on the terrace. This is unexpected, and we hope that 

these results will garner theoretical interest in accounting for this observation. 

 In summary, STM-IETS measurements of three CO isotopes in several adsorption 

geometries on Ag(110) conclusively demonstrate the observation of overtone vibrations with 

IETS and provide the first adsorption site-specific measurements of vibration anharmonicity at 

the single-molecule level. Our experimental results constitute a series of simple, well 

characterized benchmark geometries for the theoretical treatment of overtones in STM-IETS and 

further lends credence to recent assignments of phonon overtones in IETS measurements of 2D 

materials  [71,72], C=C and C-H bending mode overtones in cross-conjugated molecular 

junctions  [59] and an N-H bending overtone Fermi resonance in STM dI/dV measurements of 

porphycene on Cu(110)  [47] . 
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2.4 Supplementary Materials 

 

2.4.1 Distribution of CO Isotopes on the Ag(110) Surface 

To characterize the distribution of isotopes on the surface, a survey of HR IETS peak positions 

was conducted for 28 CO molecules, with the results presented as a plot of high HR peak position 

vs low HR peak position in Fig. 2.7. The distribution of peak positions falls into three groups, 

verifying the presence of three different isotopes on the surface. Some of the variation in the peak 

positions for each isotope can be attributed to the use of multiple tip terminations used over the 

course of the 28 measurements as well as lower averaging (4-10 passes averaged) used for efficient 

data-acquisition. 

 

2.4.2 Determination of CO Binding Site on the Step Edge 

 

To determine the binding site of CO molecules deposited from the tip apex to the step edge, another 

CO molecule can be transferred to the tip and scanned over a CO on the step edge at small tunneling 

gap in order to achieve atomic resolution of the surface as seen in Fig. 2.8. CO molecules were 

found to appear as ellipses with semi-minor axis oriented along the [110] direction and a 

protrusion in the center when scanned with a CO tip at feedback setpoint 10 mV/0.5 nA. As this 

elliptical shape was seen with all CO tip terminations across many tip apex conditions and 

experiments, we believe this is caused by anisotropic relaxation of the CO on the terrace toward 

the CO on the tip as the tip is approached laterally toward the terrace CO. In all cases we found 

that CO takes the Ag(110) atop site on the terrace as well as the terminating step edge.  
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Figure 2.7. Hindered Rotation Peak Positions for 28 CO Molecules. The peak positions are plotted 

as points on a graph of high doublet peak position vs low doublet peak position, so that each point 

corresponds to two peaks (high and low). Errors in the peak fits are displayed as semi-transparent 

rectangular boxes centered on each point. d2I/dV2 measurements were performed with either 600 

µVRMS or 1 mVRMS bias modulation. The isotopes fall into three groups, with the assignment shown 

in the figure obtained from the high-resolution spectra shown in the main text. 



63 
 



64 
 

Figure 2.8. Determination of CO Adsorption Site on the [110] Step Edge. (a) Constant current 

STM topography with bare metal tip acquired with tunneling setpoint 10 mV/0.3 nA and image 

size 80 × 80 Å. (b) Constant current STM topography with CO-terminated tip acquired with 

tunneling setpoint 10 mV/0.5 nA and image size 64 × 64 Å. The Ag(110)  lattice mesh is overlaid 

for clarity. The bright object at the bottom right is a single Ag atom deposited onto the surface 

from controlled contact between the tip and substrate. 
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2.4.3 Additional STM-IETS Measurements of CO 

 

STM-IETS measurements of the HT mode for all three CO isotopes attached to the tip as 

well as HR and HR overtone modes for CO adsorbed on the step edge for the 13C16O and 12C18O 

isotopes were omitted from the main text for brevity but are included here for completeness. These 

spectra are shown in Fig. 2.9.  

Fitted peak positions for all measurements across isotope and adsorption site are shown in 

Tables 2.1 – 2.3. 

Additional information regarding the calculation of errors and anharmonicities can be 

found in the Appendix.
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Figure 2.9. Additional STM-IETS Measurements of CO Molecules. (a) HT spectra for all three 

isotopes adsorbed onto the STM tip. Note that this metal tip apex termination differed from the tip 

used for the HR and HR overtone spectra in Fig. 2.5(c) in the main text. (b) HT spectra for all three 

isotopes adsorbed onto the [110] step edge. All HT spectra were taken with 300 µVRMS bias 

modulation at 311.11 Hz. (c) HR spectra for all three isotopes adsorbed on the step edge, taken 

with 600 µVRMS bias modulation at 311.11 Hz. (d) HR overtone spectra of all three isotopes 

adsorbed on the step edge, taken with 2 mVRMS bias modulation at 471 Hz.  
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Table 2.1. Fitted Peak Positions, Errors and Anharmonicity for CO Adsorbed on the Ag(110) 

Terrace. 



70 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Terrace 

Hindered Translation Hindered Rotation 

Isotope 
Peak Position 

(mV) 
Avg. Peak 

Position (mV) 
Isotope 

Peak Position 
(mV) 

Avg. Peak 
Position (mV) 

12C16O 

-2.15 ± 0.05 
2.29 ± 0.03 

12C16O 

-18.40 ± 0.01 
18.60 ± 0.01 

2.43 ± 0.04 18.80 ± 0.01 

-2.93 ± 0.06 
3.09 ± 0.04 

-20.16 ± 0.02 
20.34 ± 0.01 

3.24 ± 0.04 20.52 ± 0.02 

13C16O 

-2.08 ± 0.04 
2.25 ± 0.03 

13C16O 

-17.87 ± 0.02 
18.06 ± 0.01 

2.41 ± 0.05 18.24 ± 0.01 

-2.87 ± 0.05 
3.04 ± 0.04 

-19.58 ± 0.02 
19.73 ± 0.01 

3.20 ± 0.06 19.88 ± 0.02 

12C18O 

-2.03 ± 0.07 
2.15 ± 0.05 

12C18O 

-18.26 ± 0.02 
18.46 ± 0.01 

2.27 ± 0.07 18.65 ± 0.01 

-2.71 ± 0.05 
2.91 ± 0.04 

-20.02 ± 0.02 
20.19 ± 0.01 

3.11 ± 0.06 20.36 ± 0.01 
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Table 2.1. (Continued). 

 
Terrace 

 

Hindered Rotation Overtone 

Isotope 
Peak Position 

(mV) 
Avg. Peak 

Position (mV) 
Percent 

Anharmonicity 
𝜒  ħ𝜔 

12C16O 

-36.75 ± 0.19 
36.74 ± 0.10 1.24 ± 0.27 0.0121 ± 0.0026 19.06 ± 0.11 

36.72 ± 0.08 

-39.94 ± 0.27 
40.01 ± 0.14 1.65 ± 0.35 0.0159 ± 0.0033 21.01 ± 0.15 

40.07 ± 0.10 

13C16O 

-35.77 ± 0.14 
35.80 ± 0.09 0.86 ± 0.26 0.0087 ± 0.0025 18.38 ± 0.09 

35.82 ± 0.11 

-39.40 ± 0.22 
39.18 ± 0.17 0.71 ± 0.43 0.0070 ± 0.0042 20.01 ± 0.18 

38.95 ± 0.27 

12C18O 

-36.25 ± 0.11 
36.31 ± 0.07 1.65 ± 0.20 0.0160 ± 0.0018 19.07 ± 0.15 

36.36 ± 0.09 

-39.51 ± 0.28 
39.72 ± 0.17 1.63 ± 0.42 0.0158 ± 0.0040 20.85 ± 0.17 

39.92 ± 0.18 
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Table 2.2. Fitted Peak Positions, Errors and Anharmonicity for CO Adsorbed on an Ag Tip. 
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Tip 

 

Hindered Translation Hindered Rotation 

Isotope 
Peak Position 

(mV) 
Avg. Peak Position 

(mV) 
Isotope 

Peak Position 
(mV) 

Avg. Peak 
Position (mV) 

12C16O 
-2.25 ± 0.03 

2.46 ± 0.02 12C16O 
-18.48 ± 0.01 

18.53 ± 0.01 
2.66 ± 0.03 18.58 ± 0.01 

13C16O 
-2.29 ± 0.03 

2.47 ± 0.02 13C16O 
-17.92 ± 0.01 

17.97 ± 0.01 
2.65 ± 0.03 18.02 ± 0.01 

12C18O 
-2.17 ± 0.03 

2.35 ± 0.02 12C18O 
-18.33 ± 0.01 

18.36 ± 0.01 
2.52 ± 0.02 18.39 ± 0.01 

Hindered Rotation Overtone 

Isotope 
Peak Position 

(mV) 
Avg. Peak 

Position (mV) 
Percent 

Anharmonicity 
𝜒  ħ𝜔 

12C16O 
-36.38 ± 0.04 

36.33 ± 0.03 1.97 ± 0.10 0.0190 ± 0.0009 19.26 ± 0.04 
36.28 ± 0.04 

13C16O 
-35.26 ± 0.04 

35.24 ± 0.03 1.95 ± 0.10 0.0187 ± 0.0009 18.67 ± 0.04 
35.22 ± 0.05 

12C18O 
-35.96 ± 0.05 

36.04 ± 0.04 1.85 ± 0.12 0.0179 ± 0.0011 19.04 ± 0.05 
36.12 ± 0.05 
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Table 2.3. Fitted Peak Positions, Errors and Anharmonicity for CO Adsorbed on the Ag(110) 

Step Edge. 
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Step Edge 

 

Hindered Translation Hindered Rotation 

Isotope Peak Position (mV) 
Avg. Peak 

Position (mV) 
Isotope Peak Position (mV) 

Avg. Peak 
Position (mV) 

12C16O 

-2.28 ± 0.07 
2.37 ± 0.05 

12C16O 

-17.75 ± 0.01 
17.98 ± 0.01 

2.45 ± 0.06 18.21 ± 0.01 

-3.11 ± 0.05 
3.20 ± 0.03 

-20.38 ± 0.01 
20.60 ± 0.01 

3.29 ± 0.04 20.81 ± 0.01 

13C16O 

-2.17 ± 0.05 
2.32 ± 0.04 

13C16O 

-17.22 ± 0.01 
17.45 ± 0.01 

2.47 ± 0.07 17.68 ± 0.01 

-2.98 ± 0.04 
3.16 ± 0.04 

-19.73 ± 0.01 
19.95 ± 0.01 

3.34 ± 0.07 20.16 ± 0.01 

12C18O 

-2.05 ± 0.08 
2.17 ± 0.06 

12C18O 

-17.63 ± 0.01 
17.86 ± 0.01 

2.28 ± 0.09 18.08 ± 0.01 

-2.88 ± 0.07 
3.00 ± 0.05 

-20.20 ± 0.01 
20.42 ± 0.01 

3.11 ± 0.08 20.63 ± 0.01 
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Table 2.3. (Continued). 

 
Step Edge 

 

Hindered Rotation Overtone 

Isotope 
Peak Position 

(mV) 
Avg. Peak 

Position (mV) 
Percent 

Anharmonicity 
𝜒  ħ𝜔 

12C16O 

-35.47 ± 0.05 
35.51 ± 0.05 1.25 0.0122 ± 0.0014 18.43 ± 0.06 

35.55 ± 0.08 

-40.13 ± 0.10 
40.15 ± 0.07 2.55 0.0242 ± 0.0016 21.65 ± 0.08 

40.17 ± 0.11 

13C16O 

-34.39 ± 0.18 
34.30 ± 0.10 1.72 0.0166 ± 0.0027 18.05 ± 0.10 

34.21 ± 0.10 

-38.27 ± 0.44 
38.61 ± 0.24 3.23 0.0304 ± 0.0053 21.24 ± 0.24 

38.94 ± 0.19 

12C18O 

-35.26 ± 0.09 
35.35 ± 0.07 1.04 0.0101 ± 0.0020 18.23 ± 0.08 

35.44 ± 0.10 

-40.14 ± 0.20 
40.01 ± 0.13 2.03 0.0195 ± 0.0030 21.25 ± 0.13 

39.88 ± 0.16 
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CHAPTER 3 

Real-Space Visualization of Anisotropic Vibration  

Mode Coupling Between Two Molecules*

 

3.1 Abstract 

 

The adsorption potential of a molecule bonded to a surface can exhibit significant lateral 

anisotropy if the molecule or surface has broken symmetry. This anisotropy can be detected with 

inelastic electron tunneling spectroscopy where it manifests as non-degeneracy of lateral molecular 

vibration modes, but the stiff and soft vibration directions are not revealed. Here we show that 

anisotropy in the lateral stiffness of an adsorbate gives rise to characteristic asymmetries in the 

vibrational coupling strength with another nearby molecule which can be visualized in real space, 

allowing for the first time determination of the stiff and soft vibration directions at the single 

molecule level. 

 

 

 

 

 

 

 

                                                           
* This chapter by G. Czap, Z. Han, P. J. Wagner and W. Ho is prepared for submission to 
Physical Review Letters. 



83 
 

3.2 Article 

 

The binding potential energy surface of a molecule adsorbed on a surface determines the 

energy barrier for surface desorption and lateral diffusion  [1,2]. Lateral anisotropy in an 

adsorption potential can lead to anisotropies in the diffusion rates  [3–6] and vibrations  [7,8] of 

adsorbates, in turn leading to anisotropies in self-assembled layers or thin films  [9–12]. A 

complete understanding of an adsorbates behavior on a surface then requires knowledge of its 

adsorption potential energy surface in all three dimensions. 

Recently Han et al.  [13] reported the detection and characterization of vibration mode 

coupling between a carbon monoxide (CO) molecule attached to the STM tip and another CO 

adsorbed on the Ag(110) surface. The coupling resulted in the appearance of an anomalously high 

energy vibration mode that rapidly blueshifts as the vibration coupling strength increases. DFT 

calculations revealed that the new vibrational mode is an out-of-phase coupled hindered translation 

mode of both CO molecules roughly analogous to an optical phonon mode, with the CO molecules 

translating along the molecule-molecule axis. The strength of the intermolecular coupling was 

found to depend sensitively on the intermolecular separation as the CO on the tip apex was 

advanced toward the surface adsorbed CO, but thus far the dependence of this coupling on lateral 

position remains uninvestigated. 

Here we use CO-tip inelastic tunneling probe [14] to visualize contours of intermolecular 

vibration coupling strength in three dimensions. The images acquired for CO/Ag(110) reveal 

asymmetric features which are shown to directly arise from anisotropies in the lateral confinement 

potential of the surface-adsorbed CO. In contrast, images acquired for CO/Cu(001) lack these 

asymmetries which reflects the more isotropic adsorption environment. A new CO-CO mechanical 
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model based on the probe-tip model developed by Hapala et. al.  [15,16] is introduced and shown 

to reproduce the essential features of the IETS images.  

Experiments were performed in a sub-Kelvin STM with the sample held at 600 mK. The 

Ag(110) single crystal was cleaned by repeated Ne+ sputtering cycles following by annealing to 

750 K, while the Cu(001) surface was prepared similarly with annealing to 800 K. Ag and Cu tips 

were prepared via electrochemical etching and in-situ sputter and anneal cycles in vacuum.  CO 

molecules were dosed through a variable leak valve onto the Ag(110)/Cu(110) surfaces held at 25 

K. The surfaces were then subsequently cooled to 600 mK for measurements. CO molecules were 

transferred from the surface to the tip by scanning over the surface adsorbed CO with a metal tip 

at close tip-molecule distance. The presence of CO on the tip apex was verified by performing 

STM-IETS measurements over the clean metal surface. 

A schematic depicting the hindered translation (HT) vibration modes for CO/Ag(110) and 

the CO-tip are shown in Fig. 3.1(a – b). In the quantum harmonic oscillator approximation, the 

excitation energies of the HT mode are given by the relation Δ𝐸 = ℏ 𝑘 /𝜇 . As the CO-tip is 

approached to the surface-CO, intermolecular forces give rise to an effective coupling of the two 

molecule vibrations. In the simplest approximation, the two CO molecules at small intermolecular 

separation can be modeled as a two-mass three-spring coupled oscillator system as depicted in Fig. 

3.1(c). In this picture, each CO molecule experiences a lateral restoring force 𝑘 ∆𝑥 that works to 

maintain the vertical orientation of the molecule with respect to the surface normal, while 

intermolecular interactions arising from short range attractive or repulsive forces give rise to an 

effective intermolecular stiffness 𝑘 .  
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Figure 3.1. Schematic Diagrams and IETS Measurements of CO-CO Coupled Vibration Modes. 

(a) Depiction of the CO hindered translation mode of the surface-adsorbed CO and (b) tip-adsorbed 

CO. (c) Schematic of the CO-CO coupled oscillator system. The CO atoms can be approximated 

as a two-mass three-spring system consisting of point masses centered on each oxygen atom and 

a harmonic restoring force with stiffness 𝑘  attempts to restrain each CO in a vertically oriented 

geometry. Intermolecular attractive or repulsive forces are also treated in the harmonic 

approximation with stiffness 𝑘 , constituting the third spring in the model. (d) Plot of the two 

eigenfrequencies of the coupled vibration system. (e) Depiction of the optical 𝜔  and acoustic 𝜔  

modes. (f) Topography of a surface-adsorbed CO molecule acquired with a CO-tip. (g) Series of 

point spectroscopy measurements acquired with a CO-tip at the locations indicated in (f). As the 

tip is positioned closer to the center of the surface CO, the HT mode is observed to split into two 

modes, with the higher energy mode rapidly blueshifting as the intermolecular separation is 

decreased. All spectra were acquired with 1.5 mVrms sample bias modulation at 311.11 Hz, 

averaged over 5 passes. 
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In the simplest approximation in which both the tip and surface 𝑘  are the same, resulting 

eigenmodes of the system then consist of an in-phase (acoustic) coupled oscillation with excitation 

energy  

∆𝐸 =  ℏ𝜔 = ℏ
𝑘

𝜇
 

and an out-of-phase (optical) oscillation with excitation energy 

∆𝐸 =  ℏ𝜔 1 +   . 

A plot of the ratio of the excitation energies is shown in Fig. 3.1(d), with each mode 𝜔  

and 𝜔  depicted schematically in Fig. 3.1(e).  

To investigate the lateral dependence of the vibration coupling strength, point spectroscopy 

measurements were acquired with a CO-terminated tip positioned over different locations of a CO 

molecule adsorbed on the Ag(110) surface as shown in Fig. 3.1(f – g). With the CO-tip positioned 

over the Ag(110) substrate or on the periphery of the surface CO, the HT mode energy is seen to 

be unperturbed, but as the tip is repositioned to locations closer to the center of the surface CO, 

the optical coupled mode 𝜔  emerges which continuously blueshifts as the CO-CO distance is 

reduced. The lateral spatial dependence of the vibration coupling strength, inferred from the 

amount of blueshift in 𝜔 , is therefore seen to be sensitive to repositioning in the lateral plane. 

The adsorption environment for CO on the Ag(110) atop site is anisotropic due to the broken lateral 

symmetry of the surface. Previous studies of CO adsorbed on Cu(110) using helium atom 

scattering (HAS) and time-of-flight electron stimulated desorption ion angular distribution (TOF-

ESDIAD) measurements demonstrated that the CO HT vibrations are nondegenerate due to the 

asymmetric lateral confinement potential, with the direction along [1 1 0] being more stiff than 

the [0 0 1] direction  [8,17]. Following this assignment we infer a similar anisotropy may exist for 
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CO/Ag(110), depicted schematically in Fig. 3.2(a). Confirmation of this anisotropy is obtained 

from IETS measurements of the CO/Ag(110) HT mode shown in Fig. 3.2(b) and are contrasted 

with the symmetric adsorption environment of an atomically-sharp Ag tip as inferred from the 

mode degeneracy observed for the CO-tip HT mode shown in Fig. 3.2(c). Further, mounting 

evidence suggests that CO-terminated tips will laterally bend (relax) at close tip-sample distances, 

leading to sharpening of contrast and introducing distortions in images  [15,16,18,19]. It is also 

believed that at close tip-sample distance, a CO adsorbed on the surface will similarly relax to or 

away from the tip apex depending on the position of the tip  [20–22]. To investigate whether this 

anisotropic lateral stiffness could result in spatially asymmetric vibration coupling to the tip-CO, 

a series of constant-height IETS images shown in Fig. 3.2(d – i) were acquired which visualize 

contours of vibration coupling strength in two dimensions. The images reveal a striking asymmetry 

at low bias, with the outer ring feature seen in Fig. 3.2(d) elongated along the [0 0 1] direction, 

whereas at intermediate bias the images become more symmetric. At the highest imaging bias 

shown in Fig. 3.2(i) which reveals locations correlated with strongest vibration coupling strength, 

the features are instead seen to be elongated along the [1 1 0] direction.  The asymmetries can be 

understood by considering the effect of the anisotropic lateral stiffness of the surface CO on lateral 

relaxations along the [0 0 1]  and [1 1 0] directions as depicted in Fig. 3.2(j – q). First, as the CO-

tip is laterally approached from afar, attractive van der Waals forces will cause the tip-CO and 

surface-CO to bend toward each other  [22]. However, since the lateral stiffness of the surface-CO 

is anisotropic, it will bend more along the soft direction and bend less along the stiff direction. If 

the outer ring feature observed in Fig. 3.2(d) represents the onset of CO-CO interactions or simply 

the radius at which IETS signal from the surface-CO starts to contribute to the overall signal, there 

is likely a threshold intermolecular distance at which the ring contrast begins to appear. The 



89 
 

Figure 3.2. IETS Measurements of CO/Ag(110) Acquired with Ag-tip and IETS Imaging Series 

Acquired with CO-tip. (a) Depiction of the lattice orientation with the stiff and soft bending 

directions indicated with a short blue and long red arrow respectively. (b) IETS spectrum of the 

CO/Ag(110) HT vibration mode. Two distinct peaks at 2.1 and 3.0 mV are resolved which indicate 

the vibration is non-degenerate. (c) Similar measurements acquired with a CO-tip positioned over 

the Ag(110) substrate away from other adsorbates. IETS spectra in (b – c) were acquired with 300 

µVrms sample bias modulation, averaged over 40 passes. (d – i) Constant-height IETS imaging 

series acquired at different sample bias voltages. For all images, IETS signal was acquired with 

𝑉  = 1.5 mV bias modulation at 471 Hz and are 12 Å × 12 Å square, 64 × 64 pixels.   (j – o) 

Corresponding IETS simulation using the modified mechanical model described in the main text. 

For the simulation, the initial tip height is set to 5 Å defined as the distance from the surface to the 

terminating oxygen atom of the CO-tip in the unrelaxed (vertical) position. In both the 

experimental and simulated images, features revealed at low bias voltage are elongated along the 

[0 0 1] direction while images corresponding to maximal vibration coupling strength are elongated 

along [1 1 0]. 
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surface-CO bending along the soft [0 0 1] direction will therefore cause this threshold radius to be 

reached at a further lateral tip position compared to the stiff direction as depicted in Fig. 3.2(j – k), 

resulting in an elongated ring feature along the soft direction as observed in experiment. On the 

other hand, when the tip-CO is positioned over the center of the surface-CO at close tip-surface 

distance, the CO molecules can instead be assumed to bend away from each other due to short-

range repulsive forces  [20,22]. In this situation the stiffness anisotropy of the surface-CO will 

have the opposite effect on the imaging as depicted in Fig. 3.2(l – m). The features observed in 

Fig. 3.2(i) correspond to the regions where maximal CO-CO coupling strength is found, which in 

turn will correlate with the smallest CO-CO intermolecular separations. The surface-CO will then 

bend more away from the tip along the [0 0 1] direction as compared to the [1 1 0] direction, 

making it more difficult to decrease the intermolecular separation which is required to maximize 

coupling strength. The result is that features in IETS images which correspond to large CO-CO 

coupling strength will appear narrow along the [0 0 1]  direction and elongated along the [1 1 0] 

direction, which is also observed in experiment.  

The above argument gives a plausible justification for the distortions in the images, but 

other effects such as orbital asymmetries of the surface-CO imposed by the anisotropic adsorption 

environment or IETS selection rules could also be factors. To test whether stiffness anisotropy 

alone can give rise to these effects, a two-CO mechanical model has been developed which is 

based on the probe-tip model developed by Hapala et al. to successfully simulate AFM, STM and 

IETS images acquired with CO-tips  [15,16,22]. The model presented here has been modified to 

allow both CO molecules to relax to minimize forces, includes anisotropic lateral stiffness for the 

surface-CO, and includes a decaying exponential cutoff for the IETS signal contributions from the 

surface-CO. Further details of the model can be found in the next section. Simulated IETS images 



92 
 

from the model calculation are shown in Fig. 3.2(r – w). Indeed, the low bias image is elongated 

along the soft direction (red line) relative to the stiff direction (blue line) while the high bias image 

is shortened along the soft direction relative to the stiff direction. 

As further confirmation that anisotropy in the lateral stiffness gives rise to the distortions 

seen in the IETS images, the experiments were repeated for CO/Cu(001) in which the CO 

adsorption environment is more isotropic. In IETS measurements of the CO HT mode acquired 

with bare Cu tip, shown in Fig. 3.3(a), and CO-tip shown in Fig. 3.3(b), the HT mode is seen to be 

degenerate on both the surface and tip adsorption sites. An IETS imaging series similar to the one 

acquired for CO/Ag(110) shown in Fig. 3.3(d – i) reveals symmetric features at both low bias and 

high bias, with a mechanical model simulation using isotropic 𝑘  and 𝑘  values derived from 

the IETS measurements producing the same result (Fig. 3.3(j – o)). While the qualitative agreement 

is excellent for high bias images, noticeable differences appear in the low bias images in which a 

grid-like array of features matching the substrate lattice symmetry appears. In addition, a dark 

“cross” shaped pattern appears centered over the surface-CO molecule which also follows the 

lattice symmetry. A possible explanation for this discrepancy is the fact that the imaging series 

acquired for CO/Cu(001) shown in Fig. 3.3(d – i) were obtained at a closer tunneling setpoint (10 

mV/300 pA) compared to the imaging series acquired for CO/Ag(110) in Fig. 3.2(d – i) which 

used 10 mV/80 pA. Accordingly, the closer tip-surface distance for the images obtained on 

Cu(001) could mean that the tip-CO is mechanically interacting with the Cu atoms of the substrate 

in addition to the surface-CO, giving the additional contrast features not observed in the simulation 

in which no surface atoms are included. 
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Figure 3.3. IETS Measurements of CO/Cu(001) Acquired with Cu-tip and IETS Imaging Series 

Acquired with CO-tip. (a) Depiction of the lattice orientation with both CO bending directions 

depicted as stiff. (b) IETS measurements of CO/Cu(001) and (c) CO-tip similar to those acquired 

in Fig. 3.2(b – c).  In contrast to the measurements on Ag(110), the HT modes are degenerate in 

both cases. (d – i) Constant-height IETS imaging series of CO-tip/CO-Cu(001) acquired at 

different sample bias voltages. For all images, IETS signal was acquired with 1.5 mVrms bias 

modulation at 471 Hz and are 12 Å × 12 Å square, 64 × 64 pixels.   (j – o) Corresponding IETS 

simulation using the modified mechanical model described in the Supplement. In both the 

experimental and simulated images, features are observed to be symmetric in contrast to those 

observed for CO/Ag(110). 
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To examine the consequences of acquiring images at close tip-surface distance, a series of 

constant-height IETS images for CO/Ag(110) was acquired at several different tip heights as 

shown in Fig. 3.4 (a – h), with a corresponding mechanical model simulation shown in Fig. 3.4 (i 

– p). Both the experimental images and simulations reveal an enlargement of the outer ring 

diameter and sharpening of the outer ring observed in the 1.7 mV images (Fig. 3.4(a – d) and Fig. 

3.4(i – l)) as the tip is approached closer. The 5 mV images (Fig. 3.4(e – h) and Fig. 3.4(m – p)) 

similarly exhibit a diameter enlargement, which arises from the increased lateral coupling strength 

at increasing lateral intermolecular distance as the tip is approach closer to the surface. Absent 

from the simulation however is the brightening of background contrast observed at the closest tip-

surface distance. This brightening is similar to the affect seen in the Cu(001) imaging series, which 

supports the conclusion that at close tip-surface distance the CO-tip begins to interact with the 

substrate atoms in addition to the surface-CO. 

In conclusion we have shown that by imaging contours of vibrational coupling strength 

between a molecule attached to the STM tip and an adsorbed molecule, (a)symmetric features are 

observed which directly correlate to (an)isotropies in the lateral stiffness of the surface molecule. 

Our findings are corroborated by a semi-classical model that considers the (an)isotropic relaxations 

of the CO molecules. These results provide a novel means to probe the local environment of a 

molecule adsorbed on a surface, allowing for the first time a measurement of the directions 

corresponding to different magnitudes of lateral stiffness of a single molecule. Combined with the 

quantitative measurement of the lateral stiffness magnitudes made possible by conventional STM-

IETS vibration spectroscopy, a more complete understanding of the adsorption environment can 

be obtained.  We envision that this technique could be used to probe the changes in the lateral 
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Figure 3.4. Coupled-Vibration Imaging Series at Varying Tip-Surface Distances.  (a – d) Constant-

height IETS imaging series of CO/Ag(110) acquired a CO-tip and with bias voltages 1.7 mV and 

(e – h) 5 mV. For all images, IETS signal was acquired with 𝑉  = 1.5 mV bias modulation at 

471.11 Hz and are 12 Å × 12 Å square, 64 × 64 pixels. The 0 Å tip height was defined by turning 

off the STM feedback over the center of the surface CO at tunneling setpoint 80 mV/100 pA. (i – 

h) Corresponding mechanical model simulation at heights chosen to match the approximate height 

spacing in the experimental imaging series. 
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potential energy surface of molecules adsorbed near surface defects or as they form bonds with 

other molecules adsorbed nearby. 

 

3.3 Supplementary Materials 

 

3.3.1 Details of the CO-CO Mechanical Model 

 

 The CO-CO Mechanical Model used in this work is based on the model developed 

in  [15,16] and is also similar to the model used in  [22]. Essentially, each CO molecule experiences 

a binding force �⃗� (𝑟 , 𝑟 ) which anchors it to its respective metal atom, and an intermolecular 

interaction force �⃗� (𝑟 , 𝑟 ) which is responsible for both the bending (relaxation) of the CO 

away from its equilibrium binding orientation as well as intermolecular coupling of the vibration 

modes. The Fast Inertial Relaxation Engine algorithm  [23] is used to iteratively perturb the 

position of each CO molecule simultaneously until the sum of all forces for each is below a 

threshold value, then the eigenvectors and eigenvalues of the system are computed using the 6 × 6 

Hessian matrix. The eigenvalues that correspond to lateral vibration modes are then taken to be 

analogous to the HT mode of the CO molecule. Finally, an IETS image simulation is computed by 

approximating each computed HT eigenvalue as a Gaussian peak, then the sum of these peaks is 

computed to simulate a spectrum. Finally, the IETS signal intensity at each pixel is computed by 

sampling the simulated spectrum at a chosen imaging bias. A schematic diagram depicting the CO 

geometries and the forces acting on each CO is provided in Fig. 3.5. 

In the model the tip and surface CO molecules, referred to hereafter as the tip-CO and surf-CO, 

are each approximated as an oxygen atom located at a position that corresponds to the oxygen- 
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Figure 3.5. Schematic Diagram of the CO-CO Mechanical Model Geometry and Forces. (a) Side-

view depicting both the tip-CO and surface-CO bending from vertical orientations under the action 

of attractive intermolecular forces �⃗� ,  (orange). Radial forces �⃗� ,  (green) work to fix each 

oxygen atom on a spherical surface (green dashed lines) centered on its corresponding metal atom. 

Lateral restoring forces �⃗� ,  (blue, red) work to try to keep each CO vertically oriented. The metal-

oxygen distance 𝐷  is assumed the same for both CO. The tip height ℎ is defined to be the 

vertical (𝑧) distance from the surface metal atom to the tip-CO oxygen atom in the vertical 

orientation (unrelaxed).  (b) Top-down view of the same geometry showing the lateral restoring 

forces broken into X-Y components. The effective lateral stiffness coefficients for the tip-CO are 

assumed to be equal (𝑘 = 𝑘 ) while for the surface-CO 𝑘 ≠ 𝑘  for CO/Ag(110) and 𝑘 = 𝑘  

for CO/Cu(001). 
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metal distance calculated to be ~ 3 Å for Ag(110)  [13], so that 𝑟 ≈ 𝑟  for each CO. This 

approximation is used under the assumption that the terminating atom of each molecule (the 

oxygen atom) experiences most of the intermolecular forces. The metal atom of the surface-CO is 

located at (0,0) (the center of the image) while the metal atom of the tip-CO is centered laterally 

on each pixel to be calculated in the image. The tip-CO and a surface-CO are confined to their 

respective metal atoms via the binding force �⃗�  which in turn consists of a radial restoring force 

and a harmonic lateral restoring force. The radial force is modeled as a pairwise Lennard-Jones 

potential which works to fix the oxygen atom of each CO molecule to a sphere centered on its 

corresponding metal atom (an approximation also used in Hapala’s Probe Tip model) while the 

lateral restoring force is modeled as a linear restoring force works to keep each CO vertically 

oriented relative to the surface plane. Importantly, for the surface-CO the lateral restoring force is 

allowed to be anisotropic, with 𝑘  and 𝑘  values obtained from the measured peak positions in 

Fig. 3.2(b – c). using the relation Δ𝐸 ≈ ℏ 𝑘 /𝜇 . The intermolecular force �⃗� (𝑟 , 𝑟 )  is also 

a pairwise Lennard-Jones force, where again for simplicity only oxygen-oxygen atom interactions 

are considered and the carbon atoms and Ag atoms are neglected. The sum of all forces acting on 

each oxygen atom can then be written as (using the surface oxygen as an example): 
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�⃗� = �⃗� (𝑟 , 𝑟 ) + �⃗� (𝑟 , 𝑟 )  

where 

�⃗� = −𝐸 (𝑟 − 𝑟 ) 12
(𝐷 )

‖𝑟 − 𝑟 ‖
− 12

(𝐷 )

‖𝑟 − 𝑟 ‖
  

−𝑘 (𝑥 − 𝑥 )𝑥  − 𝑘 (𝑦 − 𝑦 )𝑦  

and 

�⃗� = −𝐸 (𝑟 − 𝑟 ) 12
( )

⃗ ⃗
− 12

( )

⃗ ⃗
 . 

Here 𝐸 = 4 𝑒𝑉 is an artificially strong binding energy which secures the oxygen atom to a 

sphere centered on its metal atom, 𝐷 = 3 Å is the oxygen-metal separation in the unperturbed 

geometry, 𝐸 = 9.106 𝑚𝑒𝑉 defines the oxygen-oxygen interaction strength, 𝑅 = 1.661 Å 

defines the oxygen-oxygen interaction radius, and 𝑘 , 𝑘  are obtained from experimentally 

measured peak positions using 𝑘 = 𝜇
ℏ

 and 𝑘 = 𝜇
ℏ

. The effective mass 𝜇 is taken to 

be the mass of the oxygen atom at 16 a.u. for simplicity and the Δ𝐸  values are assigned to the 

measured peak positions following the convention that the soft direction (lower energy peak) is 

along 𝑥. 

Once the sum of all forces acting on each oxygen atom is less than 10-7 eV/Å (arbitrarily 

chosen), the Hessian matrix is computed as: 
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and then the Hessian is diagonalized to obtain the eigenvectors and eigenvalues. The eigenvalues 

represent effective 𝑘 values which are then converted to excitation energies. Since the radial 

binding force is non-physical and non-empirical, the vertical vibration modes are discarded and 

only the lateral vibration modes (4 in total) are used for the imaging simulation. 

Next, for the IETS simulation the same method is used as in  [16] to simulate the IETS 

spectrum, in which each of the four eigenvalues is modeled as a Gaussian peak with a full-width-

at-half-maximum given by the approximation 𝑊 ≈ 1.7 𝑉 , where 𝑉  is the root-mean-

square bias modulation amplitude used for the lock-in measurement of the 𝑑 𝐼/𝑑𝑉  measurement 

and both the intrinsic and temperature broadening are neglected. In the present work the 

modulation bias amplitude was 1.5 m𝑉 , leading to a broadening of 2.55 mV. Compared to the 

~ 0.3 mV temperature broadening at T = 600 mK, the modulation broadening is then the majority 

contribution to the overall broadening. 

Another new feature in this model is the inclusion of a damping term which reduces the 

contributions to the IETS signal intensity at each pixel that come from the surface-CO vibration 
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modes as a function of intermolecular distance. The motivation for this correction is that when the 

tip is positioned laterally far away from the surface-CO, the IETS signal intensity will be coming 

from only the tip-CO as no tunneling into the surface-CO is possible. As a first approximation the 

damping can be expected to follow an exponential dependence on intermolecular distance, 

supposing that the IETS contributions from the surface-CO are proportionate to the overall 

tunneling current entering the surface-CO molecule. The resulting correction to the IETS signal 

intensity at a given pixel is 

 

𝑠𝑖𝑔𝑛𝑎𝑙 =
𝑣 , + 𝑣 ,

�⃗�𝒊,𝒙𝒚

+ 𝑒
  

 𝑣 , + 𝑣 ,

�⃗�𝒊,𝒙𝒚

𝑒
 
( )

 

where �⃗�𝒊,𝒙𝒚 = 𝑣 ,  𝑥 + 𝑣 ,  𝑦 + 𝑣 ,  𝑥 + 𝑣 ,  𝑦  is the lateral component of the eigenvector �⃗�𝒊 

corresponding to calculated eigenvalue 𝜖 , 𝑉  is the imaging bias,  𝛼 is a tunable parameter that 

represents the decay rate of the surface-CO wavefunction into the vacuum, 𝑟  is the oxygen-

oxygen intermolecular distance in the relaxed geometry, 𝑟  is a distance offset that serves to set 

the scale of the damping amplitude and 𝜎 =
√

 . The parameter 𝛼 was chosen to be 0.5 Å based 

on a visual comparison of several chosen values with the experimental data, with 𝑟 = 3 Å  held 

constant and is only meant to capture the qualitative behavior of including the signal damping. The 

damping is seen to be necessary to reproduce the outer ring feature observed in low bias IETS 

images. Example simulated IETS images with different values of 𝛼 are shown in Fig. 3.6. No outer 

ring feature is observed in the absence of surface-CO IETS signal damping or if the damping 

parameter is too small, whereas if the damping parameter is too large the outer ring feature is too 

thick compared with experiment (Fig. 3.2).  
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Figure 3.6. CO-CO Coupled Vibration Imaging Simulations for Different Values of Signal Decay 

Length 𝛼. The use of the exponential decay parameter 𝛼 is seen to strongly affect the contrast of 

the 1.7 mV, 3 mV and 4 mV images while the rest are essentially unaffected. 
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CHAPTER 4 

Probing and Visualizing Superexchange Interactions  

with a Single Magnetic Molecule Scanning Sensor* 

 

4.1 Abstract 

 

Magnetic single atoms and molecules are receiving intensifying research focus due their 

potential as the smallest possible memory, spintronic and qubit elements. Scanning probe 

microscopes used to study these systems have benefitted tremendously from new techniques which 

use molecule-functionalized tips to dramatically enhance spatial resolution and enable new sensing 

capabilities. Here we demonstrate a new microscopy technique which uses a magnetic molecule 

probe-tip to sense spin-exchange interactions with magnetic adsorbates in continuously-tunable 

three dimensions. We further use the probe to obtain spectroscopic images which visualize 

contours of exchange interaction strength in two dimensions, revealing locations of high surface 

spin density and Ångström-scale regions where the quantum states of the sensor and target become 

mixed. Our results demonstrate that well-characterized single molecule magnets can be used to 

enable new imaging capabilities on the nanoscale, with sensing modes tunable through chemical 

design. 

 

 

 

                                                           
* This chapter by G. Czap, P. J. Wagner, F. Xue, L. Gu, J. Li, P. Wang, J. Yao, R. Wu and W. Ho 
is prepared for submission to Science. 
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4.2 Article 

 

Magnetic single atoms and molecules represent the ultimate spatial limit in magnetic 

memory storage, spintronics, and fundamental studies of spin-spin interactions  [1]. Due to recent 

breakthroughs in improving the excited spin state lifetimes  [2,3], magnetic remanence 

temperatures  [4] and spin coherence lifetimes  [5–7] in these systems, they are now also being 

reconsidered as platforms for spin-based quantum computation  [8,9]. There is a pressing need to 

develop new techniques capable of exploring how these nano-scale spin systems interact with their 

local environment. 

 In this context, scanning probe microscopy (SPM) techniques offer unique experimental 

advantages due their ability to image single atoms and molecules as well as characterize their 

adsorption environments. In addition, SPM can be used to study the spin configurations of 

magnetic atoms, molecules, nanostructures and thin films using inelastic electron tunneling 

spectroscopy to perform spin-flip spectroscopy  [10–12] or the use of magnetized metal tips to 

probe spin density of states via spin polarized scanning tunneling microscopy  [13], sense magnetic 

exchange forces with atomic force microscopy  [14,15], measure spin excited state lifetimes in 

pump-probe schemes  [16], and resolve electron paramagnetic resonance of single atoms  [17]. 

Over the last decade, SPM tips functionalized by single molecules have been shown to 

provide unprecedented spatial resolution  [18,19]. In these schemes, the single molecule at the tip 

apex behaves as a highly localized sensing device with functionality tunable through chemical 

design, capable of detecting e.g. short range intermolecular forces  [20–22] or electrostatic 

fields  [23,24] generated by other nano-objects. However, despite the breadth of spin properties 

and sensor functionality that designer magnetic molecules could in principle provide, the use of 
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magnetic molecule tips as sensors of local magnetic fields or spin-spin interactions has yet to be 

demonstrated. Recently it was shown that single nickelocene molecules retain their S = 1 spin 

triplet ground state upon absorption onto the Cu(100) surface or Cu tip apex  [25,26], and are 

therefore a promising candidate for realizing a molecular spin tip sensor. 

Here we probe, characterize and visualize spin-spin interactions between a nickelocene 

(NiCp2) molecule attached to a scanning tunneling microscope (STM) tip and another NiCp2 

molecule adsorbed on a Ag(110) surface. By performing inelastic electron tunneling spectroscopy 

(IETS) measurements of spin-flip excitations as a function of tip-surface distance, spin-spin 

coupling is revealed to emerge at small intermolecular separations and shown to originate 

primarily from antiferromagnetic superexchange interactions which act across the vacuum gap 

between the molecules. We further demonstrate molecular spin-probe imaging of a magnetic 

adsorbate by acquiring a series of IETS images which directly visualize contours of exchange 

interaction strength in the lateral plane above the surface, revealing highly localized regions of 

spin density and quantum state mixing.  

Experiments were performed in a home-built ultra-high vacuum STM with base 

temperature of 600 mK and a magnetic field of up to 9 T oriented normal to the surface plane. 

NiCp2 molecules adsorbed onto Ag(110) are imaged as tall, elliptical donuts with semi-major axes 

oriented along the [001]  lattice direction (Fig. 4.1A-B). After positioning the STM tip over the 

center of a NiCp2 molecule and performing IETS measurements, a peak is observed at 3.81 mV 

(Fig. 4.1C) which exhibits Zeeman splitting of 2𝑔𝜇 𝐵  in the presence of an external magnetic 

field (Fig. 4.1D) with an effective magnetic moment of 1.78 𝜇 . These findings indicate that the 

adsorbed molecules retain their gas phase S = 1, ms = 0 spin triplet ground state, with the IETS 

peaks corresponding to ms = 0 → ms = ± 1 spin-flip excitations as seen in previous STM-IETS 
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Figure 4.1. Zeeman Effect Measurements of Single and Two-NiCp2 Spin Systems. (A) Schematic 

diagram of STM measurements and (B) constant height topography of single NiCp2 molecules 

acquired with Ag tip, image size (20 Å × 20 Å). The tip was positioned over the center of the 

molecule at feedback setpoint 10 mV/40 pA, then feedback was turned off before acquiring the 

image. (C) STM-IETS measurements of NiCp2 at Bext = 0 T (black) and 4 T (green) acquired with 

Ag tip and 200 µVRMS lock-in modulation. (D) Measured NiCp2 spin-flip peak positions as a 

function of Bext. (E) Schematic diagram and (F) constant height topography of NiCp2 acquired with 

NiCp2-tip, image size (20 Å × 20 Å). (G) STM-IETS measurements of the NiCp2-tip/NiCp2-surf 

system at Bext = 0 T (black) and 4 T (green) acquired with 200 µVRMS lock-in modulation, with 

only positive bias shown for clarity. Inset spectra were taken with smaller bias spacing and more 

averaging. (H) Measured spin-flip peak positions as a function of Bext for NiCp2-tip/NiCp2-surf. 

The peak positions shown in both (D) and (H) are the average of positive and negative bias peak 

positions. (I-J) Energy level diagrams depicting excitations from the ground state to various single 

spin-flip (SSF) and double spin-flip (DSF) excited states for the single NiCp2 (I) and two-NiCp2 

(J) spin systems. 𝐸  is an assumed spin-spin interaction energy and 𝐸 = 𝑔 𝐵 . 
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experiments of NiCp2 on Cu(001)  [25,26]. The 3.81 meV zero field splitting is caused by intrinsic 

magnetic anisotropy within the molecule, with the spin hard axis aligned with the molecular (Z) 

axis  [27,28].  

By approaching the STM tip toward the surface  [29], the single NiCp2 molecule can be 

transferred to the tip. Similar spectroscopic measurements as Fig. 4.1C-1D obtained with the 

resulting NiCp2-tip positioned above the Ag(110) surface yield a slightly higher magnetic 

anisotropy energy 3.97 meV and magnetic moment 1.89 𝜇 , with some variation between tip 

terminations (Fig. 4.10)  [29]. When the NiCp2-tip is then positioned above another NiCp2 

adsorbed on the surface (Fig. 4.1E-F), IETS measurements reveal splitting of the 3.81 mV spin-

flip peak at zero field and a new peak at 7.35 mV (Fig. 4.1G). In an external magnetic field, the 

two lower energy peaks individually split due to the Zeeman effect, indicating that they both 

correspond to 𝑚 = 0 →  𝑚 = ± 1 single spin-flip (SSF) excitations. In contrast the new 7.35 

mV peak remains nearly unaffected by the magnetic field and is therefore assigned to an 

antiferromagnetic double spin-flip (DSF) excitation in which each molecule’s spins are flipped in 

opposite directions in an overall ∆𝑚 = 0 process as suggested by Ormaza et. al. in previous 

work  [25]. The ∆𝑚 = ± 2 (ferromagnetic) transitions are unobserved and are forbidden due to a 

spin angular momentum selection rule imposed by the spin  tunneling electron participating in 

the spin-flip excitation process.  

To understand the nature of the zero-field splitting of the NiCp2-tip/NiCp2-surf SSF peaks, 

which in principle could arise from intermolecular spin-spin interactions that are expected to 

depend sensitively on the spatial separation between the molecules, a series of STM-IETS 

measurements at different tip heights was performed (Fig. 4.2A-B) at low magnetic field (B = 1 

T)  [30]. For each spectroscopic measurement, the NiCp2-tip was positioned over the center of the  
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Figure 4.2. Probing Two-NiCp2 Spin-Spin Interactions as a Function of Intermolecular Separation. 

(A) STM-IETS measurements of NiCp2-tip/NiCp2-surf single spin-flip peaks as a function of tip 

height, acquired with 300 µVRMS lock-in modulation. The tip height ΔZ = 1.33 Å was defined by 

turning off the tunneling feedback loop at setpoint 70 mV/40 pA, with decreasing ΔZ 

corresponding to advancing the tip toward the surface. (B) STM-IETS measurements of double 

spin-flip transitions acquired at the same heights as in (A), using 200 or 300 µVRMS lock-in 

modulation  [29]. (C) Comparison of measured peak positions (points) vs calculated excitation 

energies (curves) from the model Hamiltonian. For each type of spin-flip excitation, one peak 

position is shown if peak splitting could not be convincingly resolved. The solid curves correspond 

to an exchange-only (𝐸 = 0, 𝜃 = 0) Hamiltonian and the light dashed curves correspond to 

a best-fit model in which the NiCp2-tip has a tilted geometry with respect to the surface normal 

(depicted schematically inset), with an angle that decreases at smaller intermolecular separations. 

Experimental peak positions at each tip height were assigned to a value of 𝐸  through a best fit 

of all measured peaks to the calculated excitation energies.  (D) Best-fit of 𝐸 (𝑧, 𝜃 (𝑧)) (green 

points) plotted on a semi-log scale. After measured peak positions at each height were individually 

fit to a pair of values (𝐸 , 𝜃 ), the resulting 𝐸 (𝑧) points were then fit to a decaying exponential 

(brown curve).  (E) Best-fit of 𝜃 (𝑧) (blue points) obtained from the same fitting procedure used 

in (D), with a 𝑧  fit to the dark blue points performed as the final step (see Supplemental Materials 

for more details). The best fit 𝐸 (𝑧) = 𝐸 𝑒 /  and 𝜃 (𝑧) = 𝜃 − 𝑅(𝑧 + 𝑧 )  functions were 

then used to create the relation 𝜃 = 𝜃 − 𝑅(−𝜆 ln(𝐸 /𝐸 ) + 𝑧 )  used in the model 

Hamiltonian to generate the light dashed curves shown in (C). 
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surface NiCp2 and then the STM feedback loop was turned off, after which the tip was advanced 

toward the surface from starting height ΔZ = 1.33 Å. The series of STM-IETS measurements 

reveal that as the NiCp2-tip approaches the NiCp2 molecule on the surface, the SSF peak begins to 

split and the DSF peak redshifts. As the intermolecular separation decreases further, the splitting 

of the SSF peak is seen to be asymmetric, with the lower energy peak redshifting less and the 

higher energy peak blueshifting more. At the smallest intermolecular separations, the DSF peak 

also begins to split in a similarly asymmetric manner. The shifting and splitting of spin-flip 

excitation energies as a function of intermolecular separation is the signature of spin-spin 

interactions. Importantly, the observed redshift of the antiferromagnetic DSF peak as the 

interaction strength increases demonstrates the interaction is antiferromagnetic in character.  

 The spin-spin interactions can be understood by considering a model Hamiltonian: 

𝐻 = 𝑔 𝐵 (𝑆 + 𝑆 ) + 𝐷 𝑆 + 𝐷 𝑆 + 𝐻   

The first term is the Zeeman energy of each spin in an external magnetic field, the next two terms 

are the axial magnetic anisotropy energies of the two molecules, and the final term 𝐻   is the 

spin-spin interaction Hamiltonian that can be assumed to consist of contributions arising from spin 

exchange and dipole-dipole interactions:  

𝐻 = 𝐸 (𝑆 ∙ 𝑆 ) + 𝐸 (𝑆 ∙ 𝑆 − 3(𝑆 ∙ �̂�)(𝑆 ∙ �̂�)),    𝐸 = −2𝐽,    𝐸 =
ℏ | |

  

Here 𝐸  is the exchange interaction strength and 𝐸  is the dipole-dipole interaction strength. In 

previous studies of spin-spin interactions between adsorbed magnetic metal adatoms it was 

observed that 𝐸  dominates over 𝐸  at small interatomic distances (< 1 nm), while at larger 

distances (> 1 nm) 𝐸  dominates  [31,32]. In the present experiment the exact intermolecular 

separation is not known, but the geometries of the molecules and the direction of the spin hard-

axes are known (�̂� ≈ �̂� ≈ �̂�). Accordingly, dipole-dipole interactions will favor ferromagnetic 
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coupling in this geometry, which is incompatible with the observed redshift of the 

antiferromagnetic DSF peak as the interaction strength increases. In combination with additional 

arguments presented in the Supplement  [29], we conclude that spin-exchange interactions are the 

dominant contribution to 𝐻 . Since the spin density is largely localized in Ni 3d orbitals, but the 

exchange occurs across the vacuum gap via cyclopentadienyl rings, the spin-spin interactions can 

be understood as arising from intermolecular antiferromagnetic superexchange, which has been 

observed before in bulk measurements of diluted NiCp2 crystals  [28] and NiCp2 

derivatives  [33,34].  

The eigenstates of 𝐻  in the two-molecule spin basis |𝑚  𝑚 ⟩ are found to be 

superposition states, with SSF excitations having the form 
√

(|±1 0⟩ ± |0  ± 1⟩). The 

wavefunction symmetric (+) and antisymmetric (−) states are energy degenerate for 𝐸 = 0 but 

split by ∆ = 2𝐸  in the presence of exchange interactions, permitting direct assignment of 𝐸  

from experimental measurements of the SSF peak splitting ∆. The antiferromagnetic DSFs are also 

superposition states of the form 
√

(|±1 ∓ 1⟩ ± |∓1 ± 1⟩), however in this case 𝐸  lifts the 

degeneracy of the two wavefunction symmetries in a different way. As 𝐸  increases, the (+) DSF 

state begins to mix with the |0 0⟩ ground state so that it now has the form 𝐴(|±1 ∓ 1⟩ +

|∓1 ± 1⟩) + 𝛼|0 0⟩,  where 𝛼 is a small mixing coefficient that grows with increasing 𝐸 . This 

mixing blueshifts the (+) DSF state energy but does not perturb the unmixed (−) DSF state, 

resulting in the observed splitting of the DSF peaks. At the same time, the now mixed ground state 

has the form 𝐵|0 0⟩ − 𝛽(|±1 ∓ 1⟩ + |∓1 ± 1⟩), where again 𝛽 is a small mixing coefficient that 

grows with increasing 𝐸 . In contrast to the mixed DSF state however, the ground state energy 

redshifts, and since measured peaks correspond to excitations from the ground state to various SSF 



119 
 

and DSF excited states, this ground state redshift produces the asymmetry in the SSF splitting as 

𝐸  increases. 

A comparison of the experimentally measured peak positions (black points) with the 

calculated excitation energies from the model Hamiltonian (solid curves) is shown in Fig. 4.2C. 

Interestingly, while the measured SSF excitation energies are nearly quantitatively accounted for 

by the model (thin red and blue curves), the DSF excitations are blueshifted by 0.1 - 0.25 meV 

with respect to the calculated values (solid pink and purple curves). This deviation could be caused 

by several factors not included in the model Hamiltonian, such as changes in 𝐷  and/or 𝐷  at small 

intermolecular separations, a small contribution from 𝐸 , or the possibility that the NiCp2-tip is 

tilted with respect to both the surface normal and the surface NiCp2 spin hard axis (Fig. 4.3C inset). 

However, changing 𝐷  or 𝐷  values results in significant blueshifts for both SSF and DSF 

excitation energies (qualitatively wrong) while contributions from 𝐸  must be unphysically large 

(see Supplement for a detailed discussion  [29]), indicating that a tilted tip geometry is the most 

likely cause of the small DSF energy deviation. DFT calculations for NiCp2 adsorbed on the Ag 

tip predict a tilted adsorption geometry of 10 º with respect to the surface normal (Fig. 4.7). We 

then conclude that the NiCp2-tip is tilted and incorporate the tilt angle of the NiCp2-tip into the 

model Hamiltonian by rotating 𝑆  by an angle 𝜃  about an axis parallel to the surface, resulting 

in a modified Hamiltonian 𝐻 → 𝐻 . A simultaneous two parameter fit of 𝐸  (Fig. 4.2D) and 

𝜃  (Fig. 4.2E) for the measured excitation energies at each height then reveals that the exchange 

interaction strength increases exponentially and the tilt angle decreases rapidly as the two 

molecules are brought close together (Fig. 4.2E). It is important to note that the best fit of 𝐸  at 

each height is only weakly perturbed by changes in 𝜃 , so that exponential behavior is found 

even if 𝜃  is neglected (Fig. 4.15). The exponential dependence of 𝐸  on the intermolecular 
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separation has magnitude 𝐸  ~ 2.0 meV and decay constant 𝜆 ~ 30 pm, consistent with similar 

observations for exchange interactions between magnetic metal SPM tips and magnetic adsorbates 

and surface layers  [14,15,32,35,36]. We note that for larger intermolecular separations ΔZ > 0.5 

Å for which 𝐸 < 0.5 meV, the effect of the tilt angle on the excitation energies is very small 

preventing a reliable fit of 𝜃 . In order to understand the qualitative effect of a decreasing tilt 

angle on the excitation energies predicted by 𝐻 , the 𝜃(𝑧) best fit values were then fit to a 𝑧  

function (supposing that the tilt angle changes linearly with van der Waals forces, although it 

should be emphasized that the exact functional dependence is unimportant in this qualitative 

picture), allowing correlation between values of 𝐸 (𝑧) and 𝜃 (𝑧) in 𝐻 . The resulting 

calculated excitation energies from 𝐻  are shown as light dashed curves in Fig. 4.2C and have 

substantially better agreement with experiment, particularly for the lower-energy DSF excitation 

(dashed pink curve).  Comparisons with other NiCp2-tip terminations (Fig. 4.16) reveal that they 

all exhibit varying amounts of this anomalous blueshift of the DSF excitation energy, suggesting 

most NiCp2-tips have a finite tilt angle.  

 The sensitivity of exchange coupling strength to intermolecular separation motivates the 

study of its lateral spatial dependence. STM-IETS measurements acquired with the tip held at 

constant height Z and positioned at different locations in the XY-plane are shown in Fig. 4.3. The 

exchange interaction strength inferred from the splitting ∆ of the SSF peak (𝐸 = ∆) can be seen 

to increase as the NiCp2-tip is laterally approached toward the surface NiCp2 and reaches a 

maximum when positioned directly over the bright spot in the topography (inset). The sharp 

increase in d2I/dV2 signal strength at the edges of each spectrum corresponds to the onset of the 

much more intense DSF peak. Curiously, the interaction strength is not symmetrically distributed 

about the center bright spot, decaying less rapidly above/to the left of the bright spot and more 
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Figure 4.3. Lateral Dependence of NiCp2/NiCp2 Exchange Interactions. STM-IETS Measurements 

of NiCp2/NiCp2 Spin-Flip transitions with the tip positioned at different locations in the XY-plane. 

Indicated peak positions are the average of positive and negative bias. All measurements were 

acquired with 500 µVRMS lock-in modulation. Inset: Constant-height STM topography of NiCp2 

acquired with NiCp2 tip, image size (9.7 Å × 9.7 Å). Position markers are overlaid to indicate 

where the spectroscopic measurements were made. The tip was positioned over the center bright 

spot at feedback setpoint 70 mV/40 pA and then feedback was turned off before repositioning the 

tip for both topographic and spectroscopic measurements. After laterally repositioning the tip for 

spectroscopy, the NiCp2-tip was advanced ~ 1.1 Å toward the surface before measurements were 

made. 
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rapidly below/to the right. Considering that the topography is also asymmetric with respect to these 

directions, a plausible explanation is that the NiCp2-tip is tilted in such a way as to produce this 

exchange asymmetry. 

The spectroscopic measurements in the XY-plane indicate that 𝐸  continuously varies as 

the tip is laterally repositioned. This raises the tantalizing prospect of imaging contours of 𝐸  

magnitude in real space by acquiring d2I/dV2 images at fixed imaging bias. A series of constant-

height STM-IETS images acquired at several imaging bias is shown in Fig. 4.4A-I along with a 

direct comparison to excitation energies calculated from the model Hamiltonian (Fig. 4.4J).  The 

images can be seen to reveal the spatial distribution of 𝐸  at fixed magnitude, with the magnitude 

selected by the chosen imaging bias. For example when the imaging bias is selected to be close to 

3.8 mV, corresponding to the unperturbed SSF peak (𝐸 ≈ 0), regions of low exchange strength 

will be imaged. In this manner spatial regions where 𝐸  is expected to be low, such as where the 

NiCp2-tip is positioned laterally away from the center of the NiCp2 molecule on the surface, are 

imaged in Fig. 4.4E-F. The outer radius of signal intensity in these two images reflects a loss of 

tunneling current and thus spectroscopic signal, rather than a shift of the SSF peak away from the 

imaging bias  [29]. In contrast to Fig. 4.4E-F, regions of large 𝐸  are found when the NiCp2-tip 

is positioned directly over the surface NiCp2 (Fig. 4.4B-D, 4.4H-I). There are two images which 

do not simply visualize the spatial distribution of a single value of 𝐸  however. Image Fig. 4.4G 

captures the entire range of 𝐸  values probed in the imaging plane due to a combination of the 

leveling-off of the lower-energy SSF excitation as 𝐸  increases (Fig. 4.4J, lowest white curve) 

and the spectral broadening (thick gray line) caused by the finite lock-in modulation bias used to 

acquire the data. Image Fig. 4.4A on the other hand captures both regions of very low 𝐸  (outer 

ring feature) and regions of maximal 𝐸  (inner dot feature) but does not image intermediate values 
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Figure 4.4. Imaging Contours of Spin Exchange Interaction Strength. (A-I) Series of constant-

height d2I/dV2 images of a NiCp2 molecule acquired with a NiCp2-tip terminated tip at different 

sample bias. For each image, the tip was first positioned over the center bright spot at feedback 

setpoint 70 mV/40 pA and then feedback was turned off. The tip was then advanced ~ 1.1 Å toward 

the surface before the d2I/dV2 image was acquired. Images (A) and (B) were acquired with 200 

µVRMS lock-in modulation while images (C-I) were acquired with 500 µVRMS lock-in modulation. 

All images are 14 Å ×14 Å, and a scale chemical structure schematic of NiCp2 is overlaid in (B). 

(J) Plot of calculated spin-flip excitation energies with each imaging bias indicated as a colored 

horizontal line. For simplicity 𝜃  is neglected. The finite widths of the single spin-flip and double 

spin-flip curves, depicted as thick grey outlines centered on each white curve, represent broadening 

due to the bias modulation applied for the d2I/dV2 lock-in measurement. The approximate 

minimum and maximum values of 𝐸  probed in the imaging series are indicated as vertical dashed 

lines. 
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of 𝐸 . This arises from the fact that the DSF peak initially redshifts away from the 7.7 mV imaging 

bias as 𝐸  increases to intermediate values (~ 0.5 – 1.0 meV) causing a loss of signal as the NiCp2-

tip is laterally approached toward the center of the NiCp2 on the surface. When the NiCp2-tip is 

positioned sufficiently close to center however, 𝐸  reaches its maximal value (~ 1.3 meV), 

causing the DSF peak to split into a doublet with the higher energy peak having blueshifted close 

to the imaging bias. The ~ 1.5 Å diameter spot imaged at the center of the image therefore 

corresponds to the small spatial region in which the higher energy DSF state has become 

significantly mixed with the ground state, demonstrating the capability of this technique to 

spatially map and visualize quantum state mixing in real space.  

In conclusion, we have demonstrated the ability to measure and continuously tune spin-

exchange interactions on sub-Ångström length scales between a magnetic molecule probe tip and 

a magnetic adsorbate. Further, we have provided the first spectroscopic images that use a magnetic 

molecule probe tip to visualize contours of intermolecular spin exchange interaction strength in 

two dimensions. Our results herald the development of a novel class of scanning probe sensors 

based on single molecule magnets. A central advantage of this approach is that the sensor 

functionality can be tuned through chemical design, allowing control over spin states, excited state 

lifetimes, magnetic anisotropy magnitude and direction, and spin coherence lifetimes. The ability 

to probe, tune and visualize spin-spin interactions, quantum state coupling and superposition in 

real space will enable new directions in atomic-scale research in magnetism, spin-logic operations 

and the coupling of spin qubits to their local environment. Analogous to the force-sensing 

capabilities of carbon monoxide-terminated tips which have now become commonplace in the 

imaging of chemical structures on surfaces, we anticipate spin-sensing molecule probes will 

similarly become widely adopted.  
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4.3 Supplementary Materials 

 

4.3.1 Materials and Methods 

 

The experiments were performed in a home-built ultra-high vacuum scanning tunneling 

microscope featuring a single-shot He3 cryostat and a He4-cooled NbTi superconducting magnet 

with a tunable magnetic field of up to 9 T oriented normal to the surface plane. Ag tips were 

prepared by electrochemical etching. After transferring the Ag tips to vacuum, the Ag tip used for 

the experiment was cleaned by cycles of sputtering with Ne+ (8 ×10-5 Torr) and annealing.  The 

Ag(110) single crystal was cleaned by repeated cycles of sputtering with Ne+ (8 ×10-5 Torr) and 

annealing to 750 K. Nickelocene (NiCp2) molecules were sublimed at room temperature onto the 

surface held at 25 K. Carbon monoxide (CO) molecules were also dosed onto the surface using a 

variable leak valve to assist in determining the NiCp2 adsorption site and orientation on the 

Ag(110) surface. After dosing molecules, the surface was subsequently cooled to 600 mK for 

measurements. 

NiCp2 molecules would often be found adsorbed next to impurities or step edges on the 

Ag(110) surface as seen in Fig. 4.5. Isolated molecules are imaged as elliptical donuts with major 

axis ~ 12 % longer than the minor axis, in contrast to the symmetric donut appearance observed 

for NiCp2 adsorbed on Cu(001) in previous STM experiments  [25,26]. The elliptical shape 

observed in this work on Ag(110) may arise from anisotropic lateral binding forces reflecting the 
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Figure 4.5. NiCp2 Topography and Cyclopentadienyl Orientation Resolved with a CO-Terminated 

Tip. (A) Constant-current topography of NiCp2 molecules accumulated on a Ag(110) step edge, 

feedback setpoint 70 mV/40 pA, image size 100 Å × 100 Å, 128 × 128 pixels. (B) Constant-current 

topography of a single NiCp2 molecule (center) with a carbon monoxide adsorbed nearby (bottom 

right dark spot) feedback setpoint 70 mV/40 pA, image size 64 Å × 64 Å, 256 × 256 pixels. (C) 

Constant-height topography of a single NiCp2 molecule obtained with a CO-terminated tip, image 

size 12 Å × 12 Å, 128 × 128 pixels. The feedback was first turned off at 70 mV/ 100 pA, then the 

bias was ramped to 3 mV, and finally the tip was advanced ~ 0.85 Å before acquiring topography. 

(D) Constant-height topography from (C) with a scale model of the cyclopentadienyl ring 

superimposed for clarity. 
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rectangular symmetry of the underlying substrate since the major axis of the ellipse is oriented 

along the [0 0 1] direction, similar to observations for benzene/Ag(110)  [37] and CO-tip 

topography of CO/Ag(110)  [38]. In this interpretation, small lateral relaxations of the adsorbate 

occur due to van der Waals attraction to the STM tip as it is scanned over the molecules, with the 

molecule relaxing more along the [0 0 1] direction resulting in the elongated appearance.   

 

4.3.2 DFT Calculations* 

 

The Density Functional Theory calculations were performed using the projector augmented 

wave (PAW)  [40,41] method as implemented in the Vienna ab initio simulation package 

(VASP)   [42,43]. The electronic exchange-correlation were described within a spin polarized 

generalized-gradient approximation (GGA), using the functional proposed by Perdew, Berke, and 

Ernzerhof (PBE)  [44]. An energy cutoff of 550 eV was used for the plane wave basis expansion. 

The Ag(110) surface was modeled by a 3 layers slab with a 46 surface supercell (16.4317.43 

Å), which is large enough to eliminate spurious image interactions of two adsorbed NiCp2 

molecules. A 3×3×1 Monkhorst-Pack mesh was used to sample the Brillouin zone. The bottom 

two Ag layers were fixed while other atoms were fully relaxed using the conjugate gradient method 

until the force acting on each atom was less than 0.01 eV/Å. The van der Waals corrections were 

implemented using the DFT-D3 method  [45]. 

For the NiCp2 molecule adsorbed on Ag(110) surface, we considered four possible adsorption 

sites as depicted in Fig. 4.6A. 

                                                           
* This section contains contributions from Feng Xue. 
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Figure 4.6. DFT Calculation of NiCp2 Adsorption Geometry on Ag(110). (A) Top view and (B) 

Side view of the most stable site (short bridge) of the NiCp2 molecule on Ag(110) surface. The 

three other possible sites are indicated by red (top site), green (long bridge site) and blue (hollow 

site) circles. 



132 
 



133 
 

The calculated adsorption energy is -0.918 eV, -.0.950 eV, -0.965 eV, -0.955 eV for the top, 

hollow, short bridge, long bridge site, respectively, indicating that the most stable adsorption site 

is the short bridge site. The total magnetic moment is 1.923 B, where the contribution from Ni 

atom is 1.003 B. The magnetic anisotropy energy was calculated to be 1.587 meV with the spin 

hard axis aligned along the molecular (Z) axis. 

When the NiCp2 molecule is transferred to Ag tip, it is tilted by 10.06º with respect to the 

surface normal (Fig. 4.7). The total magnetic moment is 1.992 B, with a contribution of 0.986 

B from the Ni atom. The magnetic anisotropy energy is 1.427 meV, which is slightly smaller 

than the NiCp2 molecule on Ag(110) surface. 

By further positioning the NiCp2-tip above another NiCp2 adsorbed on the surface (Fig. 

4.8A), we calculated the exchange interaction strength 𝐸  as a funtion of the distance between 

two NiCp2 molecules. Since the NiCp2 molecule has a tilted angle for this structure, it is not 

convenient to directly define the distance between two NiCp2 molecules. Therefore, we 

represented their separation by using the distance of two Ni atoms. The calculated 𝐸  and 𝜃  

were shown in Fig. 4.8B. The exchange interaction strength increases exponentially and the tilt 

angle decreases rapidly as the two molecules are brought close together, which is in consistent 

with the experimental results. 

 

4.3.3 Laterally Repositioning Single NiCp2 Molecules Using Tip Manipulation 

 

In order to perform measurements on molecules that are isolated from other adsorbates, tip 

manipulation was sometimes used to reposition NiCp2 molecules from impurities/step edges to 
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Figure 4.7. DFT Calculation of NiCp2 Adsorption Geometry on Ag Tip. Schematic geometries of 

the NiCp2 molecule adsorbed on the Ag tip. 
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Figure 4.8. DFT Calculations of the NiCp2/NiCp2 Adsorption Geometry. (A) Schematic 

geometries of one NiCp2 molecule adsorbed on a Ag tip and another adsorbed on the Ag(110) 

surface. (B) The exchange interaction strength 𝐸  and tilted angle 𝜃  of the NiCp2 as a function 

of the distance between the two NiCp2 molecules. 
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empty patches of the Ag(110) terrace (the isolated molecules in both Fig. 4.5A and 4.5B were 

repositioned this way). To reposition the molecules, the following procedure was used: 

 

1) With feedback on at tunneling feedback setpoint 70 mV/40 pA, the Ag-terminated tip was 

positioned on the side of a NiCp2 molecule in the direction for intended movement. Then 

the bias was ramped to 8 mV and the current setpoint was ramped to 0.1 – 0.5 nA while 

watching the tip height Z trace on an oscilloscope.  

2) The tip position around the side of the molecule or the tunneling setpoint were then adjusted 

as needed until a sudden discontinuous increase in Z appeared on the oscilloscope trace, 

indicating the molecule had hopped under the tip (presumably due to attractive tip-

molecule forces). This was often verified by returning to the 70 mV/40 pA tunneling 

setpoint and then acquiring a new constant-current topography to check that the NiCp2 had 

moved as expected. 

3) Repeat as needed until the molecule is in the desired location on the surface.  

 

Occasionally while repositioning a NiCp2 molecule, the molecule would transfer to the tip 

instead of hopping laterally. This would be evidenced by a lack of tip height changes inferred from 

the feedback Z trace measured on an oscilloscope as the tip was moved around on the surface 

(since the molecule was attached to the tip and there was no surface adsorbate remaining for the 

tip to move over). In these situations, the presence of the molecule on the tip could be verified by 

performing a single pass IETS spectra to look for the 3.8 mV spin-flip peak, and the molecule 

could be transferred back to the surface using the procedure outlined below. 
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4.3.4 Transferring a NiCp2 Molecule to the Tip 

 

Throughout the experiment, NiCp2 molecules could be readily transferred to or from the tip using 

the following procedure: 

 

1) First the Ag-terminated tip was positioned over the center of a NiCp2 molecule on the 

surface. The STM feedback loop was then turned off at setpoint 70 mV/40 pA. 

2) The tip was advanced between 3.35 Å – 3.9 Å toward the molecule and then retracted away 

from the molecule the same amount. Before and after advancing/retracting the tip, the 

tunneling current would be noted, and this process would be repeated until the tunneling 

current before/after were different which indicates a change in tip condition. 

3) The feedback loop was turned back on at 70 mV/40 pA, and the tip was repositioned over 

the surface while watching the feedback Z trace on an oscilloscope to verify that there was 

no longer a surface adsorbate for the tip to move over. A single IETS spectrum over the 

Ag(110) surface was then used to finally verify the presence of NiCp2 on the tip. Further 

verification of a NiCp2-tip could be achieved by turning off the feedback over the Ag(110) 

surface at 70 mV/40 pA, retracting the tip 5 Å, then acquiring a constant-height STM 

topography in the vicinity of another surface-adsorbed NiCp2 molecule to verify both the 

disappearance of the molecule that was transferred to the tip as well as a change in the 

topographic appearance of the surface NiCp2. 
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4.3.5 Transferring a NiCp2 Molecule from the Tip to the Ag(110) Surface 

 

1) Overall this process is essentially the reverse of the above. The NiCp2-tip was positioned 

over a region of the Ag(110) terrace with no nearby adsorbates, step edges or impurities at 

70 mV/40 pA feedback setpoint. The feedback was then turned off. 

2) The NiCp2-tip was then advanced 3.35 Å – 3.9 Å toward the surface and then retracted by 

the same amount, again looking for a change in the tunneling current before and after 

advancing/retracting the tip. This process was repeated until the change in current was 

observed. 

3) The feedback loop was then re-established at 70 mV/40 pA and then the tip was laterally 

repositioned while watching the feedback Z trace on an oscilloscope to verify that the tip 

was moving vertically over the shape of the surface-adsorbed NiCp2 that had been 

transferred from the tip. Constant-current topography would then be acquired to verify both 

the presence of the surface-adsorbed NiCp2 and the Ag-tip termination. 

 

4.3.6 Determination of the NiCp2 Orientation and Adsorption Site 

 

In previous experiments performed by the authors  [39], the adsorption site and relative 

orientation of adsorbates could be determined by functionalizing the metal tip with a single CO 

molecule. When scanned over the surface in constant-current mode and at close tip-sample 

distances, carbon rings will be imaged as bright protrusions with shapes reflecting the size and 

orientation of the ring. In this way the constant-height topographies in Fig. 4.5C-D reveal the 

pentagonal shape of the protruding cyclopentadienyl ring and its relative orientation with respect 
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to the lattice vectors. If a CO-tip is scanned at even closer tip-sample distances in constant-current 

mode, the metal lattice around the adsorbate can be resolved to determine the adsorption site. This 

method requires that the adsorbate is not greatly perturbed by the CO-tip scanning the surface at 

close distances. In the present experiment, NiCp2 molecules could be easily and unintentionally 

repositioned on the surface if attempting to scan this close with a CO-tip.  

To overcome this obstacle, we acquired the CO-tip Ag(110) lattice topography (Fig. 4.9A) 

and Ag-tip NiCp2 topographies (Fig. 4.9B-D) separately, and then used CO molecules adsorbed 

near the NiCp2 molecules as reference points to align the lattice grid with the Ag-tip topographies. 

The adsorption site was determined to be short-bridge, agreeing with DFT calculations shown in 

Fig. 4.6. 

It is important to note for this procedure that the adsorbed CO molecules are generally very 

stable under the scanning conditions described above which were used for acquiring topography 

and do not diffuse under the scanning action of the STM tip, except at the closest tip-sample 

distance used to transfer a CO to the tip (1 mV/1 nA). In this way a CO molecule can serve as a 

reliable reference point for superimposing images that contain different information (NiCp2 

location vs lattice atop site locations) and which could not otherwise be acquired simultaneously 

(due to NiCp2 diffusing under the motion of the CO-tip). 

 

4.3.7 IETS Measurements of the NiCp2 Spin-Flip Zeeman Effect 

 

The complete spectroscopic series of NiCp2 spin-flip excitations as a function of external 

magnetic field is shown in Fig. 4.10A. For the surface-adsorbed NiCp2, the Zeeman splitting was 

seen to be symmetrically distributed about the zero-field splitting peak position (3.81 mV). To  
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Figure 4.9. Experimental Determination of the NiCp2 Adsorption Site. (A) Constant-current 

topography obtained with a CO-terminated tip with feedback setpoint 10 mV/300 pA, image size 

64 Å × 64 Å, 512 × 512 pixels. The protrusion with a dark surrounding ring is a CO molecule 

adsorbed on an atop site. The (1 1 0) lattice mesh is overlaid for clarity. (B) Constant-current 

topography obtained with Ag-tip after repositioning two NiCp2 molecules from the step edge to 

the terrace near a surface-adsorbed CO. Feedback setpoint 70 mV/40 pA, image size 120 Å × 120 

Å, 128 × 128 pixels. The lattice mesh obtained from (A) is overlaid in (B) to assist in the 

determination of the short-bridge adsorption site. Similar images acquired with other Ag-tip 

terminations (C-D) also indicate a short-bridge adsorption site. The images shown in (C-D) are 80 

Å × 80 Å, 128 × 128 pixels. 
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Figure 4.10. Measurements of Surface-Adsorbed and Tip-Adsorbed NiCp2 Zeeman Effect. (A) 

STM-IETS measurements at varying external magnetic field strength for NiCp2 adsorbed on the 

surface and (B) NiCp2 adsorbed on the tip. For the NiCp2-tip measurements, the tip was positioned 

over the Ag(110) terrace. Peak position indicators above the B = 8 T spectra for both (A) and (B) 

are included to highlight the (a)symmetry of the Zeeman splitting. (C) Calculated excitation 

energies from the single-molecule spin Hamiltonian with the external magnetic field at varying 

angles 𝜃  with respect to the molecule Z axis. Note the asymmetry in the Zeeman splitting as 

𝜃  increases. (D-F) Fitted IETS peak positions at varying magnetic field strength for different 

NiCp2-tip terminations showing both symmetric (D) and asymmetric (E-F) Zeeman splitting. The 

dashed lines in (E-F) represent where the points would fall if the splitting were symmetric. The 

effective magnetic moment |𝜇 | was assigned using the best-fit slope of the higher energy 

(blueshifted) peak, under the approximation that 𝜃  weakly perturbs the higher energy peak as 

seen in (C). The peak positions in (E) correspond to the spectra shown in (B). 
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determine the effective magnetic moment, a linear best-fit of the spin-flip peak positions vs 𝐵  

positions shown in the main text (Fig. 4.1D) was performed and the average slope magnitude was 

computed from both the redshifting and blueshifting peak linear fits.  

For different NiCp2-tip terminations, we found variation in both the measured zero-field 

splitting (~ 3.9 meV – 4.0 meV) and effective magnetic moment (1.85 𝜇  – 2 𝜇 ) and that some 

tip terminations exhibited asymmetric Zeeman splitting in an external magnetic field. An example 

spectroscopic series for a NiCp2-tip which had this asymmetry is shown in Fig. 4.10B. In the 

presence of an external magnetic field, the lower energy spin-flip excitation (corresponding to 

magnetic moment alignment with 𝐵 , or alternatively spin anti-alignment with 𝐵 ) experiences 

a smaller Zeeman shift than the higher energy spin-flip. To explain this observation, we consider 

the possibility that some NiCp2-tips are significantly tilted with respect to the surface normal and 

to 𝐵 , and construct a single-molecule Hamiltonian that includes a tilt angle 𝜃 , defined as the 

rotation angle about an axis parallel to the surface (arbitrarily chosen as the x axis): 

𝐻 = 𝑔 𝐵 (𝑆 𝐶𝑜𝑠(𝜃 ) + 𝑆 𝑆𝑖𝑛(𝜃 )) + 𝐷 𝑆  

with single-molecule spin basis states: 

|𝑚  ⟩ ∶ { |1⟩ , |0⟩ , |−1⟩ } . 

By diagonalizing the Hamiltonian in the above basis and obtaining the excitation energies 

(defined as the energy difference between various excited states and the ground state), the inclusion 

of finite 𝜃  is seen to reproduce the asymmetric Zeeman effect as shown in Fig. 4.10C. In 

addition, even the higher energy spin-flip excitation is seen to exhibit a decreased Zeeman shift as 

the tilt angle is increased, however this effect can be ignored if 𝜃 < 30° , allowing assignment 

of total magnetic moment from the best-fit slope. Plots of spin-flip peak position vs 𝜃  for 

different NiCp2-tip terminations are shown in Fig. 4.10D-F. Examples of both symmetric Zeeman 
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splitting (D) and varying amounts of asymmetric Zeeman splitting (E-F) imply variations of the 

NiCp2-tip tilt angle among different tip terminations. 

 

4.3.8 Detailed Discussion of the Two-Molecule Spin Hamiltonian  

 

The interpretation of the spin-flip excitation energies as a function of various experimental 

conditions (external magnetic field, exchange interactions etc.) relies on the spin Hamiltonian 

described in the main text. A more detailed discussion of the Hamiltonian is included here. 

The simplest case of the two-molecule spin Hamiltonian includes only contributions from 

the Zeeman effect, magnetic anisotropy energies and spin-exchange interactions: 

𝐻 = 𝑔 𝐵 (𝑆 + 𝑆 ) + 𝐷 𝑆 + 𝐷 𝑆 + 𝐸 𝑆 ∙ 𝑆 ,    𝐸 = −2𝐽 

Here the g factors of both molecules are assumed to be the same. For simplicity the 

exchange interaction energy 𝐸  is used in place of the exchange interaction coefficient 𝐽. The 

Hamiltonian matrix expressed in the two-molecule spin basis |𝑚  𝑚 ⟩ is then: 
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where 𝐸 = 𝑔𝜇 𝐵 . 

With basis states  

|𝑚  𝑚 ⟩ ∶ { |1 1⟩ , |1 0⟩ , |1 − 1⟩ , |0 1⟩ , |0 0⟩ , |0 − 1⟩ , |−1 1⟩ , |−1 0⟩ , |−1 − 1⟩ }. 

Ignoring other complications such as differing magnetic moments between the two 

molecules, tilt angles, or contributions from dipole-dipole interactions, the Hamiltonian can be 
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diagonalized to yield analytic solutions for the eigenvectors and eigenvalues. The energy levels as 

a function of 𝐸  are shown in Fig. 4.11A, as a function of 𝐵  in Fig. 4.11B, and a schematic 

representation of the states is shown in Fig. 4.11C. The complete solution with analytic expressions 

for the energy levels and eigenvectors is shown in Table 4.1.  

For the single spin-flip (SSF) states, the most important observations are that they are 

degenerate in the absence of 𝐵  or 𝐸 , that 𝐸  lifts the degeneracy by an amount 𝛥 = 2𝐸  

even in zero-field, and that inclusion of both 𝐵  and 𝐸  results in Zeeman splitting and exchange 

splitting occurring simultaneously as observed in the experiment (main text Fig. 4.1G-H). Note 

the qualitative agreement between Fig. 4.11B and main text Fig. 4.1H. The SSF energy splitting Δ 

is seen to be independent of the sign of 𝐸 , but the ground state redshift does depend on both the 

sign and magnitude of 𝐸  so that measured excitation energies will have some dependence on the 

sign of 𝐸  when the magnitude is sufficiently large.  

For the double spin-flip (DSF) states, under the above assumptions there will not be any 

response to 𝐵 . In reality, small deviations in the magnetic moment of the tip and surface 

molecule may lead to small shifts of the DSF states with magnetic field, but these are not expected 

to be significant in light of how small the difference in magnetic moments are. Unlike the SSF 

states however, the behavior of the DSF states in the presence of exchange interactions is entirely 

dependent on the sign of 𝐸 . As seen in Fig. 4.11A, if 𝐸  had negative sign (corresponding to 

ferromagnetic exchange), the antiferromagnetic DSF observed in experiment would blueshift with 

increasing 𝐸  and would mix less strongly with the ground state as evidenced by the lesser 

magnitudes of both the ground state redshift and the DSF splitting at high values of 𝐸 .  

To compare the calculated spin-flip excitation energies from the model Hamiltonian to the 

experimentally measured spin-flip peak positions, the excitation energy of each transition must be  
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Table 4.1. Eigenvalues and Eigenvectors for the Two Spin-1 Exchange Hamiltonian. 
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𝐻 = 𝑔 𝐵 (𝑆 + 𝑆 ) + 𝐷 𝑆 + 𝐷 𝑆 + 𝐸 𝑆 ∙ 𝑆  

 

Energy Eigenvalue Eigenvector (Not Normalized) 

𝐷 + 𝐷 + 𝐸 + 2𝑔 𝐵  |  1     1  ⟩ 

𝐷 + 𝐷 + 𝐸 − 2𝑔 𝐵  |−1 − 1⟩ 

1

2
(𝐷 + 𝐷 − 𝐸 + (𝐷 + 𝐷 − 𝐸 ) + 8𝐸 ) | −1   1  ⟩ + |  1 − 1  ⟩ − 𝛼|  0     0  ⟩ 

𝐷 + 𝐷 − 𝐸  | −1   1  ⟩ − |  1 − 1  ⟩ 

1

2
𝐷 + 𝐷 + (𝐷 − 𝐷 ) + 4𝐸 + 2𝑔 𝐵  |  0      1  ⟩ + 𝛾 |  1     0  ⟩ 

1

2
𝐷 + 𝐷 + (𝐷 − 𝐷 ) + 4𝐸 − 2𝑔 𝐵  | −1   0  ⟩ + 𝛾 |  0 − 1  ⟩ 

1

2
𝐷 + 𝐷 − (𝐷 − 𝐷 ) + 4𝐸 + 2𝑔 𝐵  |  0      1  ⟩ − 𝛾 |  1     0  ⟩ 

1

2
𝐷 + 𝐷 − (𝐷 − 𝐷 ) + 4𝐸 − 2𝑔 𝐵  | −1   0  ⟩ − 𝛾 |  0  − 1  ⟩ 

1

2
(𝐷 + 𝐷 − 𝐸 − (𝐷 + 𝐷 − 𝐸 ) + 8𝐸 ) |  0     0  ⟩ −  𝛽(| −1   1  ⟩ + |  1 − 1  ⟩) 

 

𝛼 =
1

2𝐸
𝐷 + 𝐷 − 𝐸 − (𝐷 + 𝐷 − 𝐸 ) + 8𝐸   

 

𝛽 =
2𝐸

𝐷 + 𝐷 − 𝐸 + (𝐷 + 𝐷 − 𝐸 ) + 8𝐸
 

 

𝛾± =
1

2𝐸
±(𝐷 − 𝐷 ) + (𝐷 − 𝐷 ) + 4𝐸  
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Figure 4.11. Calculated Energy Levels vs Exchange Interaction Strength and External Magnetic 

Field. (A) Energy levels for both positive and negative exchange at zero magnetic field. Increasing 

magnitude of 𝐸  is seen to split the SSF states and DSF states as well as lower the ground state 

energy. The sign of 𝐸  is not important for the SSF states but is critical for the DSF states as it 

determines which state redshifts and which blueshifts. (B) Energy levels for 𝐸 = 1 meV as a 

function of external magnetic field. The SSF states are split by 𝛥 = 2𝐸  at zero field into 

symmetric (+) and asymmetric (‒) states. The external magnetic field lifts the spin degeneracy of 

the (+) and (‒) states, so that they individually exhibit the Zeeman effect as seen in main text Fig. 

4.1H. (C) Assignment of energy levels to energy states, color coordinated to match the energy 

states in (A-B). The coefficients 𝛼 and 𝛽 are small mixing coefficients that arise due to 𝐸 . 
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extracted from the list of energy eigenvalues. This is obtained simply by subtracting off the ground 

state energy from each energy eigenvalue. The redshift of the ground state increases the excitation 

energies, causing the exchange-splitting of the SSF states to appear nonlinear and asymmetric as 

observed in experiment (main text Fig. 4.2C). Importantly, the difference in excitation energies 

for the SSF states remains unchanged so that the relationship between the peak splitting and 

exchange energy 𝛥 = 2𝐸  remains intact. 

 

4.3.9 Comparison Between Exchange and Dipole-Dipole Models 

 

In general, two atomic or molecular spins within a few nanometers of each other will 

experience both spin-exchange and dipole-dipole interactions  [31,32]. It is appropriate to consider 

the possibility that the spin-spin interactions are primarily caused by dipole-dipole interactions 

rather than exchange interactions. Here we will describe the eigenstates of the dipole-dipole 

interaction Hamiltonian and provide further arguments to justify our conclusion that dipole-dipole 

interactions are negligible compared to spin-exchange interactions within the height range probed 

in the present experiment. 

The two-molecule dipole-dipole interaction Hamiltonian has the form 

𝐻 = 𝑔 𝐵 (𝑆 + 𝑆 ) + 𝐷 𝑆 + 𝐷 𝑆 + 𝐸 (𝑆 ∙ 𝑆 − 3(𝑆 ∙ �̂�)(𝑆 ∙ �̂�)),   

 

with  𝐸𝑑𝑑 =
𝜇0𝑔1𝑔2𝜇𝐵

2

4𝜋ℏ
2

|𝑟|3
 

First, it is important to recognize that unlike exchange interactions, for which 𝐸  can be 

positive or negative, the dipole-dipole interaction energy 𝐸  as defined above does not have the 

flexibility to change algebraic sign. Instead, the geometries of the two interacting magnetic 
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moments dictates the overall sign of the dipole-dipole term in the Hamiltonian. Since the spin-hard 

axes of the molecules are known to align with the molecular axes, to have antiferromagnetic 

coupling arise from dipole-dipole interactions the molecules must have �̂� ⊥ (�̂� ∥ �̂� ) whereas they 

will couple ferromagnetically if �̂� ∥ (�̂� ∥ �̂� ) as depicted schematically in Fig. 4.12A. The energy 

level diagrams for the DSF states in the two geometries are shown in Fig. 4.12B-C. The CO-tip 

constant-height STM topography of a single NiCp2 molecule shown in Fig. 4.5C and DFT 

calculations included here in Fig. 4.6 all point to the conclusion that NiCp2 molecules adsorb in an 

upright geometry on the Ag(110) surface with molecular axis orthogonal to the surface plane. 

Similarly, calculations for the NiCp2-tip (Fig. 4.7) indicate a similar orientation but with a 10° tilt 

angle with respect to the surface normal, which means �̂� ∥ (�̂� ∥ �̂� ) correctly describes the 

experiment geometry. The calculated excitation energies from the dipole-dipole Hamiltonian are 

shown in Fig. 4.12D. 

Even in the case that the dipole-dipole interactions were somehow antiferromagnetic, we 

can also exclude them from being the dominant contribution due to the magnitude of the SSF 

splitting Δ, observed to reach as high as 3.5 meV in the height range probed in the experiment. 

The dipole-dipole interaction has the same relationship between the SSF splitting Δ and the 

interaction energy (𝛥 = 2𝐸 ) that the exchange interaction has (𝛥 = 2𝐸 ), which implies that 𝐸  

must grow to 1.75 meV to account for the experimental observations. Even in the approximation 

that each NiCp2 molecule has total effective magnetic moment 2µ , in which case 𝐸 =
.  

, 

this implies the minimum effective spin-spin separation |𝑟| must be ~ 0.5 Å which is far too small 

to be physically reasonable. 

 A more plausible scenario is that the spin-exchange is the dominant spin-spin interaction, 

but a small amount of dipole-dipole interaction contributes and is responsible for the small  
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Figure 4.12. Schematic Representation of Dipole-Dipole Interactions. (A) Visual depiction of a 

point-like dipole field arising from one NiCp2 molecule. Two other nearby molecules experience 

either ferromagnetic coupling (bottom molecule) or antiferromagnetic coupling (right molecule) 

depending on their position relative to the molecule generating the dipolar field. (B) Energy level 

diagram for the DSF states of vertically oriented (�̂� ∥ (�̂� ∥ �̂� )) molecules and (C) for horizontally 

oriented (�̂� ⊥ (�̂� ∥ �̂� )) molecules. For clarity, the magnitudes of the energy splitting due to 𝐸  

are exaggerated compared to the much larger energy cost 2𝐷 required to flip both spins. (D) 

Excitation energy plot for a ferromagnetic dipole-dipole interaction Hamiltonian (𝐸  = 0,  �̂� ∥

(�̂� ∥ �̂� ) ). While this model predicts essentially equivalent splitting Δ of the SSF states as in the 

spin-exchange model, the intermolecular separation required for 𝐸  to reach the meV scale is 

unphysically small, with experimentally realizable values of 𝐸  likely not exceeding tens of µeV. 
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blueshift of the DSF excitations with respect to an exchange-only model. However, as we will 

argue below, even a perturbative inclusion of 𝐸  implies an unphysical effective intermolecular 

separation.   

In Fig. 4.13A shows a plot of the excitation energies for the case that both 𝐸  and 𝐸  are 

included, with 𝐸  ranging from 0 meV – 2 meV (x-axis) and 𝐸  ranging stepwise from 0 meV – 

0.1 meV (colored curves with legend inset). Although in reality 𝐸  will be changing continuously 

with 𝐸  as they both depend on the intermolecular separation, the qualitative picture here is that 

inclusion of a small 𝐸  term results in a small shift for the SSF excitations, increasing the splitting 

to 𝛥 = 2(𝐸 + 𝐸 ) which amounts to a shift of 𝐸  for each SSF peak. The DSF excitations are 

more impacted, blueshifting both equally by 2𝐸  into the range of experiment.  

To consider the case that 𝐸  changes significantly with tip height, a simultaneous two 

parameter fit of 𝐸  and 𝐸  is presented in Fig. 4.13B-D. The fitting procedure first matched a 

best-fit pair of (𝐸 , 𝐸 ) values at each tip height (procedure described below). Then once all 

heights were fit this way, an exponential fit was performed for the resulting 𝐸 (𝑧) and an inverse 

cubic fit was performed for 𝐸 (𝑧). The exponential fit of 𝐸  yields very similar coefficients 

compared to the (𝐸 , 𝜃 ) fit presented in the main text Fig. 4.2D-E, however the inclusion of 

𝐸  results in an effective lowering of 𝐸  while 𝜃  results in an effective raising of 𝐸  due to the 

differences in which the way each perturbation (𝐸  or 𝜃 ) affects the excitation energies. 

Interestingly, even though an inverse cubic fit gives somewhat reasonable agreement for 𝐸 (𝑧) 

both on the linear and log-log plots, the fitting parameters required to reach agreement still imply 

an unphysical situation in the experiment in which the effective intermolecular separation is only 

~ 0.84 Å. Even though a dipole-dipole contribution would seem to have the correct inverse cubic 

dependence on tip height, we conclude that it is likely coincidence and not the main cause of the  
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Figure 4.13. Calculated Excitation Energies and Two-Parameter Fits for a Combined 𝐸  and 𝐸  

Model. (A) Calculated excitation energies with 𝐸  ranging from 0 – 2 meV and 𝐸  included as a 

small perturbation (inset). The SSF peak splitting now includes contributions from both 

interactions. (B) Best fit of 𝐸  at each tip height from the two-parameter fit. The resultant 

collection of 𝐸 (𝑧) points was then fit to an exponential decay function as the final step, with fit 

parameters inset. (C) Best fit of 𝐸  shown on a semi-log plot, with linear fit parameters matching 

well with those in (B). (D) Best fit 𝐸  of at each tip height from the two-parameter fit. The points 

were fit to a z-3 function with fitting parameters inset. Note the very small effective intermolecular 

separation z0 = 83.6 pm required to reach agreement. (E) Best fit of 𝐸  shown on a log-log plot. 

The best-fit slope is -3.4, deviating somewhat from the expected -3. The poorly fit  𝐸  points at 

large intermolecular separation were not included in the linear fit and are shown faded. 
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blueshift in the DSF excitation energies observed in experiment due to the unphysically small 

effective spin-spin separation required. 

 

4.3.10 Details of the 𝐸 , 𝐸  Two-Parameter Fit 

 

For each height, a two-parameter best fit was performed for both 𝐸  and 𝐸  by calculating 

the excitations from the model Hamiltonian and minimizing the sum of squares of the residuals 

(with weighting factors described below) computed by taking the difference of calculated values 

with experimentally measured peak positions. For tip heights in which peak splitting of either the 

SSF or DSF excitations could not be resolved in experiment, the residual was computed by taking 

the average value of the appropriate calculated excitation energies. In the fits, 𝐸  and 𝐸  could 

vary between (0 – 2 meV) and (0 – 0.15 meV) respectively, and no assumptions are made about 

how 𝐸  or 𝐸  depend on z for the fits. 

To maximize agreement with experiment, the following coefficients were used which were 

derived from experimental measurements:  

𝐷 = 3.81 𝑚𝑒𝑉,  𝐷 = 3.97 𝑚𝑒𝑉,   |𝜇 | = 1.78 𝜇 ,   |𝜇 | = 1.88 𝜇  , 

where the indices 1 and 2 refer to sample and tip molecules, respectively. 

For each tip height, the fits minimized the sum of squares of residuals as follows: 

𝑅 = ∑ 𝑊


(𝐸 − 𝐸 (𝐸 , 𝐸 ))  , 

where 𝐸  is the experimentally measured peak position corresponding to spin-flip excitation 𝑛, 

𝐸 (𝐸 , 𝐸 ) is the corresponding excitation energy (or average of excitation energies as 

applicable) from the model Hamiltonian,   is the standard error of the fitted peak position (thus 

damping residuals corresponding to uncertain measurements) and the factor 𝑊  weights each 
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individual based on the gradient of the spin-flip excitation energy with respect to 𝐸  or 𝐸 , 

defined as: 

𝑊 =
𝐸 𝐸

,   where   𝑁𝑜𝑟𝑚 =  ∑
𝐸

+
𝐸

 

 

Here 
𝐸 ,

 are the gradients of the model Hamiltonian excitation energies 𝐸  with respect 

to the parameters 𝐸  , 𝐸 , and the denominator normalizes these gradient weights. 

The purpose of including the gradient weight is to damp residuals which correspond to excitation 

energies that locally vary little with changes in 𝐸  and/or 𝐸 . This is especially important for 

larger 𝐸  values, for which the lower-energy SSF peak can be measured with relatively small 

experimental uncertainty but which does not actually provide much information about 𝐸  or 𝐸  

since the corresponding excitation energy is essentially an unchanging function of 𝐸  (main text 

Fig. 4.2C, dark red curves). In general, the excitation energies 𝐸  are highly nonlinear 

functions of both 𝐸  , 𝐸 , and the functional dependence among the 𝐸  can be quite different, 

motivating the above weighting coefficients. 

 

4.3.11 The Tilt-Angle Model 

 

To explain the anomalous blueshift of the DSF excitation energies observed in experiment, 

an alternative explanation is the possibility that the NiCp2-tip is tilted with respect to the molecular 

axis of the surface NiCp2. As in the single molecule case discussed earlier, the spin vector for the 

tip molecule 𝑆  is rotated by an angle 𝜃  about the x-axis (chosen arbitrarily), such that it 

transforms as 
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𝑆 = 𝑆  , 𝑆  , 𝑆 → 

𝑆 = 𝑆  , 𝑆 𝐶𝑜𝑠(𝜃 ) − 𝑆 𝑆𝑖𝑛(𝜃 ) , 𝑆 𝐶𝑜𝑠(𝜃 ) + 𝑆 𝑆𝑖𝑛(𝜃 )  

Then 𝑆  is used in place of 𝑆  in the model Hamiltonian. 

The tilt-angle Hamiltonian 𝐻  does not yield analytic eigenvalues and these must be 

computed numerically. A plot of the calculated excitation energies at several values of 𝜃  ranging 

from 0 – 40° is shown in Fig. 4.14A. Unlike the excitation energies resulting from small 

contributions from 𝐸  shown in Fig. 4.13A, which shift the SSF and DSF energies mostly 

independent of 𝐸 , even large values of 𝜃  result in almost negligible changes in the energies 

when 𝐸  is small. This makes it challenging to deduce the intrinsic tilt angle of the NiCp2-tip at 

large tip-sample separations where 𝐸  is small. In addition, while in the previous section we 

argued that 𝐸  cannot be the primary cause of the DSF blueshift, it is almost certainly the case 

that small contributions 𝐸  are present in the height range probed in the experiment, which could 

cause an overestimation of the intrinsic tilt angle at larger intermolecular separations. Therefore, 

we do not attempt a quantitative fit of 𝜃  and instead look for the qualitative behavior both from 

the two-parameter best fit and from the DFT calculations performed at different intermolecular 

separations shown in Fig. 4.8. 

First, to consider the case that the NiCp2-tip is rigid and 𝜃  does not vary with tip height, 

we performed a one-parameter best fit (𝐸 , 𝜃 = 15°), with the resulting comparison between 

measured peak positions and calculated excitation energies shown in Fig. 4.14B. The agreement 

at closest intermolecular separation (largest 𝐸 ) is satisfactory, but it is clear that for most other 

tip-sample distances where 𝐸 < 1.5 𝑚𝑒𝑉, a tilt angle of 15° does not result in sufficient blueshift 

of the DSF excitation energies, so that experiment is still blueshifted compared with the model.  
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Figure 4.14. Calculated Excitation Energies vs 𝜃  and Comparison with Experiment. (A) 

Calculated excitation energies for varying fixed values of 𝜃  (inset). As 𝜃  increases, the SSF 

excitations are seen to redshift, with the higher energy SSF redshifting more, resulting in decreased 

SSF splitting. The DSF excitations are seen to blueshift, with the lower energy DSF excitation 

blueshifting more. Curved arrows are included to aid understanding of how the various excitations 

shift with 𝜃 . (B) Plot of calculated excitation energies and measured peak positions for fixed 

𝜃 = 15°. Measurements of peak positions were assigned to values of 𝐸  using a best-fit 

procedure. Overall the agreement is seen to be somewhat improved over the 𝜃 = 0° case (main 

text Fig. 4.2C) but poor agreement is found for measured values of the DSF when 0.5 𝑚𝑒𝑉 <

𝐸 < 1.5 𝑚𝑒𝑉 as well as poor agreement for the SSF. Error bars for measured peak positions are 

omitted when they are significantly smaller than the point size. 
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The agreement for the SSF excitations is similarly worse. We then conclude that 𝜃  is likely 

varying with intermolecular separation as suggested by DFT calculations (Fig. 4.8). 

  The two-parameter best fit of (𝐸 , 𝜃 ) shown in main text Fig. 4.2D-E was performed 

using a very similar procedure as the two-parameter (𝐸 , 𝐸 ) fit described in the previous section, 

with 𝜃  constrained to range from 0° – 45º. Due to the nearly negligible effect 𝜃  has on the 

excitation energies for small values of 𝐸 , the fit becomes noisy and unreliable at larger tip-sample 

separations. However, the qualitative behavior is that 𝜃  rapidly decreases at smaller 

intermolecular separations as the tip is approached closer. 

 To show the improved agreement with experiment, a relationship between 𝐸  and 𝜃  

needed to be inferred from the two-parameter best fit (i.e. an analytic expression for 𝜃 (𝐸 ) ). 

Since the real functional dependence of 𝜃 (𝑧) is not known, an arbitrary function was chosen of 

the form  

𝜃 (𝑧) = 𝜃 −
( )

 , 

supposing that 𝜃  may change linearly with short range attractive van der Waals forces. Here 𝜃  

is the intrinsic tilt angle of the tip molecule, 𝑅 represents the strength of the van der Waals forces 

and 𝑧  is an effective intermolecular separation at the closest tip heights probed in the experiment 

(𝑧 = 0). Unlike in the 𝐸  fit, here the intermolecular separation is not spin-spin separation but 

instead is the separation between the nearest atoms of the two molecules (the carbon and hydrogen 

atoms of the Cp rings) for which one expects van der Waals forces to be most significant. 

The arbitrary expression for 𝜃 (𝑧) combined with the exponential fit for 𝐸 (𝑧), permits 

a qualitative but analytic expression for 𝜃 (𝐸 ) as 

𝜃 (𝐸 ) = 𝜃 −
( )

 , 
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which was used in the model Hamiltonian 𝐻  to create the “decreasing tilt angle” (dashed) curves 

in Fig. 4.2C. 

 As a test of the qualitative 𝜃 (𝐸 ) expression, an additional one-parameter fit of the 

form (𝐸 , 𝜃 (𝐸 ) ) was performed using the above expression for 𝜃 (𝐸 ). The smoother 

variations in 𝜃  result in a somewhat improved exponential fit for 𝐸 , and the resulting 𝐸 (𝑧) 

from this final fitting procedure was shown in main text Fig. 4.2D. 

 To compare the agreement with experiment among different model Hamiltonians discussed 

above, the exponential fits and residuals plots resulting from best-fits are shown for the cases 

𝜃 =  0°, 𝜃 = 15°, 𝜃 (𝑧) and 𝜃 (𝐸 ) in Fig. 4.15. Overall, all models which incorporate 

a nonzero tilt angle show markedly better agreement with experiment based on the sum of squared 

residuals (Fig. 4.15 rightmost column), with best agreement coming from the 𝜃 (𝑧) and 

𝜃 (𝐸 ) fits. While the different fits show in variations in the intrinsic exchange strength 𝐸  and 

decay length 𝜆, the values 𝐸 ~ 2 𝑚𝑒𝑉 and 𝜆 ~ 30 𝑝𝑚 are seen to describe the system well, 

independent of the perturbations induced by 𝜃 . 

 

4.3.12 Other NiCp2-Tip Terminations 

 

The qualitative understanding of how 𝜃  perturbs the measured spin-flip excitation 

energies aids in rationalizing the spectra obtained for other tip terminations. Fig. 4.16 shows 

NiCp2-tip/NiCp2-surf spin-flip peak positions acquired with 15 different NiCp2-tip terminations 

along with calculated excitation energies for the 𝜃 =  0° case. Overall most NiCp2-tips are seen 

to have good agreement with the predicted SSF excitation energies with varying amounts of 

blueshift relative to the calculated DSF excitation energies (compare to the grey curve, which is  
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Figure 4.15. Comparison of Different 𝐸  Best-Fits. (A) Best-fit of 𝐸  to measured peak positions 

at each tip height for the case 𝜃 = 0°. The resulting 𝐸 (𝑧) was then fit to a decaying 

exponential, with best-fit parameters shown inset. (B) Semi-log plot of the best-fit 𝐸 (𝑧) for the 

𝜃 = 0° case. Here a linear fit was performed at the final step with parameters inset. (C) Best-fit 

residuals for each type of spin-flip excitation peak. The dark curve is the sum of squared residuals 

with a × 3 factor for visual clarity. (D-F) Linear, semi-log and residual plots for the cases 𝜃 =

15°,  (G-H) 𝜃 (𝑧) from a two-parameter (𝐸 ,𝜃 )  best-fit and (I-K)  𝜃 (𝐸 ) obtained by 

fitting 𝜃 (𝑧) to a 𝑧  function in order to create a qualitative analytic expression 𝜃 (𝐸 ) used 

in the model Hamiltonian. Based on the sum of squared residuals curves, the inclusion of 𝜃  

significantly increases agreement with experiment, with best agreement found for the case that 

𝜃  rapidly decreases as the intermolecular separation is decreased. 
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Figure 4.16. Comparison of Fitted Peak Positions with Calculated Excitation Energies for 15 

NiCp2-Tip Terminations. The excitation energies were calculated using 𝜃 = 0°. The tip 

termination used for main text Fig. 4.1F-H, Fig. 4.3 and Fig. 4.4 was Tip 13 while Tip 18 was used 

for Fig. 4.2. For convenience the average of the low energy and high energy calculated DSF curves 

(grey curve) is included for comparison with experiment in the case only one DSF peak could be 

resolved. Overall, most tip terminations have SSF peak positions well described by the model but 

have their DSF excitation energies blueshifted with respect to calculation. 
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 the average of the pink and purple DSF curves). A few tips are outliers, such as Tip 22 which has 

a large ~ 0.25 meV redshift in both SSF peaks compared to the model as well as a larger than 

typical blueshift in the DSF peak. Following the qualitative changes in the excitation energies with 

increasing 𝜃  shown in Fig. 4.14A, in which 𝜃  redshifts the SSF states and blueshifts the DSF 

states, it is likely that Tip 22 had an abnormally large tilt angle. In contrast, Tip 13 seems the most 

well described by the model, with excellent agreement for the SSF excitation energies and only a 

very small blueshift of ~ 50 – 100 µeV for the DSF excitations, about half the value seen for most 

other tips. These observations imply that Tip 13 may have had an unusually small tilt angle 

compared to the others. For completeness, the NiCp2-tip constant-height topographies of surface 

adsorbed NiCp2 for all the tips shown in Fig. 4.16 are shown in Fig. 4.17. The different tip 

terminations are seen to produce markedly different topographic appearances for the surface-

adsorbed NiCp2, likely reflecting the orientation and tilt angle of each NiCp2-tip used. 
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Figure. 4.17. Constant-Height STM Topography of NiCp2 Acquired with 15 NiCp2-Tip 

Terminations. The tip terminations are the same as those shown in Fig. 4.16. In most topographic 

images, a bright spot could be observed in different locations relative to the center of the surface-

adsorbed molecule which likely reflects the symmetry and/or tilt direction of the NiCp2-tip.  
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CHAPTER 5 

Observation of Combined Spin-Vibration Excitations in STM-IETS 

Measurements of Single Magnetic Molecules* 

 

5.1 Abstract 

 

Single molecule magnets are receiving increased experimental and theoretical attention due 

to recent breakthroughs in understanding the role of spin-vibration coupling in the decay of excited 

spin states and loss of spin coherence. Here we report the observation of combined spin-vibration 

excitations in inelastic electron tunneling spectroscopy measurements of single nickelocene 

molecules. We show that excitations of vibration quanta are always accompanied by an excitation 

of one spin quanta for single molecules and two spin quanta in a two-molecule junction. Our results 

reveal novel spin-vibration states that can be accessed in an entirely off-resonance tunneling 

regime. 

 

 

 

 

 

 

 

                                                           
* This chapter by G. Czap, P. J. Wagner, J. Li, F. Xue, J. Yao, R. Wu and W. Ho is prepared for 
submission to Physical Review Letters. 
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5.2 Article 

 

Single atom and molecule magnets are promising candidates for realizing the spatial limit 

of memory storage, spintronic devices and spin-based qubits for quantum computation [1–5]. The 

control of excited spin state lifetime and coherence time is essential for achieving the stability 

required for practical applications.  Recently spin-phonon and spin-vibration coupling has been 

recognized as playing a crucial role in the under-barrier relaxation of excited spin states [5–8] and 

has been shown both experimentally and theoretically to modulate the effective barrier due to static 

and dynamic coupling effects [9–14]. In this context, electronic transport measurements have been 

shown to provide a means of probing spin-vibration coupling effects at the single molecule level, 

as electron-induced inelastic scattering events can result in excitations of spin, vibration and spin-

vibration coupled states in a molecule. Coupled spin-vibration transitions have been observed in 

the Vibrational Kondo Effect of single molecules in mechanical break junctions [15–17], single 

molecule transistors [18–23], and in adsorbates systems [24–26]. However, there is an open 

question as to whether a strong resonant excitation (such as a zero bias Kondo anomaly) is required 

for observing spin-vibration coupled transitions.  

Here we use inelastic electron tunneling spectroscopy (IETS) with the scanning tunneling 

microscope (STM) [27,28] to show that the spin and vibrational states of single S = 1 spin triplet 

nickelocene molecules couple together in combined spin-vibration states. IETS peaks 

corresponding to vibrations of single nickelocene molecules are seen to exhibit the Zeeman effect 

in the presence of an external magnetic field. In contrast, spectroscopic measurements of a two-

Nickelocene system reveal both single spin-flip and double spin-flip excitations as well as 

vibration excitations that do not respond to an external magnetic field. Instead, the vibration peaks 
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can be assigned to spin-vibration states in which one vibration quanta and two spin quanta are all 

excited simultaneously. Our results demonstrate that tunneling electrons can be used to 

inelastically excite molecules to combined spin-vibration states in the entirely off-resonance 

regime and therefore provides a new route toward the study of spin-vibration coupling effects in 

single molecule magnets. 

 Experiments were performed in a home-built ultra-high vacuum STM operating at a base 

temperature of 600 mK with an external magnetic field of up to 9 T oriented normal to the surface 

plane. Ag tips were prepared by electrochemical etching and repeated cycles of sputtering and 

annealing. The Ag(110) single crystal was prepared by sputtering with Ne+ and annealing to 750 

K. Nickelocene molecules were sublimed at room temperature onto the surface held at 25 K before 

subsequently cooling the substrate to 600 mK for measurements. 

 Nickelocene (NiCp2) is a spin triplet metallocene with the degeneracy of the triplet states 

lifted by magnetic anisotropy, resulting in a low spin (𝑚 = 0) ground state and high spin (𝑚 =

±1) excited states  [29,30]. Recent STM experiments have demonstrated that NiCp2 molecules 

retain their S = 1 spin properties upon adsorption onto metal surfaces or STM tips  [31–33]. NiCp2 

molecules adsorbed onto Ag(110) are imaged as tall elliptical donuts with the semi-major axis 

oriented along the [0 0 1] direction as depicted in Fig. 5.1(a). IETS measurements acquired with 

the Ag tip positioned over a single NiCp2 molecule reveal strong inelastic features at 3.81 mV 

arising from 𝑚 = 0 → 𝑚 = ±1 spin-flip excitations (Fig. 5.1(b))  [31–33]. In an external 

magnetic field, the degeneracy of the 𝑚 = ±1 spin states is lifted, resulting in the Zeeman 

splitting observed in IETS measurements acquired at 7 T (Fig. 5.1(b) bottom spectrum). A diagram 

of the excited spin state energy levels is shown in Fig. 5.1(c). At higher bias, less intense peaks are 

observed which can be assigned to NiCp2 vibration excitations. Unexpectedly, the vibration peaks 
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Figure 5.1. Spin-Vibration Excitations of a Single NiCp2 Molecule. (a) Constant-height STM 

topography of a single NiCp2 molecule adsorbed on the Ag(110) terrace. Image size is 20 × 20 Å, 

128 ×128 pixels. (b) IETS measurement of the NiCp2 spin-flip excitations. The intense peak at 

3.81 mV corresponds to the magnetic anisotropy energy. Less intense peaks can be resolved at 

higher bias (e.g. 6.9 mV) which correspond to excitations of molecular vibrations. In an external 

magnetic field, the degeneracy of the spin states is lifted by the Zeeman effect (bottom spectrum). 

(c) Schematic diagram depicting single NiCp2 spin state energy levels. Here 𝐷 = 3.81 meV and 

𝐸 = 𝑔𝜇 𝐵 . IETS measurements of vibration excitations at low (0 T) and high (7 T) magnetic 

field. The peaks in the 20 – 40 mV range are all observed to exhibit Zeeman splitting in the 

presence of an external magnetic field, demonstrating that they correspond to spin-vibration 

excitations.  Spectra were acquired with 800 µVRMS bias modulation at 471 Hz, averaged over 100 

passes. To resolve the Zeeman splitting for the peaks in the 6 – 10 mV range, the IETS spectra 

shown in (d) were acquired with 500 µVRMS bias modulation to reduce the broadening of the 

intense 3.81 mV spin-flip peak, averaged over 100 passes. (e) IETS spectra acquired with further 

reduction in bias range and 300 µVRMS bias modulation at 471 Hz to resolve the peak at 5.57 mV, 

averaged over 320 passes. All reported peak positions are the average of positive and negative bias 

peak positions. 
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are also observed to split in the magnetic field as seen in IETS measurements acquired at low field 

(1 T) and high field (7 T)  [34] in Fig. 5.1(d). Since the energy levels of vibration states normally 

have no magnetic field dependence  [35,36], the observed Zeeman effect indicates that the peaks 

correspond to simultaneous excitations of spin and vibration. These combined transitions can be 

described in a spin-vibration basis |𝑛, 𝑚 ⟩ as |0,0⟩ → |1, ±1⟩, where 𝑛 is a vibration quantum 

number and 𝑚  is the spin quantum number of the S = 1 spin state. Simultaneous excitations of 

multiple quanta are known to occur in transport measurements in the resonant tunneling regime, 

such as in spin-vibronic transitions of single magnetic molecules adsorbed on insulating thin-

films  [37] where an unoccupied electronic state creates the resonant tunneling condition. More 

frequently they occur as inelastic spin-flip or vibration satellite peaks which accompany 

resonances or conductance gaps in single molecule transport measurements, appearing near the 

Coulomb edge in molecular quantum dots  [18,23,36,38,39] or near the superconducting energy 

gap if the molecule is in contact with a superconductor  [40,41]. However, unlike previous studies 

the vibration satellites observed in the present work can be understood as inelastic satellites of 

other inelastic transitions. Curiously, all the vibrational modes in the present work are observed to 

be spin-vibration excitations, such that vibration-only excitations are seemingly absent. 

To identify the vibrations observed in the IETS measurements, DFT calculations were 

performed with a NiCp2 adsorbed on the short bridge site of the Ag(110) slab (see Supplement for 

more details). The calculated vibration modes and energies in the 0 – 50 meV range are shown in 

Fig. 5.2 and can be categorized into intramolecular modes which exist in the gas phase and surface 

modes which are low energy frustrated translations and rotations of the molecule with respect to 

the Ag(110) surface. Interestingly, good experiment with agreement is found only if the magnetic 

anisotropy energy (𝐷 = 3.81 meV) is added to each calculated vibration energy. Since the  
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Figure 5.2. Calculated Vibration Modes for NiCp2 Adsorbed on Ag(110). (a – h) Calculated 

vibration modes in the 0 – 50 meV range. For vibrations that appear as a non-degenerate doublet 

due to the anisotropy of the Ag(110) surface, only the vibration along x is shown for brevity, where 

x and y are defined to be the [0 0 1] and [1 1 0] directions respectively.  (b) Comparison of 

calculated vibration energies with experimentally measured peak positions. Both the calculated 

energies from DFT (grey) and the same energies blueshifted by 𝐷 = 3.81 𝑚𝑒𝑉 (blue) are shown, 

with the latter showing better agreement with experiment (red).
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vibration peaks observed in Fig. 5.1(d) are transitions to simultaneous spin-vibration excited states, 

and the spin-only transitions require an energy cost 𝐷, the spin-vibration states evidently require 

𝐷 +  ℏ𝜔 to excite with tunneling electrons, where 𝐷 is the magnetic anisotropy energy and  ℏ𝜔 is 

the excitation energy of a vibrational transition.  

 A schematic diagram depicting the energy levels and types of excitations for single NiCp2 

molecules is shown in Fig. 5.3(a-d). In the experiment geometry indicated in Fig. 5.3(a), single 

molecules adsorb upright on the surface with both the external magnetic field and spin hard-axis 

oriented normal to the surface plane. The S = 1 molecules can undergo spin-flip excitations as in 

Fig. 5.3(b) or vibrational excitations as in Fig. 5.3(c). The various energy levels are then depicted 

in Fig. 5.3(d), with high-spin excited states elevated by the magnetic anisotropy energy 𝐷 relative 

to the ground state and vibrationally excited states elevated by ℏ𝜔. In addition, combined spin-

vibration excited states exist at energy 𝐷 + ℏ𝜔. In an external magnetic field, the vibration-only 

states are unaffected while the Zeeman effect lifts the degeneracy of the high spin and spin-

vibration states, resulting in Zeeman splitting 2𝐸 , where 𝐸 = 𝑔 µ 𝐵 . 

While single NiCp2 molecules can undergo single spin-flip (SSF) transitions in the 

tunneling junction, recent experiments have shown that a two-NiCp2 spin system can undergo both 

single spin-flip (SSF) and double spin-flip (DSF) excitations. The two-NiCp2 system can be 

created by functionalizing the STM tip with a NiCp2 molecule and positioning it over another 

surface-adsorbed NiCp2 molecule as depicted in Fig. 5.3(e). In this configuration, tunneling 

electrons can flip one spin at a time (SSF excitations) or the spins of both molecules simultaneously 

(DSF excitations) with examples shown in Fig. 5.3(f). However, only the antiferromagnetic 

(Δ𝑚 = 0) DSF state can be accessed due to spin angular momentum selection rules imposed 

by the tunneling electron which forbid ferromagnetic (Δ𝑚 = ±2) DSF excitations. At close 
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Figure 5.3. Schematic Diagrams of Spin, Vibration and Spin-Vibration Energy Levels of the One 

and Two-NiCp2 Spin Systems. (a) Diagram of the single NiCp2 experiment geometry. (b) 

Depiction of spin-flip excitations and (c) vibration excitations. (d) Energy level diagram for NiCp2 

excited states. The excitations can be classified into three types consisting of spin-only, vibration-

only and spin-vibration excitations represented in the vibration-spin basis |𝑛, 𝑚 ⟩. The spin-only 

and spin-vibration states split by the Zeeman energy 𝐸  in an external magnetic field while 

vibration-only states do not. (e) Diagram of the two-NiCp2 experiment geometry. (f) Example two-

molecule states in the |𝑛, 𝑚 , 𝑚 ⟩ basis. Here the vibration quantum number 𝑛 refers to a 

vibration of one of the two molecules, such as the NiCp2 adsorbed on the tip. (g) Energy level 

diagram for the two-NiCp2 excited states. The spin-only and spin-vibration energy levels are split 

by both spin exchange interactions 𝐸  and the Zeeman effect. The antiferromagnetic DSF 

excitation is also slightly redshifted by 𝛿. 
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intermolecular distance, the spins of the two molecules couple via antiferromagnetic 

superexchange interactions, resulting in zero-field splitting of the SSF peaks and redshifting of the 

DSF peaks  [33]. The possible spin, vibration and spin-vibration energy levels of the two-NiCp2 

system are depicted schematically in Fig. 5.3(e). The degeneracy of the SSF states can be lifted at 

zero field by 2𝐸  due to the exchange interaction and can split further by 2𝐸  due to the Zeeman 

effect if an external magnetic field is applied. The antiferromagnetic DSF states on the other hand 

can be redshifted by a small amount −𝛿 due to exchange interactions but remain degenerate in an 

external magnetic field due to the net zero magnetic moment. The vibrationally excited states now 

exist as vibration-only, SSF+vibration and DSF+vibration states. In the absence of external 

magnetic field or exchange interactions, the SSF+vibration states are 𝐷 higher in energy than the 

vibration-only states, and the DSF+vibration states are further blueshifted to 2𝐷 higher. The 

spin+vibration states are all affected by exchange interactions, causing the same zero-field splitting 

of the SSF+vibration states and redshift of the DSF+vibration states as seen in the spin-only excited 

states. Importantly, the SSF+vibration states respond to an external magnetic field while the 

DSF+vibration states do not, which combined with the energy offsets of 𝐷 and 2𝐷 respectively 

relative to the vibration-only states permits their unambiguous identification. 

 To determine which vibrational states can be experimentally accessed in the two-NiCp2 

system, a NiCp2-tip was prepared by positioning the Ag tip over a NiCp2 molecule and controllably 

advancing the tip toward the surface, resulting in a transfer of the molecule to the tip. The resulting 

NiCp2-tip was then positioned over another NiCp2 molecule on the surface (depicted Fig. 5.4(a) 

inset) and spectroscopic measurements were then made (Fig. 5.4(a)-(b)).  The spectra reveal three 

low energy excitations, with the first two corresponding to SSF excitations and the third, more 

intense peak corresponding to the antiferromagnetic DSF excitation  [33]. As in the single NiCp2 
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Figure 5.4. Measured Spin-Vibration Excitations of the Two-NiCp2 Spin System. (a) dI/dV and 

(b) d2I/dV2 measurements of NiCp2-tip/NiCp2-surf. The two lower energy peaks correspond to 

SSF excitations, with zero-field degeneracy lifted by intermolecular spin exchange interactions. 

The 7.41 mV peak corresponds to an antiferromagnetic DSF excitation. (c) Vibrational spectrum 

of NiCp2-tip/NiCp2-surf. The vibration modes observed are similar to those found in the single 

NiCp2 measurements (Fig. 5.1(d)) are all blueshifted by 3 – 4 mV. For each peak, the lower peak 

position indicator corresponds to the fitted peak position while the two higher indicators connected 

by an arrow represent the corresponding single NiCp2 peak position from Fig. 5.1(d) and the same 

value shifted by (𝐷 − 𝛿) = 3.6 mV. Spectra were acquired with 800 µVRMS lock-in modulation 

and averaged over 50 passes. (d) Zoom-in of the ~ 38 mV single NiCp2 molecule vibration 

acquired with Ag tip at low magnetic field (0T, red) and high magnetic field (9 T, purple) showing 

the Zeeman effect of the combined spin-vibration excitation. (e) Similar measurements of the same 

vibration for the two-NiCp2 system at low field (1 T, red) and high field (9 T, purple) showing 

both a ~ 3 meV blueshift and the absence of Zeeman splitting. Spectra shown in (d-e) were 

acquired with 800 µVRMS lock-in modulation and averaged over 80 passes. 
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case, vibration excitations appear as much weaker peaks at higher bias voltage as shown in Fig. 

5.4(c). However, in contrast to the single NiCp2 case, the vibration peaks of the two-NiCp2 system 

do not split in an applied magnetic field. High resolution IETS measurements of the ~ 35 meV 

vibration for the single NiCp2 molecule acquired with Ag-tip at B = 0 T and B = 9 T are shown in 

Fig. 5.4(d) while similar measurements for the two-NiCp2 system are shown in Fig. 5.4(e). While 

the single molecule vibrations have a pronounced splitting at high field, the two-molecule 

vibrations are seemingly unaffected. In addition, all the vibrations of the two-molecule system 

appear blueshifted by ~ 3.6 meV with respect to the values measured for the single NiCp2 case, 

with some variation likely caused by intermolecular forces perturbing the vibrational modes. While 

it is possible intermolecular forces could account for the entire blueshift, the fact that all the 

observed modes blueshift by roughly the same amount makes this explanation unlikely. Instead, 

these observations strongly suggest that the vibration excitations of the two-molecule system 

correspond to DSF+vibration states in which both molecules’ spins have been flipped in opposite 

directions and a vibration has been excited simultaneously, implying inelastic excitations of three 

different quanta by one tunneling electron. The transition can be represented in the two-molecule 

spin-vibration basis |𝑛, 𝑚 , 𝑚 ⟩ as |0,0,0⟩ → |1, ±1, ∓1⟩ where 𝑛 is the vibration quantum 

number belonging to a vibration mode of one of the molecules and 𝑚 , 𝑚  are the spin quantum 

numbers of the tip and surface molecule respectively, depicted as the highest energy transition in 

Fig. 5.3(g). 

 The remarkable fact that only DSF+vibration states are observed in the two-molecule 

system implies that the inelastic cross-sections for the other possible vibration states 

(SSF+vibration or vibration-only in Fig. 5.3(g)) are somehow suppressed in comparison. 
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Considering that the overall conductance change for the DSF excitation is around 3 – 4  times that 

of each SSF excitation and is around ten times higher than the no spin-flip conductance channel 

(Fig. 5.4(a)), one plausible explanation is that since most of the tunneling electrons are 

participating in DSF excitations, the DSF+vibration excitations then become the most favored 

channel for vibration excitations so that only these can be resolved in the experiment. This 

interpretation can also account for why only SSF+vibration states are observed in the single NiCp2 

case, since the conductance of the SSF tunneling channel is similarly much higher than the no 

spin-flip channel  [34]. The results presented here also raise questions about the degree to which 

spin-vibration  [9,11,13] and electron-vibration  [17,21,42] coupling is important in determining 

the intensity of inelastic satellite peaks in the off-resonance regime. 

 In summary we have demonstrated that tunneling electrons can be used to excite entirely 

inelastic combined spin-vibration transitions in single molecule magnets with the scanning 

tunneling microscope. The presence (or absence) of Zeeman splitting in an external magnetic field 

combined with DFT calculations of the vibration mode energies reveal that the observed vibration 

spectra of single NiCp2 molecules correspond to simultaneous excitations of one spin quanta and 

one vibration quanta while the observed vibration peaks of the two-NiCp2 spin system are 

simultaneous excitations of two spin quanta and one vibration quanta. These results indicate that 

for inelastic features observed in transport measurements of single molecules, the presence (or lack 

of) a magnetic field response does not necessarily imply the origin of the excitation is simply spin 

(or vibration) and that care must be taken in situations where double spin-flip or spin-vibration 

states may be present. Spin-vibration combined states are expected to be sensitive to the presence 

of spin-vibration coupling effects within the molecule [9,11,13] and therefore provide a route to 

characterizing spin relaxation pathways in single atom and molecule magnets.  
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5.3 Supplementary Materials 

 

For some of the low magnetic field measurements, B = 1 T was used in place of B = 0 T. 

The application of finite magnetic field (such as 1 T) assists in reducing the mechanical vibrations 

in the STM scanner via eddy current damping, reducing the spectral noise background arising from 

mechanical sources. The small Zeeman splitting for S = 1 molecules in a 1 T magnetic field (~ 0.2 

meV) broadens the IETS peaks slightly but does not result in significant effects otherwise and is 

therefore considered appropriate as a “low field” measurement in the context of this experiment. 

All spectroscopic measurements were acquired at a tip height defined by positioning the 

tip over the center of a NiCp2 molecule, turning off the STM feedback at setpoint 70 mV/40 pA 

and then advancing the tip 1.12 Å toward the surface. 

The NiCp2-tips were prepared by positioning an atomically sharp Ag tip over the center of 

a single NiCp2 molecule adsorbed on the Ag(110) terrace, turning off the feedback at 70 mV/40 

pA, advancing the tip 3 – 4 Å toward the surface and then retracting the tip the same amount. If 

the tunneling current after retracting the tip was markedly different from before advancing the tip, 

a change in tip-condition was inferred and spectroscopic measurements with the tip positioned 

elsewhere over the bare Ag(110) substrate would be used to confirm the NiCp2 tip termination. 

dI/dV measurements acquired over the bare substrate, a single NiCp2 molecule and the 

two-NiCp2 spin system are shown in Fig. 5.5. The conductance of the inelastic (spin-flip) channel 

is ~ 3 times higher than the elastic channel for the single molecule case, constituting a trend that 

is repeated in the two-NiCp2 spin system where the exchange-split single spin-flip channels 

together are observed to have ~ 3 times the conductance of the elastic channel, and the double-spin 

flip channel has ~ 3 times the conductance of the single spin-flip channels. If the spin-vibration    
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Figure 5.5. dI/dV Measurements in Three Different Tunneling Geometries. (a) Ag tip positioned 

over Ag(110) terrace. (b) Ag tip positioned over a single NiCp2 molecule adsorbed on Ag(110). 

(c) NiCp2 tip positioned over a single NiCp2 molecule (the two-NiCp2 system). All three 

spectroscopic measurements were acquired at a tunneling gap defined by turning off the feedback 

at 70 mV/210 pA and advancing the tip toward the surface by ~ 0.55 Å. The spectra shown in (a – 

b) were acquired with 500 µVRMS bias modulation while the spectra in (c) was acquired with 300 

µVRMS bias modulation, averaged over 10 – 20 passes. 
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peak intensity is directly modulated by the spin-flip conductance, the SSF+vibration peaks would 

be expected to be ~ 3 times more intense than the vibration-only peaks for the single NiCp2 case. 

For the two-NiCp2 case the DSF+vibration channels would then be ~ 3 times and ~ 9 times more 

intense than the SSF+vibration and vibration-only peaks, respectively. This could account for why 

the vibration-only peaks were seemingly unobserved for single NiCp2 molecules and why only the 

DSF+vibration peaks could be resolved in the two-NiCp2 system. 

Additional IETS spectra showing the Zeeman splitting of the single NiCp2 vibration peaks 

is shown in Fig. 5.6.  

IETS spectra of single NiCp2 molecules acquired with additional Ag tip terminations is 

shown in Fig. 5.7. The vertical dashed lines indicate the peaks that were consistently observed 

between tip terminations and which were identified in the main text (Fig. 5.1). The presence of the 

~ 5.5 mV peak is hinted at in Fig. 5.7(a) in the blue spectrum corresponding to Tip #4, but the 500 

µVRMS bias modulation used resulted in too much broadening, causing the nearby 3.8 mV spin-

flip and 7 mV vibration peak to overlap with the 5.5 mV peak. This motivated the 300 µVRMS bias 

modulation spectra shown in main text Fig. 5.1(f). However, the proximity of the 5.5 mV peak to 

the 3.8 mV and 7 mV peaks precluded verification of whether the 5.5 mV peak responds to an 

external magnetic field. In the larger bias range vibration spectra shown in Fig. 5.7(b), additional 

features can sometimes be observed in the 10 – 20 mV range, but these would not consistently 

appear at both positive and negative sample bias nor would they be present for all tip terminations. 

Although these could arise from vibration-only excitations of the 15 – 17 meV FTx-Ni modes 

identified in the DFT calculation (main text Fig. 5.2), we choose not to assign these features to 

vibration peaks.  
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Figure 5.6. IETS Measurements of Single NiCp2 Molecules Acquired with Other Ag-Tips. (a) 

Zoom-in of the 7 mV and 9.5 mV vibration peaks. All spectra were acquired at B = 1 T except the 

purple spectrum which was acquired at B = 7 T. The 7 T spectrum shows two split peaks equally 

distributed about the 7 mV peak due to the Zeeman effect, but the split peaks of the 9.5 mV are 

hardly resolved due to the much weaker signal intensity. Dashed lines indicate the approximate 

peak center position consistent among tip terminations. Spectra were acquired with 500 µVRMS 

bias modulation, averaged over 40 – 60 passes. (b) Spectra acquired for a larger bias range than in 

(a). The inelastic peak-like features in the 10 – 20 mV range are not consistent between positive 

and negative bias nor from tip to tip, so they are not assigned to vibration peaks but may instead 

arise from spectral background features. Spectra were acquired with 800 µVRMS bias modulation, 

averaged over 40 – 50 passes. 
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Figure 5.7. Additional Measurements of the Zeeman Effect Observed in Vibration Excitations of 

Single NiCp2 Molecules. (a) IETS measurements of the 7 mV and 9.5 mV peaks at B = 0 T (red), 

4.5 T (green) and 9 T (purple). The sudden increase in IETS signal at low bias corresponds to the 

onset of the much more intense 3.8 mV spin-flip peak. (b) Corresponding measurements at (0, 4.5, 

9 T) for the 20 – 40 mV vibration peaks. The peaks are seen to broaden at B = 4.5 T as the Zeeman 

splitting is too small to resolve due to bias modulation broadening. At B = 9 T the ~ 20 mV and ~ 

38 mV peaks are seen as weaker doublets and the two peaks at ~ 28 mV and ~ 29.5 mV have split, 

but appear as three peaks instead of four due to overlap of the blueshifted 28 mV peak and 

redshifted 29.5 mV peak. All spectra in (a – b) were acquired with 800 µVRMS bias modulation at 

471 Hz, with spectra in (a) averaged over 20 – 100 passes and spectra in (b) averaged over 100 

passes. 
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Since the vibration peaks of the two-NiCp2 spin system appear blueshifted by ~ 3 – 4 mV 

relative to the peaks observed in the single NiCp2 spectrum, it is worth considering the possibility 

that the tip-adsorbed NiCp2 vibration spectrum is blueshifted in such a way as to account for these 

observations. However, vibration spectra acquired for two different NiCp2-tip terminations are 

shown in Fig. 5.8. Most of the vibration peaks appear at very similar bias voltages except for the 

27.6 mV peak, which is redshifted by ~ 0.8 mV relative to the equivalent peak observed in the 

surface-adsorbed NiCp2 spectrum. 

Additional spectra acquired for the two-NiCp2 spin system are shown in Fig. 5.9. The 

similarity between the spectra at low (0 T) magnetic field and high (9 T) magnetic field indicate 

the lack of Zeeman effect for these vibration peaks. 
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Figure 5.8. Comparison of IETS Vibration Spectra of Single NiCp2 Molecules Adsorbed on the 

Ag(110) Terrace vs Ag-Tip. Vibration spectra for the two tip-adsorbed NiCp2 measurements were 

acquired with the NiCp2-tips positioned over the bare Ag(110) substrate away from other 

adsorbates or defects. The spectroscopic measurements of the 20 mV – 40 mV vibration peaks 

reveal that three of the vibrations have very similar excitation energies compared to the surface-

adsorbed molecule except for the 27.6 mV peak, which appears redshifted by ~ 0.8 mV. Note that 

the surface-adsorbed NiCp2 spectra (blue) is the same as the one shown in Fig. 5.7 (0T 

measurement) and is repeated here for convenient comparison. All measurements were acquired 

with 800 µVRMS bias modulation at 471 Hz, averaged over 100 passes. 
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Figure 5.9. Additional Vibration Spectra for the Two-NiCp2 Spin System. The 20 – 45 mV 

vibration peaks do not appear to split due to the magnetic field as in the single NiCp2 case, 

indicating that the net magnetic moment of the state being accessed in the inelastic excitation is 

close to 0. Spectra were acquired with 800 µVRMS bias modulation at 471 Hz, averaged over 100 

passes. 
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CHAPTER 6 

Design and Construction of a 3-Port Evaporator Loadlock 

 

6.1 Introduction and Motivation 

 

To be able to perform experiments on single atom or molecule adsorbates, a clean surface 

must be prepared and then adsorbates must be introduced (or “dosed”) onto the surface at low 

coverage. By far the most common way to achieve sub-monolayer coverages is to expose the 

surface to a very low pressure of the atoms or molecules in the gas phase. For compounds that are 

gasses or liquids at room temperature, this can be readily achieved by using a variable (controlled) 

“leak” valve to direct a low-pressure stream of gas (or vapor from a liquid) toward the surface. 

Since gases and liquids can be isolated with valves and connected to an array of vacuum tubing 

which terminates in a single, shared leak valve, it is quite common to have many of these 

compounds installed and ready for use. This array of gasses and liquids is typically called a “gas 

handling system” and is isolated from the main experiment vacuum chamber by the variable leak 

valve.  

For many solids however, the room temperature vapor pressure is too low or is even 

negligible, so heat must be applied to the solid to raise its temperature high enough for sublimation 

to occur.  This is commonly achieved by placing a small sample of the solid compound in a ceramic 

or high melting point metallic crucible wrapped in a resistive heater element such as thin tungsten 

wire. Current is then run through the resistive element to heat crucible until the compound begins 

to sublimate. Alternatively for high melting point metals one can also direct an electron beam at 

high voltage into the solid metal sample to reach sublimation temperatures. Unlike gasses and 
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liquid vapors however, the sublimed vapor from solids must travel directly from the solid sample 

to the prepared surface, as these vapors will mostly instantly stick to room temperature tubing or 

chamber walls.  Both solid-dosing approaches therefore require the dosing device to be connected 

directly to the main experiment vacuum chamber so that the compound can have direct line-of 

sight with the sample surface. In addition, components such as electrodes for the resistive heating 

elements, thermocouples for temperature measurements, an electrode for high voltage or vacuum-

tight tubing for water cooling lines may all need to pass into the chamber, adding bulk and 

complexity to the dosing component. Dosers then are not necessarily easy or convenient to replace 

on a vacuum chamber since there is no leak valve to isolate the doser from the chamber, thus 

requiring the entire chamber be vented with air to remove and exchange the doser. For many 

experimental apparatus there is a long turnaround time involved in bringing the vacuum chamber 

to air, replacing components attached to the chamber, pumping back down to vacuum and then 

removing the adsorbed water and other contaminates from the chamber walls via “baking” 

(heating), which is a requirement to achieve the ultra-high vacuum conditions needed for single 

adsorbate experiments. In the continuous-flow cryostat STMs used in the Ho lab, it can take several 

weeks to complete the bakeout, degas all the filaments in the chamber which have absorbed some 

gas during the venting gas exposure, and finally achieve the lowest pressures the chamber can 

achieve. This situation is significantly worsened for the sub-kelvin STM used in this work which 

must remain at 4He temperatures for extended periods of time. To vent the main chamber of the 

sub-kelvin STM it is necessary for all three 4He dewars to first warm up to close to room 

temperature, which by itself can take almost a month without assistance. In addition, there is 

always concern that such a large instrument can incur some damage due to the mechanical stresses 

induced by temperature gradients during the warmup and cooldown processes, so there is a 



212 
 

tendency to keep the sub-kelvin STM cold and in vacuum conditions for as long as possible (often 

a year or so, until the vacuum jackets surrounding the dewars need to be pumped out). 

The above considerations provide the motivation for evaporator (doser) loadlocks, which 

are vacuum components added to the chamber that allow for the isolation and removal of dosers 

from the main chamber at the cost of increased complexity, space and expense. The critical 

component which allows this functionality is the linear translator, which allows the doser to be 

extended into the main chamber for use and retracted completely from the main chamber for 

exchange without venting the main chamber. Instead the loadlock can be brought to air while in 

isolation from the main chamber, the doser replaced, and the loadlock brought back down to 

vacuum and baked out in less than a week, during which time other experiment preparations can 

be done in parallel such as surface cleaning. At the time I joined the Ho group, the sub-kelvin STM 

was equipped with one such evaporator loadlock connected to the main experiment vacuum 

chamber which was built by previous members. This allowed for convenient exchange of dosers 

while keeping the main chamber in the cryogenic/UHV state, but the other two dosers attached to 

the chamber did not feature a loadlock and could only be exchanged every few years during the 

times the system was at room temperature.  

      A model of the original loadlock system is shown in Fig. 6.1. This loadlock featured a 

small ion pump and non-evaporable getter (NEG), along with gate valves to isolate the NEG from 

the rest of the loadlock and the loadlock/doser from the main chamber. There is also a metal-sealed 

valve, closed using a torque wrench, which provides a reliable seal between the UHV space and 

the air outside. Typically venting with dry nitrogen gas and the initial pumpout using a roughing 

pump/turbo pump combo are done through this metal-sealed valve. A disadvantage of this design 

is that, while the NEG would be isolated during doser exchange with a gate valve, the venting with 
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Figure 6.1. Model Views of the Original Evaporator Loadlock. (a) Isometric view of the original 

loadlock, which featured (a) a gate valve to isolate the loadlock from the main chamber, (b) a 

custom 3.375” to 2.75” conflat tee, (3) a linear translator with doser installed, (4) a custom 5-way 

cross connecting the doser tee to the NEG, ion pump and an unused ionization gauge, (5) an 

isolation valve to keep the NEG under vacuum while venting the loadlock, (6) an NEG, (7) a small 

ion pump, (8) a metal-sealed valve, (9) external pump access tee and (10) external cold cathode 

ionization gauge. (b) Side view of the original loadlock, along with (c) top and (d) front views. (e 

– f) depict the loadlock installed on the apparatus. The optical table has been recolored beige for 

clarity. 
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clean gas would occur through the ion pump which then did get vented, leading to longer bakeout 

times. Note that the other two dosers in the original design were installed directly into the main 

chamber without loadlocks. The advantage of using an ion pump and NEG in tandem is that the 

ion pump is capable of pumping noble gasses (particularly Argon, which is a significant 

component of atmosphere) and some inert molecules like methane, neither of which can be 

pumped by the NEG, while the NEG in turn is a much more powerful pump of most other gasses 

(400 L/s compared to 25 L/s), particularly hydrogen. The ion pump also provides a pressure 

measurement of the loadlock in the vacuum state via its ion emission current. Further details of 

the original evaporator loadlock design can be found in Ungdon Ham’s Ph.D. thesis. 

While the original loadlock design had many benefits (I would even consider it critical to 

the operation of the instrument), the clear drawback was that only one of the three available doser 

ports benefitted from the loadlock and the ion pump could not be isolated along with the NEG 

during doser exchange. 

 

6.2 Overview of the 3-Port Evaporator Loadlock  

 

In this section, I describe the design and construction of an expanded evaporator loadlock 

system which allows for all three dosers on the sub-kelvin STM to be independently isolated and 

exchanged while maintaining the cryogenic/UHV state of the apparatus. The loadlock system 

consists of an independent loadlock chamber in the “front” of the main chamber (where sample 

and tip manipulation occur) and two connected loadlock chambers in the “back” of the main 

chamber, which share vacuum pumps to save expense and space but nonetheless can be 

independently isolated from each other and from the ion pump/NEG. 
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An overview drawing of the new loadlock system is shown in Fig. 6.2 and model views 

depicting its installation on the optical table are shown in Fig. 6.3. Common to both the front and 

back evaporator loadlocks, there are gate valves to isolate the loadlock chambers from the main 

chamber (after the dosers have been retracted from the main chamber using a linear translator), a 

gate valve to isolate the ion pump and NEG from the rest of the loadlock, and a metal-sealed valve 

to isolate the loadloack from the outside air. Since optical table space around the main chamber is 

limited however, the back two loadlocks share an ion pump and NEG. The geometric configuration 

of the loadlocks presented a design challenge, as each loadlock needed to permit the unobstructed 

exchange of dosers while also avoiding other objects on the table space. In addition, excessive 

lengths and small diameters restrict the pumping efficiency which can prove detrimental to keeping 

the bakeout time short. Designing a means to connect the back two dosers to form one shared 

loadlock without relying on excessive custom conflat flange tubing was especially challenging, 

but a means was devised which even made use of the custom 6-way cross used in the original 

loadlock design. In addition, strain-relief spring-mounted supports needed to be designed to ensure 

that the extended chambers of each loadlock system do not impose large torques on the main 

chamber flanges they are mated to. For rigidity, these strain-relieved supports in turn must be 

bolted to the optical table directly, creating a need for additional structural support elements to 

ensure alignment with the mounting holes of the optical table.  

There were two other design principles that were common to all three loadlocks. First, the 

NEG internal structure consists of an array of gas-absorbent disks which extends more than 5” past 

the 2.75” conflat flange it is mounted to. It is then typically required to add an additional conflat  
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Figure 6.2. Overview of the New 3-port Evaporator Loadlock System. (1) Green flanges indicate 

the doser ports on the main chamber which is not shown. All three of these ports have line-of-sight 

with the sample surface mounted on the STM scanner. (2) Gate valves to isolate the loadlock 

chambers from the main chamber. (3) Linear translators used to advance/retract the dosers to/from 

the main chamber. (4) Dosers mounted to the linear translators. (5) Gate valves to isolate the ion 

pumps and NEGs from the rest of the loadlock during doser exchange. (6) Gamma Vacuum 25S 

TiTanTM Ion Pumps. (7) SAES CapaciTorr D 400-2® NEGs. (8) 2.75 “ conflat flex coupling used 

to relieve strain between the back left and back right loadlock connecitons. (9) Metal-sealed valves 

used to isolate the loadlock from air. (10) Cable connection clearance for the ion pump and NEG 

power connections. The support structures are hidden in this view. 
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Figure 6.3. Model Views of the New Evaporator Loadlock Installed on the Apparatus. (a) Back 

view showing the back loadlock passing underneath the large main chamber elbow (semi-

transparent in this view). (b) Front view showing the front loadlock with the small ion pump 

suspended in the hole of the optical table which as shown as green. The optical table has been 

recolored as beige for clarity. 
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nipple to house this structure, but the diameter of this nipple should be as large as possible. The 

NEG itself occupies a large volume compared to the inside volume of 2.75” conflat tubing 

(typically 1.5” tubing) which would then greatly hurt the conductance of gas attempting to enter 

the section containing the NEG if this size tubing is used to house the NEG. Instead, it is 

recommended to use a zero-length reducing flange to mate the 2.75” flange NEG to a larger nipple, 

preferably 3.375” or 4.5” conflat flange sizes which correspond to 2” and 2.5” tubing, respectively. 

Second, there is limited space between the optical table and the terminating flange of the 

linear translator where the doser is mounted. This means that feedthrough components such as 

electrodes, water cooling lines and the rotary feedthrough used to open/close the dosing shutter 

must not protrude out more than 2 – 3 inches from the 2.75” flange of the doser. This space 

limitation also makes it difficult to remove the doser from the loadlock during exchange. For these 

reasons, the overall length of components from the doser port of the main chamber to the back of 

the doser flange must be minimized. For this purpose, a custom 3.375” to 2.75” conflat tee was 

designed to reduce this length as much as possible and is used for all three loadlocks. In the next 

sections I will briefly describe the design choices made for each loadlock. 

 

6.3 Main Chamber Front Evaporator Loadlock 

 

In earlier (unused) iterations of the front evaporator loadlock design, the ion pump was 

suspended over the optical table using strain-relief spring-mounted supports as in the original and 

new back loadlock designs, but this created many problems. It was not possible to allow enough 

room for the doser to be retracted and removed during doser exchange as well as give enough 

clearance to operate the rotary manipulator located on the underside of the main chamber which is 
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used to open and close the radiation shields surrounding the STM for access. Excessive custom 

conflat tubing and/or long tube lengths would have been needed to make such a design work. 

Instead, a different design was devised which places the bulky ion pump in the large hole in the 

optical table beneath the main chamber, next to the rotary manipulator, with the ion pump 

supported by springs from below which are mounted to threaded rods that bolt to the table from 

above. A drawing of the front loadlock system is shown in Fig. 6.4 with the support structures 

included. The aluminum bars at the top are bolted to the optical table (not shown) from above and 

the 0.75” threaded rods used to support the pump are suspended below these bars. Springs sit on 

washers elevated by hex nuts and support the mounting plate while U-bolts rigidly fix the ion 

pump to the mounting plate. At the bottom, brass cap nuts cover the ends of the threaded rods to 

protect students from injury while working nearby. This design allows the front doser to be 

retracted from the main chamber unobstructed, gives clearance for a hand to reach under the main 

chamber to access the radiation shield rotary manipulator, and also does not obstruct the back 

loadlock doser nearby. Photographs of the completed front loadlock are shown in Fig. 6.5. 

 

6.4 Main Chamber Back Evaporator Loadlocks 

 

 The back evaporator loadlocks were the more challenging design in this project, as it 

proved difficult at first to figure out how place the ion pump and NEG on the table while also 

providing enough strain relief for everything and, again, minimizing excessive tube lengths or 

custom components. A drawing of the back evaporator loadloacks is shown in Fig. 6.6. Since these 

loadlock chambers ultimately connect to two different doser flanges on the main chamber, it is 

always important in situations like this to provide strain relief between the vacuum tubing elements 
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Figure 6.4. Model Views of the Front Evaporator Loadlock System. (a) Front and (b) side views 

with the support structure hidden. (c) The ion pump mounted to its support structure. (d) The 

support structure isolated from other components. 
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Figure 6.5. Photographs of the Front Evaporator Loadlock Installed on the Apparatus. (a) Model 

view showing the front loadlock with a doser installed. The green region indicates the hole in the 

optical table in which the ion pump is mounted. (b) Front view photograph of the front loadlock 

without the linear translator or doser installed. (c) Side view photograph of the front loadlock. 

There is clearance between the elbow (top left) and the nipple terminating in an NEG (bottom) to 

allow a hand to reach under the main chamber to turn the rotary feedthrough which opens and 

closes the radiation shields surrounding the scanner. (d) Back view photograph showing the ion 

pump sitting in the hole in the table. (e) Ion pump mounted to its support structure for testing. Peter 

J. Wagner’s leg is included for scale. 
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Figure 6.6. Model Views of the Back Evaporator Loadlock. (a) Top view. (b) Front view showing 

the NEG oriented downward (with the cable clearance pointing down, indicated in blue). In both 

(a) and (b) the support structures are not shown. (c) Angle view and (d) back view of the back 

loadlock including the support structures. (e) Isolated view of the center ion pump support plate 

with U-bolts used to secure the ion pump. The notch in the back provides clearance for a nearby 

hex bolt permanently mounted to the optical table. (d) Isolated view of the spring-lifted mounting 

plate used to support each side of the loadlock structure with U-bolts used to secure CF tees. 



228 
 



229 
 

which connect to these two flanges, which is achieved by using flexible bellows couplings. 

Without these flex couplings, excessive strains can be imposed on both doser flanges once conflat 

flange seals are made rigid and small angular mismatches conspire to bring flange mating surfaces 

off-center or off-axis on the path from one doser flange to the other. A downside to using flex 

couplings is that the pumpout rate through bellows is significantly worse than rigid tubing due to 

the higher surface area and recessed spaces for gas molecules to become trapped inside. In 

consideration of this fact, the bellows were carefully chosen to be placed between the isolation 

gate valves and the ion pump/NEG. This is beneficial for bakeout time since if the pumps are 

isolated while the doser sections are vented with gas, the bellows are not exposed to the venting 

gas and are only exposed to the low pressure of trace contaminants evaporating off the chamber 

walls once the entire system is brought back down to vacuum pressures and the bakeout has 

commenced. In this way, the bellows are always being pumped on by the ion pump/NEG combo, 

do not ever get vented, and should therefore not contribute significantly to virtual leaks to the 

loadlock system. 

 Another important consideration in the design of the back loadlock systems is the 

placement of the turbomolecular pump used to bring the loadlock back to high vacuum and to 

provide pumping support during bakeout. Unlike the front loadlock, where the pump module 

containing the turbo pump can be placed on the wood support directly in front of the front 

loadlock/main chamber, the turbo module must be temporarily mounted directly on the optical 

table for connections to the back loadlocks. For this purpose, a scale drawing of the modular turbo-

pump station was used in the design of the back loadlocks (not shown) to ensure that there would 

be room to affix the turbo to the table and attach it to each metal-sealed valve as needed. The 

roughing pump (typically an Edwards nXDS10 Scroll Pump) used for the initial pumpout to rough 
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vacuum and to provide backing for the turbo pump are typically placed on the ground away from 

the optical table and attached to the turbo using a 4 ft – 6 ft flexible KF 25 bellows. This limits the 

backing vacuum pressure of the turbo pump somewhat, but nonetheless allows the path length 

between the front of the turbo and each loadlock to be minimized to reduce the pumpout time of 

the loadlocks. Photographs of the completed back loadlock structure are shown in Fig. 6.7. 

 There are two main disadvantages to the shared design of the back loadlock. The first is 

that, by sharing an ion pump/NEG combo, the overall pumpout rate is not as good as it would be 

if each loadlock had their own pumps. In practice we don’t observe much difference with the 

original loadlock bakeout time, however. The other disadvantage is the use of 2.75” conflat flange 

(1.5” tube OD) tubing in the loadlock structure instead of 3.375” flange (2” tube OD) tubing used 

in the original design, especially with the flex couplings. The larger flange and tubing sizes would 

have also required longer lengths to be used that prevented the loadlock structures from each side 

to fit together. Finally, the use of two 90 degree elbows connecting the custom tee (where the linear 

translator is mounted) to the back loadlock structure was needed to elevate the tubing higher off 

the table to allow clearance for the ion pump located under the main chamber elbow. The use of 

two elbows like this added significantly to the path length between the dosers and the pumps, 

which also hurts the pumping conductance. Even with these disadvantages in design however, an 

extra day or so of bakeout time is more than compensated by the ability to exchange the dosers 

while the main chamber is in the cryogenic/UHV sate. The ability to simultaneously exchange all 

three dosers in the loadlocks and have the bakeouts run together is also a major benefit. 
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Figure 6.7. Photographs of the Back Evaporator Loadlock Installed on the Apparatus. (a) Back-

left view showing an isolation gate valve, a flex coupling and the six way cross connected to the 

ion pump below, both of which are hidden beneath the large elbow of the main chamber. (b) Back 

view from a larger viewing distance. (c) Top view. 
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6.5 Conclusions 

 

 Already since the most recent cooldown of the sub-kelvin STM which began around 

August 2017, the additional loadlocks have proved invaluable in reducing experiment downtime 

and providing more flexibility in planning experiments. Several sequential experiments can be 

planned and prepared for in advance, and all three loadlocks can be used with the dosers exchanged 

simultaneously. In addition, experiments in which multiple adsorbates need to be co-dosed from 

evaporators become possible. This permits some of the proposed experiments outlined in this 

thesis, such as co-dosing nickelocene with other magnetic adsorbates for experiments in which 

nickelocene is used as a spin-probe tip to study spin interactions with the other adsorbates. Since 

bringing the sub-kelvin STM to room temperature presents risks that are realized in the next 

chapter, the ability to exchange all the dosers conveniently with the system in the cryogenic/UHV 

state will help to minimize the risk of further issues caused by unnecessary warmups. 
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CHAPTER 7 

 

Noninvasive Repair of a Helium Leak and Detection of Spectroscopic 

Signatures of Adsorbed Helium Atoms 

 

7.1 Introduction 

 

 It is inevitable that leaks appear in any vacuum system as time passes. Since many 

components in modern vacuum apparatus are modular, these leaks can often be isolated to 

components that are simply swapped out to minimize experiment downtime. Sometimes however 

it is not straightforward or even possible to replace a component without a major disassembly of 

an experiment apparatus, which can result in downtimes on the order of many months or longer. 

In the sections that follow I describe the appearance of a leak from one of the 4He dewar spaces to 

the UHV space of the Ho group sub-kelvin STM, which was not straightforward to diagnose or 

repair. I have decided to give details here about the symptoms, eventual detection and the methods 

devised to repair the leak, since there is a likelihood that future students will need to further address 

this leak in subsequent years and should understand how to localize these kinds of internal leaks 

generally. 

 

7.2 The Appearance of the Leak 

 

Around November 2016 a leak (but not the main leak discussed in this chapter) appeared 

in the wobble stick manipulator in the main chamber of the Ho group sub-kelvin STM. This leak 
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presented itself as an increased UHV base pressure from the typical 5 – 8 × 10-11 Torr to pressures 

as high as 2.5× 10-9 Torr as measured by a Bayard-Alpert style nude ionization gauge mounted to 

the main chamber. Upon investigation it was found that this leak would get worse (the measured 

pressure would get higher) if the rotary feedthrough of the main chamber wobble stick manipulator 

was rotated and could be reproducibly made better or worse depending on the static rotation angle. 

This indicated a leak in the internal bellows mechanism of the rotary manipulator, and during 

investigation the pressure continually worsened as the rotary was used, provoking fears of a 

catastrophic failure of the seal while the system was in a cryogenic/UHV state. At this point 

experiments were stopped, the sub-kelvin STM dewars were allowed to warm up to room 

temperature and Vacseal was sprayed into the crevices of the rotary feedthrough to attempt to 

plug/stabilize the leak while the system returned to room temperature. During this time, the designs 

of the evaporator loadlock described in Chapter 7 were finalized and components were machined 

while awaiting the replacement rotary feedthrough for the wobble stick. After rebuilding the 

wobble stick manipulator with a new rotary feedthrough and completing the evaporator loadlock 

rebuild, the system was baked out for the first time in over a decade. It was noticed however that 

the final pressure after main chamber bakeout was 6 × 10-10 Torr, which is significantly higher 

than previously recorded values after full-system bakeout (typically closer to 2.5 × 10-10 Torr). 

However, we had chosen not to bake the internal surface of the dewar cans facing the UHV space 

during the bakeout, only the main chamber and insert feedthrough chamber, so we felt it was 

plausible trapped adsorbates had accumulated on the surfaces of the inner wall of He-4-II which 

would be frozen out after a cooldown. Then a cooldown was attempted in early 2017. During a 

cooldown of the sub-kelvin STM dewars, a liquid nitrogen pre-cool is required to bring 

temperatures to ~ 80 K, after which one removes the liquid nitrogen, blows out nitrogen using 
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helium gas, and finally cools down with 4He as outlined in the procedure described in Chi-Lun 

Jiang’s Ph.D. thesis  [1]. During this process abnormal pressure responses in the UHV space are 

frequently seen and are not normally cause for alarm, however the pressure in the main chamber 

rose to 1 × 10-9 Torr and continued to get worse, causing concern. 

Upon achieving LN2 temperatures, it was concluded that there may be a leak from one of 

the cryogen-containing dewars to the UHV space of the main chamber since the base pressure had 

not dropped into the 10-11 Torr range, which is usually observed due to the cryopumping effects of 

the cold dewar surfaces facing the UHV space. Since it was unclear where the leak might be, the 

following process was used to deduce the origin of the leak: 

First, it was important to deduce if and which dewar(s) were leaking. The worst-case 

scenario would be for the closed 3He system to have a leak into the UHV space, as 3He is 

prohibitively expensive to replace. However we were fortunate that it turned out to be a 4He leak. 

To detect the leak, we used a Stanford Research Systems Residual Gas Analyzer (RGA 100) in 

mass spectrometer mode which was already mounted to the preparation chamber to search for a 

4He or 3He signal. To ensure that leaking gas entering the UHV space of the main chamber found 

its way to the preparation chamber efficiently, the gate valve between the main and preparation 

chambers was opened while the gate valve to the turbomolecular pump in the main chamber was 

closed, so that gas could not exit the UHV space before passing into the preparation chamber. After 

turning on the RGA and letting the reading settle, a strong N2 mass peak was observed suggesting 

nitrogen was leaking into the main chamber. Importantly, no 3He peak was observed.  

By this time the liquid nitrogen had been removed from the dewars, so that they were still 

cold but filled with N2 gas. Starting with He-4-I, He gas from a cylinder was used to flush out the 

N2 gas, displacing the N2 and slowly replacing with He gas using the same procedure normally 
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used to prepare for the liquid helium cooldown after the liquid nitrogen precool. No 4He peak was 

observed on the RGA. Then after repeating several cycles of flushing out the N2 and replacing 

with 4He, it was concluded that the leak was not likely in He-4-I. Next, 4He gas from He-4-I was 

used to push helium into He-4-II using the brass needle valve connecting the two dewars internally. 

Again following the procedure for replacing N2 with 4He gas, the He-4-II dewar was filled with 

helium, and again there was no 4He signal on the RGA. However, once this procedure was repeated 

for the third time on He-4-III, there was a slow rise of 4He signal on the RGA. Switching to 4He 

leak test mode revealed a signal that grew with the amount of helium flushed into the system.  

Next, once it was determined that the leak was confined to the He-4-III dewar system, the 

apparatus was allowed to return to room temperature and then additional tests were used to attempt 

to deduce where the leak was located within the insert. The charcoal cooling lines, the 1K-Pot 

cooling lines, the He-4-III dewar itself, the refill tube containing the transfer line stinger and the 

exhaust lines for all three (charcoal, 1K-Pot and He-4-III) could all potentially be leaking. A key 

observation was that while pumping on He-4-III to help remove N2 gas in the earlier procedure, 

the pumping would occur through the 1K-Pot, and the main chamber pressure would be seen to 

drop very quickly upon starting the pumpout. Based on this, it was suspected that the 1K-Pot itself 

could be leaking since it would likely reach vacuum much faster than the He-4-III dewar due both 

to its small volume and the constricted capillary connection between the 1K-Pot and He-4-III. In 

this picture, the 1K-Pot pumps out to vacuum very quickly and then He-4-III slowly drains through 

the 1K-Pot into the roughing pump, and a leak located in the 1K-Pot would then seem to disappear 

almost immediately after pumping as there would be very little gas pressure near the leak. This 

would also require that the insert vacuum can (IVC) leak into the UHV space, so that a leak from 

the 1K-Pot fills the IVC with gas which then leaks into the UHV space.  
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To test this possibility the following procedure was performed: 

1) First an external turbomolecular pump, backing roughing pump and a second RGA 

attached directly next to the turbomolecular pump was prepared in the upstairs platform 

near where the insert exhaust access ports/IVC pumpout port are located. An OMEGA 

DPG4000 pressure gauge was also brought up attached to an assembly that featured 

various isolation valves and a barbed hose fitting, which was used to controllably 

pressurize a vessel with 4He gas. 

2) Next, while pumping on the 1K-Pot exhaust using the external turbo pump, the IVC 

was vented with 100 Torr clean 4He gas from a cylinder. During this time, the RGA on 

the external turbo pump was watching the mass spectrum in the 1K-Pot exhaust and 

the RGA mounted to the preparation chamber was watching the mass spectrum in the 

main chamber UHV space. As before, the main chamber turbo pump was isolated via 

gate valve from the main chamber and the gate valve connecting the preparation and 

main chambers was open. 

a. The result of this test was that the IVC has a bad leak to the UHV space as 

shown in Fig. 7.1(a), but we could not obtain a significant 4He signal while 

watching the 1K-Pot, suggesting that there was no appreciable leak between the 

IVC and 1K-Pot.  

3) The reverse case was then tested, in which the IVC was pumped out with an RGA 

monitoring the 4He signal while the 1K-Pot exhaust was pressurized with 760 Torr of 

4He gas. Importantly, during this test the needle valve between the He-4-III dewar and 

the capillary leading to the 1K-Pot was closed, isolating the 1K-Pot from the rest of the 

system. 
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a. The result was that the 1K-Pot was seen to have a leak somewhere to the UHV 

space, but similar to the previous test this could not be detected through the 

RGA looking into the IVC. 

4) Another case was considered in which the needle valve between the 1K-Pot and the 

rest of the He-4-III dewar system was kept closed, and either He-4-III or the 1K-Pot 

were independently pressurized with 4He gas while the other was pumped out.  

a. Again, the 1K-Pot was seen to leak into the UHV space while the rest of the 

He-4-III system did not. This precluded leaks in the He-4-III inlet (where liquid 

enters via a stinger), the He-4-III dewar itself, the charcoal cooling lines, and 

the associated exhausts for each. 

5) Finally, the He-4-III dewar was filled with 4He gas while the brass needle valve was 

closed and the 1K-Pot was pumped out. The brass needle valve was then opened.  

a. A helium leak signal slowly appeared on the RGA, shown in Fig. 7.1(b). After 

pumping out the 1K-Pot afterward the helium leak signal dropped rapidly as 

seen in Fig. 7.1(c). Temperature changes in the 1K-Pot were also observed 

following the pumpout/backfilling  of the 1K-Pot as seen in Fig. 7.1(d). 

Assuming the 1K-Pot itself were leaking into the IVC, it would then be implausible that an 

RGA as far away as the preparation chamber could easily pick up a 4He signal from leaks into the 

UHV space but an RGA watching the IVC/1K-Pot could not, since the 1K-Pot is contained within 

the IVC are much closer to each other than either of these are to the preparation chamber. 

Therefore, the conclusion of the above tests was that the leak must exist within the 1K-Pot system, 

but not in components/connections contained within the IVC, which indicated that it must exist in 

the exhaust line of the 1K-Pot that passes through the UHV space toward the top of the insert  
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Figure 7.1. Photographs of RGA Leak Detection Results. (a) Response of the preparation chamber 

RGA to filling the IVC with 100 Torr 4He gas. The arrow indicates the moment the helium was 

introduced. (b) Response of the RGA to filling He-4-III with 760 Torr 4He gas with the brass 

needle valve controlling access to the 1K-Pot open.  The less rapid response compared to (a) is 

due to the low conductance between He-4-III and the 1K-Pot causing gas to fill the 1K-Pot slowly. 

(c) Result of pumping out He-4-III through the 1K-Pot exhaust port. The helium signal drop is 

much more rapid than the rise in (b) caused by the 1K-Pot pumping out rapidly. (d) Temperature 

responses in 1K-Pot due to pumpout (left arrow) and re-pressurization (right arrow). 
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feedthrough chamber. The IVC leak to the UHV space then must be coincidental and unrelated to 

the 1K-Pot exhaust leak to the UHV space. Since the IVC is normally at vacuum while running an 

experiment and is not supposed to be filled with any gas that could leak into the UHV space, the 

IVC leak was not considered a major concern. 

At this point, it was clear that a repair in the 1K-Pot exhaust system would be needed. Since 

the insert structure cannot be removed from the surrounding He-4-II, He-4-I and vacuum jacket 

cans without completely removing all these Dewars/cans and disassembling much of the apparatus, 

this presented a formidable repair effort. Fortunately, the Ho lab sub-kelvin STM was designed to 

be entirely disassembled on-site and considerable design effort was expended to ensure it could be 

done as easily as possible given the size and complexity of the instrument. Nevertheless, a full 

disassembly would entail many months of effort, the use of two separate cranes (a mobile gantry 

crane and another mounted to permanent I-beams mounted to the concrete ceiling space above the 

apparatus), re-building support jigs that had been lost since the time the instrument was first 

assembled, and most critically came with the risk of new leaks, damages or catastrophic accidents 

during the disassembly/reassembly process. In addition, the fact that the components along the 1K-

Pot exhaust line are not modular (the bellows connecting the rigid exhaust line to the 1K-Pot 

exhaust access port on the top flange of He-4-III is welded to the rigid line) precludes a simple 

part swap. Since a cut-and-weld approach would likely then be needed, it would also be necessary 

to remove all the STM wiring from the insert structure and remove the 3He from the system before 

making the repair. The 3He would then need to be recharged into the system afterward and wiring 

re-done. These procedures present further risks to the system, particularly the loss of 3He. 

In light of this situation, another path forward was considered. We devised a scheme to 

patch the leak noninvasively from within the 1K-Pot exhaust tubing using Vacseal. While ideally 
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one would use Vacseal as a temporary leak plug, in situations such as ours it is not uncommon to 

use it as a permanent fix where repairs would otherwise be prohibitively time consuming, 

expensive or risky. The overall process for this solution is described in the next section. 

 

7.3 Repairing the Leak the Non-Invasive Way 

 

First, we needed to have an idea of exactly where along the 1K-Pot exhaust line the leak was 

located since the 1K-Pot exhaust line is over 5 ft long and we did not want to spray Vacseal along 

the entire internal diameter of it. To localize the leak further, we designed a leak-finding tool which 

consisted of small, inexpensive borescope with a built-in LED lamp attached to a thin, flexible 

polymer tube for delivering 4He gas, called the Helium Spray Snake. Since the smallest inner 

diameters of the 1K-Pot exhaust pathway are as narrow as 0.43 in, the overall outer diameter of 

this borescope + helium spray tube assembly needed to be as small as possible to fit in this space 

as well as prevent it from getting stuck. For this purpose we selected a 5 mm OD borescope 

purchased from Amazon.com and used 1/8 in. OD polymer tubing, along with an appropriate 

barbed adapter to attach to a nozzle spray gun which was used to apply controlled spurts of 4He 

gas from a cylinder. A photograph of this assembly is shown in Fig. 7.2(a – b). Importantly, the 

thin tubing mounted to the borescope which delivers the helium gas into the confined space has 

the end plugged, and instead holes were punctured in the sides of the tubing using a thumbtack so 

that the helium would spray radially outward rather than downward. This was critical to ensure 

that helium would be sprayed onto the metal inner walls of the exhaust line directly and to reduce 

downward gas diffusion, which might make the location of the leak more ambiguous. Finally, an 

important design detail for all three tools developed to neutralize the leak was the fact that Kapton 
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Figure 7.2. Photographs of the “Helium Snake” Designed to Localize the 1K-Pot Exhaust Leak. 

(a) Photograph of the complete Helium Spray Snake assembly showing (1) borescope camera and 

helium spray nozzle, (2) taped markers to indicate the depth required to reach the bottom of the 

1K-Pot exhaust bellows and different locations nearby, (3) LED light adjustment for the borescope, 

(4) USB connector for the borescope, (5) nozzle gun with (6) barbed hose fitting input to connect 

to a helium gas cylinder. (b) Close-up photograph of the (1) borescope camera with LED 

illuminator and (2) helium spray nozzle with holes bored radially to spray helium and the end 

plugged with Kapton tape. (c) Photograph of the (1) 1K-Pot exhaust access port and (2) internal 

baffle assembly which must be removed to insert the Helium Spray Snake. In this image the insert 

has not been lowered enough to allow the baffle assembly to clear the ceiling. (d) Photograph of 

the helium spray snake inserted in the 1K-Pot exhaust access port with tape markers to indicate 

various positions near the 1K-Pot exhaust bellows. Inset top right is an example 4He leak signal 

picked up by the preparation chamber RGA when helium was sprayed within the 1K-Pot exhaust 

bellows area or lower. 
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tape was carefully wrapped around any tubing/wires/cables every few inches to prevent bunching 

or loose hoops of wire/tubing from getting caught in the 1K-Pot exhaust pathway, especially within 

the bellows section. This was done while gently tugging on the bundle of cables/tubes, so that at 

the end the entire assembly behaved as one uniform ribbon. 

We then used the Helium Spray Snake leak-finding tool to localize the leak. The procedure 

for using this tool was very similar to the process used for detecting the 1K-Pot leak in the first 

place outlined earlier, with an RGA in the preparation chamber detecting the leaking 4He, but the 

difference here is that the helium would be sprayed into the exhaust tube in a controlled fashion at 

a given height within the exhaust line rather than backfilling the entire 1K-Pot chamber with 

helium as done previously. In addition, a small flow of high purity N2 gas was flowed in to He-4-

III and allowed to push into the 1K-Pot through the capillary connecting them, so that with the 1K-

Pot exhaust open and exposed to air, a positive pressure protected this space from too much 

contamination. In addition, the upward flow of N2 was intended to limit the downward diffusion 

of 4He gas in the exhaust line, further helping to isolate any signals to the lateral region 

immediately adjacent to where the helium was being sprayed. It should also be noted that the insert 

needed to be moved to close to (or completely at) the “downstairs” position, since the 1K-Pot 

exhaust access port at the top of the apparatus contains a 3 ft long baffle assembly inserted inside 

which cannot be removed when the insert is in the “upstairs” position (it cannot clear the concrete 

ceiling above, as shown in Fig. 7.2(c)).  The ultimate conclusion of using the Helium Spray Snake 

was that the leak is located near or within the stress relief bellows that connects the rigid exhaust 

tubing to the top of the He-4-III dewar flange, where the other access ports/feedthroughs are 

located. During the leak-searching process, several locations within the 1K-Pot exhaust pathway 

were singled out for testing due to their likelihood for springing a leak. A schematic diagram of 
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the insert structure is shown in Fig. 7.3(a) with the 1K-Pot exhaust pathway isolated in Fig. 7.3(b). 

The leak was assumed to be located near either a weld, a flange connection or the 1K-Pot exhaust 

bellows, and so all of these regions were tested carefully. No leak signal could be found for any of 

the welds above the 1K-Pot exhaust bellows, while a strong leak signal could be found if helium 

were sprayed into the bellows itself or any lower. Unfortunately, we were not able to localize the 

leak any further than this. 

Upon reflection it is thought that the bellows itself probably leaks rather than the welds or 

flange connections bellow it, since this bellows is normally filled with near atmospheric pressure 

of 4He on the inside, UHV on the outside, and during experiments is pumped out every two days 

to cool the 1K-Pot during a 3He liquefaction cycle. During these cycles the bellows would be at 

low pressure both inside and outside. After the liquefaction cycle, the 1K-Pot is no longer pumped 

on, so the exhaust pathway returns to having close to an atmosphere of helium gas inside. This all 

occurs with the bellows temperature held at between 1 – 5 K depending on the circumstances 

which might cause the steel to become more brittle. With a flexible metal component 

expanding/contracting every two days at these low temperatures, it is perhaps unsurprising that 

after a decade metal fatigue combined with the stresses on the insert imposed by the warmup to 

room temperature caused a leak to appear.  

The next phase of the repair operation was to plug the leak using Vacseal. Initially we tried 

using specialized “micro” sized spray nozzles, chosen to deliver a uniform cone-shaped spray 

while also being small enough to meet the space requirements imposed by the small inner diameter 

of the exhaust line. After testing several of these, it was found that the tiny aperture of the spray 

nozzles would quickly become plugged by Vacseal, rendering them useless after a few sprays. The 

Vacseal was also found to degrade the polymer tubing used for this purpose, so that it would start  
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Figure 7.3.  Schematic Diagrams of the Insert Structure, the 1K-Pot Exhaust Pathway and 

Photographs from the Borescope Investigation. (a)  Simplified schematic diagram of the insert 

structure. (1) 1K-Pot exhaust access port. (2) Top flange of the insert feedthrough chamber. Above 

this flange is air and below is UHV, with the UHV space depicted in light yellow. (3) 1K-Pot 

exhaust pathway (green tube). (4) Insert Vacuum Can (IVC). (5) Charcoal sorption pump. (6) 1K-

Pot. (7) 3He gas line. (8) He-3-Pot. (9) Most probable location for the 1K-Pot leak to the UHV 

space. (10) Most probable location for the IVC leak to the UHV space. (b) Isolated schematic of 

the 1K-Pot exhaust pathway. The suspected leak points were (1) The weld mating the exhaust tube 

to the top flange of the insert feedthrough chamber, (2) The weld between two tube diameters 

along the exhaust pathway, (3) the top weld of the 1K-Pot exhaust bellows, (4) the 1K-Pot exhaust 

bellows, (5) the bottom weld of the 1K-Pot exhaust bellows, (6) the miniflange connection between 

the 1K-Pot exhaust bellows and the top of He-4-III. (7) the weld connecting the tube supporting 

the miniflange to the top of He-4-III Dewar. Photographs at right are of the corresponding locations 

(1 – 6). Note that the two bellows photos (4) are at the top and bottom of the bellows. Point (7) is 

inaccessible for the borescope. 
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to expand more and more as more Vacseal was sprayed in the tubing, reducing the pressure of the 

liquid and preventing the liquid from having enough force to push through the nozzle. Instead, a 

much simpler although crude solution was used. Similar to the helium spray tube, which was 

plugged at the end and had holes bored radially outward near the end for helium gas to spray out 

laterally, a similar tube was prepared for the Vacseal and tested first with water as shown in Fig. 

7.4(a) to make sure the liquid sprayed out in a roughly uniform manner in all directions. Teflon 

tubing was chosen for this purpose due to the non-reactivity with Vacseal. As an unexpected 

benefit we later realized that the semi-transparent appearance of the Teflon acted to diffuse the 

light from the borescope LED outward, greatly helping to illuminate the dark tube of the 1K-Pot 

exhaust pathway. In any future uses I recommend Teflon tubing over polymer tubing. The end of 

the Teflon tube was plugged with a small bolt with a thread diameter larger than the Teflon ID, 

which was tapped into the Teflon by screwing it in and out. After tapping the Teflon tube this way, 

the bolt was removed, Teflon tape was wrapped over the threads to make a water-tight seal, and it 

was then screwed back into the end of the Teflon tube.  This Vacseal spray tube was then attached 

to the borescope in place of the helium spray tube, and the aerosolized can of Vacseal fed the spray 

tube instead of the helium nozzle gun, creating the Vacseal Spray Snake. The borescope then 

assisted in ensuring that the Vacseal was being applied to the bellows region while the ion gauge 

pressure measurement in the main chamber was used to determine whether the leak had been 

plugged. Since the radial spray pattern does not cover all angles as shown in Fig. 7.4(a), the entire 

Vacseal Spray Snake was rotated several times while spraying a given area within the 1K-Pot 

exhaust pathway to ensure uniform coating on the inner surfaces. Example photographs from the 

borescope camera are shown in Fig. 7.4 (c – d) which show the nozzle end before and during 

Vacseal spraying. Ultimately it was never clear exactly where the leak was, and despite our 
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Figure 7.4. Photographs of the “Vacseal Spray Snake”. (a) Radial spray demonstration using water. 

(b) Photograph of the end of the Vacseal Spray Snake with Teflon tubing instead of polymer tubing 

and a small bolt tapped into the end of the Teflon tubing, wrapped with Teflon tape, to form a 

sealing plug. (c) Borescope camera photograph of the Vacseal Snake positioned inside the 1K-Pot 

exhaust bellows. (d) Borescope camera photograph of the Vacseal Snake spraying Vacseal onto 

the inner walls of the 1K-Pot exhaust bellows. 
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attempts to carefully await a main chamber pressure response before spraying new locations, the 

Vacseal eventually found and plugged the leak and the main chamber base pressure returned to 

normal room-temperature levels in the low 10-10 Torr range. 

The final phase of this repair consisted of curing the Vacseal with applied heat. 

Conventionally Vacseal must be cured with application 250 - 300 ºC heat for about an hour at the 

applied area, but lower temperatures can be used for longer if there are heat sensitive components 

nearby. For this purpose a third tool was designed which consists of a cartridge heater and a K-

type thermocouple connected to long wire leads. Since the Vacseal in the inner walls of the exhaust 

line may still be sticky, out of fear that the cartridge heater may become epoxied to the inner walls 

there are also several Teflon O-rings which serve to prevent direct contact between the inner walls 

and the metal cartridge heater. The end of the heater was also wrapped with Kapton tape to prevent 

metal-metal contact which may leave magnetic metal debris from the cartridge heater within the 

1K-Pot exhaust pathway. Photographs of the Heater Snake are shown in Fig. 7.5(a – b). Unlike 

previous steps, it was not possible to attach the borescope to the Heater Snake since the high 

temperatures would surely melt the borescope. Instead, the borescope was first sent down to the 

bellows region and the overall length of cable for the borescope needed to reach this depth was 

noted by marking the protruding borescope cable outside the apparatus with tape, after which the 

borescope was removed. When the cartridge heater assembly was then inserted into the exhaust it 

was done blindly, but a similar tape added to the cartridge heater cables assisted with knowing 

how far down to drop the heater. In addition, the sound of the Teflon O-rings rubbing against the 

inner walls of the bellows confirmed it was deep enough before current was applied through the 

leads. 
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Figure 7.5.  Photographs of the “Heater Snake”. (a) Photograph showing the complete Heater 

Snake assembly including a HH506RA Multilogger Thermometer thermocouple reader. (b)  

Photograph of the cartridge heater end of the Heater Snake, showing (1) the Kapton tape-covered 

tip to prevent metal-metal contact and to restrain the Teflon O-rings from slipping off the cartridge 

heater, (2) the body of the ¼” outer diameter cartridge heater , (3) Teflon O-rings to prevent the 

cartridge heater from touching the metal inner walls where there might be sticky Vacseal, (4) a K-

type thermocouple wire to measure the temperature of the cartridge heater body. 
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The bakeout using the Heater Snake was then conducted while monitoring the temperature 

of the cartridge heater using the K-type thermocouple attached to it. The temperature was held at 

60 – 80 °C over a period of four days while gently blowing a low flow of N2 gas from a cylinder 

through the He-4-III dewar into the 1K-Pot to prevent contaminants from entering. 

Finally, after the leak appeared to be fixed, a helium leak test performed by backfilling the 

1K-Pot with helium confirmed that there was no longer any detectable gas leak to the UHV space. 

At this point, the leak had been repaired successfully. 

 However, upon the subsequent cooldown attempt, suspicious pressure rises in the UHV 

space appeared during the pre-cool with LN2 when the He-4-III Dewar was close to ~ 150 K. After 

purging out the LN2, N2 gas and then filling with He gas, a mass spectrum reading acquired with 

the preparation chamber RGA confirmed that a small pinhole leak had re-opened. Rather than 

warming up at this point, we decided to cool the system all the way down to 4He temperatures to 

see if this leak would remain or if it would reseal itself, which strangely had been observed in a 

different leak on this apparatus years ago. Ultimately the leak did not re-seal itself, causing the 

base pressure of the main chamber to hold steady at 2 – 3 × 10-10 Torr at helium temperatures 

instead of the 4 – 7 × 10-11 Torr that was previously obtainable with this system. At this point, we 

decided to attempt to run an experiment and see if the small 4He leak would cause any problems 

rather than immediately warming up the apparatus to room temperature for further repair attempts. 

Our observations of the effects of 4He accumulating on metal surfaces at low temperatures is 

described in the next section, along with procedures we devised to purge accumulated 4He off the 

sample surface during experiments. 
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7.4 Topographic and Spectroscopic Signatures of 4He in the Tunneling Junction 

 

 Our initial concern with the small 4He leak remaining in the system had to do with the fact 

that the 4He which accumulates in the 1K-Pot during a 3He liquefaction cycle will transition to the 

superfluid state below the Lambda point (~ 2.172 K) , and superfluid helium will pass through a 

pinhole leak with utmost efficiency  [2]. This feared situation required that the leak was 

sufficiently close to the 1K-Pot reservoir for superfluid helium to creep up the walls of the exhaust 

tubing and find the pinhole leak before the creeping superfluid helium warmed beyond the Lambda 

point or otherwise evaporated. In practice we have observed no sudden rise in the main chamber 

base pressure while pumping on the 1K-Pot; to the contrary the main chamber pressure usually 

greatly improves, falling back into the 10-11 Torr scale as the very low pressure in the 1K-Pot 

exhaust line reduces the amount of available gas to pass through the leak. 

 With this major concern out of the way, the other problem is that while running an 

experiment for an extended period of time (often months), the main chamber is no longer being 

pumped by any turbomolecular pumps since they induce mechanical noise in the STM tunneling 

junction. Instead, only the ion pumps in the main chamber and the cryopumping of the ~ 4.2 K 

inner walls of the UHV space would be pumping on the system. In addition the 4K-shutter, which 

is the radiation shield that blocks room temperature surfaces in the main chamber from emitting 

thermal radiation toward the STM scanner during an experiment, will be closed during the entire 

duration of the experiment. This will tend to trap any leaking gas in the UHV space above the 4K-

shutter, with the ion pumps far below it and on the wrong side of the 4K-shutter.  Finally, during 
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an experiment, the coldest parts in this cryogenic space are the 3He pot and the STM scanner 

hanging below it, which are nominally at ~ 600 mK while the chamber walls are at ~ 4.2 K. This 

means that 4He should in principle be cryopumped by both the 3He pot outer surface and the STM 

scanner rather than accumulating on the walls or being pumped out through the highly inefficient 

ion pumping. 

 What we found in practice is that, evidently, 4He does slowly start to adsorb on the surface, 

and after close to 48 hours after beginning an experiment we observe strange anomalies both in 

the STM topography and in spectroscopic measurements acquired with the tip positioned over 

adsorbates or the clean metal surface. Example spectroscopic and topographic measurements are 

shown in Fig. 7.6 and Fig. 7.7. In spectroscopic measurements, a sudden massive conductance gap 

will begin to appear at low bias which seems to be highly sensitive to the tip-sample distance. 

Example measurements of this kind are shown in Fig. 7.6(a – b). In topography, dark “shadows’ 

start to surround adsorbates and along step edges as seen in STM topographies acquired both 

without 4He adsorbed and with 4He accumulated as shown in Fig. 7.6(c – d). The appearance of 

these shadow features varies depending on the surface structure they are interacting with (and 

likely the tip apex structure), leading to interesting and so far unexplained phenomenon such as 

the concentric “rings” seen surrounding carbon monoxide molecules shown in Fig. 7.7. There is 

also a suspicion that the types of features observed in topography depend on the total 4He coverage, 

as measurements made during the early onset of 4He signatures seem to differ from measurements 

made in subsequent days. For example Fig. 7.7(b) was acquired not long after the topographic 

changes due to helium were first observed while Fig. 7.7(k) was acquired after allowing the helium 

to accumulate for three additional days. Even though both images were acquired with the same 

feedback setpoint, the image in Fig. 7.7(k) seems to have additional finer structure that could be 
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related to the accumulation of close-packed 4He adatoms which have been claimed to be observed 

before in STM measurements of 4He adsorbed on graphite  [3,4].  
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Figure 7.6. Spectroscopic and Topographic Signatures of 4He Adsorption. (a) Semi-log plot of a 

series of dI/dV measurements acquired with Cu tip positioned over the Cu(001) surface. For the 

measurements, feedback was turned off at 500 mV/100 pA and then the tip was advanced toward 

the surface by an amount indicated near each spectrum, with the + 2.8 Å spectrum being closest to 

the surface. (b)  dI/dV spectrum acquired at 500 mV/100 pA + 2.8 Å shown on a linear -scale plot. 

The arrows denote the presence of additional spectroscopic features aside from the large 

conductance suppression near zero bias. (c) STM constant-current topography of CO molecules 

(dark depressions) acquired in the absence of adsorbed 4He signatures. An arrow denotes the 

location of a CO molecule for clarity. Feedback setpoint 100 mV/100 pA, image size 256 × 256 

pixels, 120 Å × 120 Å. (d) STM constant-current topography of CO molecules in the presence of 

adsorbed 4He.  The CO molecules appear contrast-inverted, with dark concentric rings surrounding 

each molecule. The pink arrow indicates the position of a CO molecule for clarity. The green 

arrows indicates regions where the topography has darkened near adsorbates and step edges, 

possibly due to 4He localization near these attractive centers. Feedback setpoint 10 mV/100 pA, 

image size image size 128 × 128 pixels, 80 Å × 80 Å. 
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Figure 7.7. Additional STM Topography Evidencing 4He Adsorption. (a – e) Series of topographic 

images of a single CO molecule acquired using different feedback setpoints. (a) 100 mV/100 pA, 

20 Å × 20 Å. (b) 10 mV/100 pA, 20 Å × 20 Å. (c) 10 mV/500 pA, 28 Å × 28 Å. (d) 10 mV/1 nA, 

24 Å × 24 Å (e) 1 mV/1 nA, 28 Å × 28 Å. (f – g) Series of STM topographic images of a single 

CO molecule acquired with different feedback setpoints. This series was acquired with a different 

tip termination than in (a – e) and the 4He coverage was likely significantly higher. (f) 50 mV/2.5 

nA, (g) 20 mV/1 nA, (h) 10 mV/500 pA, (i) 5 mV/250 pA, (j) 2 mV/100 pA. All images in (f – j) 

are 28 Å × 28 Å. (k) STM topography acquired after a long period of 4He accumulation. The bright 

protrusions are CO molecules. Feedback setpoint 10 mV/100 pA, 60 Å × 60 Å. (l – n) Series of 

STM topographic images acquired with a third tip termination at high 4He coverage. (l) 100 

mV/100 pA, (m) 10 mV/100 pA, (n) 10 mV/500 pA, with all images 40 Å × 40 Å.  (o – q) Series 

of STM topographic images acquired with a similar 4He coverage as in (a – e). (o) 100 mV/100 

pA. (p) 10 mV/100 pA. (q) 10 mV/500 pA. All images (l – q) are 40 Å × 40 Å.  All topographic 

images shown were acquired in constant-current mode. 
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The conductance gaps observed in spectroscopic measurements over the surface have been 

observed before in mechanical break junction experiments with adsorbed 4He  [5–7]. In these 

experiments, the helium was introduced to determine whether there were any unanticipated 

consequences of immersing break junctions directly in a 4He bath as had been done in previous 

experiments up to that time. The conductance gap and some observations similar to those shown 

here such as the accumulation of 4He near defects have also been observed in an STM studies of 

4He adsorbed on graphite  [3,4]. The suppression of conductance near the zero bias voltage and 

the implied density of states depletion near the Fermi level has been predicted before in early 

models of STM tunneling through single atoms  [8] and more recent DFT calculations of adsorbed 

noble gas atoms in STM junctions  [9]. In these studies, the presence of heavier noble gas atoms 

like Xe leads to an increase in the junction conductance, but the presence of He or Ne in the 

junction leads to an almost complete suppression of the density of states close to the Fermi level 

caused by Pauli repulsion between the He or Ne atom and the wavefunctions of the metal tip and 

metal surface. Since, as discussed in Chapter 1, tunneling in the Bardeen picture is assumed to 

arise from the electron wavefunction from the metal electrode spilling into the classically 

forbidden region (the vacuum gap), Pauli repulsion from the 4He atom would effectively raise the 

potential energy barrier in the vacuum gap, pushing the electron wavefunctions from the tip and 

surface out of the junction. Since this effect should in principle occur for any adsorbate however, 

an additional factor must be taken into account for He and Ne which is the fact that their valence 

orbitals are so far away from the Fermi level (> 13 eV), suppressing even off-resonant tunneling 

through the light noble gas adatoms.  If however the 4He is somehow ejected from the tunneling 

junction, the conductance should return, motivating the idea that the bias-dependence of the 

conductance gap represents the energy scale at which tunneling electrons can kick He atoms out 
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of the junction. There have been a few explanations proposed to account for this bias dependence, 

such as 4He being due to tunneling electron-induced activation of low-energy He atom vibrational 

modes or some mechanism in which Coulomb blockade occurs due to the presence of adsorbed 

helium  [7], but there is no definitive answer as of now. We hope the strange broadening and 

widening of the conductance gap as a function of tip-sample bias which is observed as the tip is 

retracted from the surface will motivate further studies of this effect. 

Nonetheless, the conductance-suppression effects of 4He allow for interpretations of 

anomalies in the STM topography observed in Fig. 7.6 and Fig. 7.7. It is plausible that the dark 

regions observed correspond to areas of 4He accumulation, as individual 4He atoms are not 

observed and instead a kind of ensemble averaging is assumed to take place where darker features 

in topography would be correlated with higher probabilities of 4He residency in the tunneling 

junction per unit time. This kind of delocalized two-dimensional gas of weakly bound adsorbates 

has been observed before in STM measurements of hydrogen molecules adsorbed on various 

surfaces  [10–15], where similarly there is a spectroscopic signal over the bare metal substrate in 

the presence of hydrogen without actually observing any molecules in topography. This would 

explain why dark regions accumulate near step edges and around adsorbates, as the attractive van 

der Waals interactions between 4He atoms and the raised surface objects could serve to trap the 

4He atoms in their vicinity for longer time periods. What remains unexplained, however, is the 

concentric ring structure observed around CO molecules shown in Fig 7.7. Perhaps it is possible 

that both the 4He atoms are effectively scattered by the point-like impurity, resulting in a standing-

wave interference pattern analogous to the Friedel oscillations seen in surface-state electrons 

scattering off impurities such as step edges, defects or adsorbates  [16–18]. Alternatively, the 

standing wave pattern could actually be Friedel oscillations of the underlying surface state 
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electrons which have been tuned into the energy range of the tunneling electrons due to the 

interface polarization caused by the presence of the delocalized 4He atoms hovering above the 

metal surface near the adsorbate. Modification of surface state properties such as wavelength has 

been observed before on Cu(111) due to the presence of adsorbed Xe  [19], so even physisorbed 

noble gas atoms can have a significant effect on surface state scattering properties. Either way this 

phenomenon remains unexplained. 

 

7.5 Purging Adsorbed 4He from the Surface During Experiments 

 

The detectable presence of 4He in the tunneling junction presents a problem for running 

experiments on the sub-kelvin STM, as strong conductance changes near zero bias conspire to 

interfere with the low energy vibration and spin-flip IETS signals of the kind studied in this work 

which the apparatus excels at detecting. Since the onset of topographic/spectroscopic anomalies 

associated with helium appear suddenly and usually happens 40 – 48 hours after the start of an 

experiment, and the holding time of both the 3He pot and He-4-III are coincidentally also around 

48 hours, the hope was that during each He-4-III refill cycle the 4He can be purged from the cold 

surfaces in the chamber so that most of the useful data taking window is free of 4He adsorption 

features.  We are very fortunate that this turned out to work, since if the 4He leak was even twice 

as bad the data acquisition time would be reduced to just one day or less, which is hardly enough 

to be practically useful. We devised a procedure to remove the adsorbed 4He from the surface 

which has proven to be essential to our ability to continue to acquire data with the instrument.  

The 4He “purging” procedure is as follows: 
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1) Once signatures of 4He accumulation appear, the data-acquisition cycle is stopped, the 

tip is “hard retracted” (by both hitting “Retract” in the software and setting the Zoffset 

voltage to 0 bits) and the superconducting magnet is de-energized. It is critical to de-

energize the magnet during each of these cycles, as the space near CF6 which is close 

to the magnet will be warmed by this procedure. While the magnet is immersed in 

liquid helium, we don’t want to take the risk that local warming could lead to a quench. 

This is also in case the leak ever abruptly gets worse during a liquefaction cycle, which 

in the worst case could elevate the pressure in the chamber outside of the UHV regime 

and start warming the inner walls near the Dewars/magnet.  

2) For a few hours immediately after refilling He-4-III, the tip is usually left in a retracted 

state as mechanical disturbances/water dripping/ice cracking from the He transfer will 

often destroy the tip apex if left in tunneling range. This was true even before the onset 

of the leak. Therefore, during this “down time,” the 4K-shutter is opened to deliberately 

expose the STM scanner and the 3He pot to room temperature thermal radiation. Then, 

once the 3He pot has warmed up (the 3He liquid has all been boiled off and pumped 

into the charcoal sorption pump), the purging procedure can begin. 

3) First, the main chamber ion pumps must be turned off, since large amounts of adsorbed 

4He gas will be purged from the cold surfaces and will damage the ion pumps. Next, 

the main chamber big turbo must be spun up, allowed to pump for an hour or so against 

the gate valve isolating it from the main chamber, and then allowed to pump on the 

main chamber to remove the 4He gas. Conventionally a turbo pump is given a bakeout 

for several days while running if it has been turned off for extended periods of time, as 

water and other gasses may have migrated to the front of the pump, but since in the 
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sub-kelvin STM the radiation shields and inner He-4-II walls will efficiently cryopump 

any contaminant gasses (other than He), we do not need to perform this bakeout. 

4) Finally, with the ion pumps off, turbo pump spun up and actively pumping on the 

chamber, 4K-shutter open and 3He pot warmed up above 1 K, the outer radiation shield 

is then deliberately opened using the rotary manipulator below the main chamber. This 

allows much more room temperature thermal radiation to enter the cryogenic space 

hidden behind the radiation shields and will lead to a rapid warmup of both the STM 

scanner and 3He pot. The shield is left open until the CF6 temperature reaches 10 – 11 

K and is then closed to allow the system to recover for about 30 minutes, with the CF6 

temperature ideally dropping down to 8 K or less. During the first helium purge the 

main chamber pressure may rise as high as 1 × 10-8 Torr with the turbo pump actively 

pumping, which is why the ion pumps are turned off. During subsequent purge cycles 

the maximum pressure will be lower, eventually rising only as high as 2 – 3 × 10-9 Torr. 

The 3He pot temperature, which is the closest temperature measurement we have to the 

STM scanner, can reach up to 12 – 13 K by the end of the last purge cycle. Since we 

suppose the STM scanner will be warmer than this, as it is closest to the incoming 

thermal radiation, the temperature rise is evidently good enough to desorb all the 4He 

which has accumulated. 

5) We have found that no less than three of these “purge” procedures must be repeated in 

sequence to ensure that the 4He will remain off the surface for 40 – 48 hours. If we 

perform just one or two of these, the spectroscopic signatures of the 4He can show up 

much sooner. 
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6) Once all the cycles are completed (usually takes an hour or so overall to give time for 

the CF6 temperature to recover between cycles), the radiation shields are then closed 

and then the 4K-shutter is also closed. The ion pumps are turned back on and the normal 

3He liquefaction procedure outlined in Chi-Lun’s Ph.D. thesis  [1] can then proceed. 

7) Finally, once the system has returned to sub-kelvin temperatures and He-4-III is 

refilled, the gate valve to the main chamber turbo pump is closed, the turbo spun down 

and isolated, the table un-clamped, and the superconducting magnet re-energized for 

resuming experiments. We prefer to keep the turbo pumping during the He-4-III refill 

and liquefy procedures in case the status of the leak changes. 

 

During every refill cycle over the course of an experiment this procedure must take place 

to ensure that the 4He does not accumulate on the surface and disrupt measurements. Until the leak 

gets worse, this procedure allows students to resume data acquisition at only a slight loss in 

efficiency compared to before the leak appeared. The acquisition of data shown in Chapters 5 and 

6 would not have been possible without this procedure. 

Should the 4He leak into the UHV space ever become worse, which would manifest either 

as an unusually high base pressure in the main chamber or else the inability to keep the 4He off of 

the surface for 40 – 48 hours, I strongly recommend that the Vacseal and cartridge heater curing 

procedure described earlier be repeated (with the system at room temperature) rather than 

immediately proceeding to a full disassembly. Likely, a more aggressive application of both 

Vacseal and heat would have prevented this leak from re-appearing as a cold leak. In the worst 

case, the leak re-appears at low temperatures after a second attempted fix, and the warmup of the 

system from low temperature can be expedited by deliberately introducing a low pressure of He 
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gas into the UHV space (as recommended by Dr. Ungdon Ham) to reduce the time it takes for the 

apparatus to warm back up to room temperature from weeks to just days. In this way another 

attempt at a Vacseal patch would only take several weeks or perhaps a month, compared to the 

many months and significant risks associated with a complete disassembly of the system. Also, 

the next time the system is returned to room temperature to pump out the vacuum jackets, this leak 

patch should be attempted again since the opportunity will have presented itself. My hope is that 

the information and procedures outlined in this Chapter will enable students to avoid an 

unnecessary full disassembly and continue to get use out of this amazing apparatus. On the other 

hand, should other repairs or desired upgrades ever warrant a full disassembly, this leak as well as 

the IVC leak described at the beginning of this section should be fixed at that time. 
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CHAPTER 8 

Conclusions and Future Prospects 

 

8.1 Concluding Remarks 

 

 In this dissertation we have explored the sensitivity of single molecules to changes in their 

local environment, which manifests as energy shifts and couplings of quantum states such as 

vibration and spin. Through this sensitivity we have directly measured dramatic differences in the 

anisotropy of a single adsorbate’s lateral confinement potential as it was controllably repositioned 

among adsorption sites. The anisotropy was characterized first using STM-IETS, where the degree 

of anisotropy is directly related to the splitting of otherwise degenerate lateral vibration modes. In 

addition, the anharmonicity could also be characterized through measurements of weak overtone 

vibrations shown here for the first time. Evidence was presented for measurable changes in 

anharmonicity among adsorption sites, with the tip adsorption site being the most anharmonic for 

the hindered rotation vibration mode compared to the Ag(110) terrace and step edge.  

 Besides the local adsorption site, the presence of other adsorbates is also known to have a 

major influence on the quantum states of a single molecule. We then explored the intermolecular 

vibration coupling between a CO molecule attached to the tip and another adsorbed on a metal 

surface. The lateral dependence of this coupling strength was shown for the first time along with 

the first images that visualize contours of vibration coupling strength in real space. These images 

also unexpectedly led to direct visualization of the anisotropy of the surface adsorbate’s lateral 

confinement potential, providing a means to determine the direction of stiff (blueshifted) vibrations 

and soft (redshifted) vibrations to compliment STM-IETS measurements. Through the 
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development of a simple semi-classical model and comparisons with experiments performed on a 

higher-symmetry surface, the distortions observed in the vibration coupling strength images were 

rationalized and a framework was presented for understanding how anisotropic lateral stiffness 

can affect these kinds of measurements generally. This first realization of initiating the coupling 

of quantum states and visualizing the degree of coupling strength stands in contrast to previous 

examples of using the quantum states of a tip-adsorbed molecule as a local sensor, which have 

before now focused on sensing static force fields through energy shifts of the quantum states. Here, 

the quantum states of the probe tip do not simply sense external force fields and instead couple 

and mix with the quantum states of objects on the surface. Through this coupling, shifts in the 

surface adsorbate’s quantum states due to forces the adsorbate experiences in its own local 

environment, in this case the lateral confinement potential on the surface, are then transmitted to 

the coupled quantum system for detection. One can therefore say that by probing and visualizing 

quantum state coupling, it becomes possible to access otherwise unseen information about an 

adsorbate’s local environment. 

 In view of the successful experiment which visualized quantum state coupling arising from 

mechanical forces, we then endeavored to demonstrate quantum state coupling which arises from 

entirely quantum effects, in this case spin-exchange coupling. Two nickelocene single molecule 

magnets were shown to experience spin-spin interactions which sensitively depend on 

intermolecular distance. Through a careful examination of the Zeeman effect in the one and two 

nickelocene spin systems, the response of the different spin states to increasing spin-spin coupling 

strength, and the consequences of the experiment geometry on the expected interactions, the nature 

of the spin interactions was deduced to be antiferromagnetic superexchange which can be 

continuously tuned in three dimensions. Finally, we demonstrated the ability to visualize spin-spin 
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coupling strength in a similar manner as the mechanical coupling of vibration states, extending the 

inelastic tunneling probe technique from the detection of intermolecular force fields to the imaging 

of spin density. Single molecules can therefore be used as sensitive magnetometers with sub-

nanometer spatial resolution, with sensing properties tunable through chemical design. 

 Finally, we explored an unexpected observation for the same nickelocene molecules that 

excitations of their vibration quanta always occur with excitations of spin quanta. The resulting 

spin-vibration excitations were shown to exhibit the Zeeman effect for the single nickelocene case 

and were shown to have no Zeeman effect for the two nickelocene case. Combined with DFT 

calculations of the vibration frequencies, the single molecule vibration excitations were shown to 

arise from single spin-flip and vibration combined excitations while the two molecule vibrations 

were observed to be excitations to double spin-flip and vibration combined states. The implication 

is then that a single tunneling electron can inelastically scatter off two molecules in the junction 

and lose energy to three different quanta simultaneously, which is highly unusual. 

 Taken together, these experiments not only reaffirm the exquisite sensitivity of single 

molecules to their local environment but further extend the capabilities of scanning probe 

microscope experiments which use single molecules as local sensors. Here we demonstrated that 

molecular probe tips can be used to control and visualize quantum state coupling and can also 

function as magnetometers. Beyond that, my hope is that the experiments here together with the 

exciting developments which continue to emerge in this field will motivate others to view single 

molecule scanning probes as a platform for realizing many kinds of experiments. In addition, all 

the experiments shown here would not have been possible without the sub-kelvin temperatures 

used to acquire the data, demonstrating the value of advanced experimental apparatus such as the 

one used in this work. 
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8.2 Proposed Future Experiments 

 

8.2.1 Overtones Vibrations of Single Molecules 

 

The ability to resolve overtones with STM-IETS has now been convincingly demonstrated, 

both in this work and in light of other recent studies  [1,2]. We have shown here that the 

anharmonicity of a model adsorbate can be measured with adsorption site specificity, revealing 

variation among different sites as well as anisotropy in the anharmonicity of a highly asymmetric 

adsorption site. Since CO is often considered the quintessential model adsorbate on metal 

surfaces  [3] and is a simple, small molecule with well characterized adsorption geometries, the 

present work presents an ideal experimental baseline for theory to address. The value of the 

experiment outlined in this work is not exclusively limited to CO molecules of course and can be 

generalized to any systems where overtones can be observed. In this way we hope future 

experiments can make use of STM-IETS measurements of overtones to probe different adsorption 

environments in which a molecule has been deliberately placed, as demonstrated here for the first 

time. 

What remains then is further theoretical development required to understand why overtones 

can be observed with CO/Ag(110) and (seemingly) not in most other adsorbate systems studied 

with STM-IETS so far. Already we have suggested here that destructive quantum interference 

effects proposed previously for CO  [4,5] may be suppressing the elastic tunneling channel, 

reducing the signal background for the inelastic tunneling channel responsible for IETS signals as 

seen in both recent theory  [6] and experiment  [2] in cross-conjugated molecules.  
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Preliminary results obtained by our group indicate that the CO hindered rotation overtone 

is not readily observed with STM-IETS for CO/Cu(001), which suggests that it may not be 

observable on all surfaces CO is adsorbed onto. Since the excitation energy is ~ 35 meV for 

CO/Cu(001) compared to ~ 20 meV on CO/Ag(110), it is possible that the (more shallow) 

adsorption potential well on Ag(110) is also significantly more anharmonic. It is often the case 

that strongly anharmonic bonds have stronger overtone cross-sections, so this may account for 

why we could not resolve the overtone for CO/Cu(001), although this does not rule out other 

unrelated effects of course. If strong anharmonicity is a central requirement, the implication is that 

CO overtone signals could be made stronger by selecting a surface where the binding energy and/or 

lateral hopping barrier for CO is expected to be even lower, such as the more inert Ag(001), 

Ag(111) or Au(111) surfaces. Some caution is advised in employing this strategy however, since 

if the lateral hopping barrier becomes too low then the CO molecules will simply diffuse when the 

first overtone is excited, which will allow action spectroscopy measurements but prevent (much 

more precise) STM-IETS measurements of interest in this work. 

Another, more intriguing route to enhancing the overtone cross section may come from 

selecting a molecule which exhibits Fermi resonances  [7–9], which typically occur when the 

overtone of one vibration is accidentally degenerate in energy with the fundamental of a different 

vibration. When this occurs, the normally weak overtone signal from the first vibration mode can 

become quite strong, seemingly “borrowing” intensity from the fundamental of the second 

vibration mode, and resulting in a lifting of the degeneracy in the two modes so that a doublet of 

peaks is observed. It is important to note that the two different vibrations must not only be 

accidentally degenerate, but share the same symmetry and be localized to the same atoms within 

the polyatomic molecule. In recent work by Liu et. al., dI/dV measurements of single porphycene 
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molecules adsorbed on Cu(110) appeared to show strong dip/peak features which they assign to 

overtones of N-H bending modes. These overtone signals are in turn speculated to be enhanced by 

a Fermi resonance with the nearly degenerate N-H stretch within the porphycene central cavity  [1].  

Another well-studied adsorbate in surface science, methoxy (methoxide), is the canonical 

example of Fermi resonance in adsorbed molecules. Methoxy is studied due to its central role as 

an intermediate in the reaction of methanol with transition metals  [10] and it has also served as a 

simple model system of an adsorbate with a functional group. The Fermi resonances between its 

symmetric C-H stretch and both symmetric and asymmetric bend modes have presented serious 

challenges to understanding its spectral features, resulting in controversy in the literature over 

whether the molecule adsorbs upright or tilted with respect to the surface normal on many surfaces. 

However it has also played a key role in the eventual proper identification of its adsorption 

geometry  [11]. 

 I would like to propose here that methanol molecules be dosed onto a partially pre-

oxidized Cu or Ag surface  [10–12] at low temperature, which will react with oxygen atoms to 

form methoxy if raised briefly to room temperature. The substrate can then be subsequently cooled 

back down to helium temperatures for STM measurements of methoxy radicals generated from 

this surface reaction. If successful, STM-IETS could be used to characterize the signal intensity of 

both the fundamental modes and Fermi resonances that may be observable and which have been 

studied in-depth using reflection-absorption infrared spectroscopy on many other metal 

surfaces  [11]. If both the fundamental bending modes and their overtones (in Fermi resonance 

with the symmetric C-H stretch) could be detected with STM-IETS, they may also be tunable 

through mechanical or chemical coupling to the local environment of the methoxy molecule. 

Specifically, the tuning of the Fermi resonance could come from red(blue)shifting the participating 
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stretching and bending modes, which in turn could be achieved by mechanical means by inducing 

intermolecular vibrational coupling with another methoxy molecule  [13], or through chemical 

means by attaching a hydrogen-bond accepting molecule such as CO to the STM tip and 

positioning it above the methoxy group. Although C-H groups are typically considered very poor 

hydrogen bond donors  [14], recent Atomic Force Microscopy studies with CO-terminated tips 

positioned over vertically oriented aromatic rings suggest that it may be possible to measure 

C=O‧‧‧H-C chemical forces  [15]. Even weak chemical interactions would likely result in 

significant shifts of the different vibration modes as well as as-yet unknown effects on the IETS 

cross sections of different vibrational modes. The Fermi resonances can also be tuned by partial 

isotope substitution with deuterium atoms, which has been exploited in the past to shift the various 

vibration modes in and out of Fermi resonance  [16]. This sort of experiment would allow for 

unprecedented studies of the Fermi resonance effect in addition to providing a playground of easily 

observed overtones. Since Fermi resonance is a quantum mechanical state-mixing effect, detailed 

experimental data is essential as input into quantum chemistry models used to understand 

otherwise difficult to assign spectral features, such as those in the C-H stretch spectral region  [17]. 

 

8.2.2 Using Vibration Coupling as a Probe 

 

 The ability to visualize the intermolecular vibration coupling strength between a molecule 

probe tip and a surface molecule in real space was shown here to also provide information about 

the degree of symmetry in the energy landscape of an adsorbate’s local environment. Going 

beyond the effects of surface symmetry, I propose here to use the vibration coupling measurement 

to learn about an adsorbate’s interactions with defects, step edges and other adsorbates.  
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For example, intermolecular interactions with a surface-adsorbed CO and other nearby 

adsorbate(s) should lead to changes in the lateral stiffness of the surface CO. The degree to which 

these intermolecular interactions are repulsive or attractive may have a strong effect on the 

symmetry of vibration coupling images acquired with a CO-terminated tip. One could exploit this 

effect to visualize the directionality of surface bonds, where strongly attractive intermolecular 

interactions would lead to a corresponding strengthening of the lateral stiffness along the bond 

axis.  

It would also be valuable to explore whether it is possible to achieve intermolecular 

vibration coupling between two different molecular species and to investigate the conditions 

required to obtain coupling effects, such as excitation energy matching (resonance condition). The 

ultimate limit of mechanical coupling between two atoms is the creation of a chemical bond, and 

it would be fascinating to explore whether it is possible to initiate a chemical bond between a 

molecule tip and a surface adsorbate and probe its directionality in real space. 

 

8.2.3 Further Experiments with Magnetic Molecule Probes 

 

 Perhaps the most exciting development presented here is the first demonstration of a single 

molecule magnet scanning sensor. In this experiment we examined the nickelocene spin probe’s 

interactions with another nearby spin, where they strongly couple and create superposition and 

mixed states. However, it should be possible to use the nickelocene tip to probe static spin 

densities, such as a ferromagnetic or antiferromagnetic thin film. If the magnetization of the surface 

spin density is sufficiently hard, the application of an external magnetic field could be used to split 

the nickelocene spin states without changing the film, and by imaging the shifts of the spin up and 
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spin down nickelocene spin-flips over the surface it should be possible to resolve the static spin 

configuration on the surface in a manner analogous to spin-polarized STM  [18,19]. 

 The work presented here features nickelocene interactions with an essentially zero-

dimensional spin density (another nickelocene molecule). It could also be interesting to probe the 

spin-spin interactions with more delocalized spin densities on the surface. One experiment could 

feature the preparation of a molecular anion adsorbed on an insulating layer  [20], such as the 

magnesium porphyrin anion MgP- which can be created by injecting a tunneling electron into a 

MgP molecule adsorbed on a Al2O3/NiAl(110) thin film  [21,22]. The unpaired electron of the ion 

species is delocalized through extended Pi orbitals of the porphyrin rings, and it would be 

interesting to see how the nickelocene probe tip interacts with this delocalized spin density in three 

dimensions. 

 In addition, the magnetic properties of the single magnetic molecule probe can be readily 

tuned. By simply substituting the metal atom in the core of the metallocene sandwich from nickel 

to other transition metals such as cobalt, vanadium or manganese, other spin states can be used as 

a probe. One experiment could involve attaching a spin – ½ molecule such as cobaltocene to the 

STM tip and, assuming the unpaired spin properties survive adsorption as they do with 

nickelocene, a Kondo anomaly in the differential conductance near zero bias would likely be 

observed due to the non-zero spin ground state and the nearby presence of the metal tip. One could 

then probe the effects of local environment on the Kondo temperature which could then be 

continuously tuned in three dimensions. 

 More exotic detections schemes could deliberately make use of single molecule magnets 

that exhibit magnetic remanence at low temperatures. Whereas the nickelocene spin excited states 

relax on fast timescales, permitting the detection of many spin-flip excitations per second required 
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for IETS measurements, a single molecule magnet with a comparatively long excited spin lifetime 

would need additional tools to probe its spin state. It could be possible to create a spin-polarized 

tip by transferring several magnetic metal atoms adsorbed on an insulating thin film to the STM 

tip as has been done recently  [23–25], then the metal spin-polarized tip could be used to pick up 

a single molecule magnet with a comparatively long excited spin state lifetime. If the two 

properties (spin polarization of the metal tip and long spin-state lifetime of the molecule) survive 

close contact, the spin polarized electrons could then be used to probe the spin state of the molecule 

in real time, where individual spin-flip events would result in static changes in the tunneling 

conductance due to the spin-valve effect. The spin-flips of the magnetic molecule could then be 

pumped using short pulses of tunneling electrons or a Terahertz laser incident on the tunneling 

junction. Through such a scheme, measurements of excited spin-state lifetime could be made as 

the single molecule magnet is repositioned around the surface and induced to interact with its 

environment.  

 

8.2.4. Measuring Spin-Vibration Coupling 

 

 Finally, the observation of combined spin-flip+vibration excited states constitutes the first 

step in an experimental measurement scheme to detect spin-vibration coupling effects. As a 

magnetic molecule vibrates due to excitations of intramolecular vibrations or intermolecular 

phonons, it is sometimes the case that the motions of the atoms can cause changes in the magnetic 

properties of the molecule such as the magnetic anisotropy energy. This in turn results in spin-

vibration coupling, whereupon the excitation or emission of vibration or phonon can more 
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efficiently couple to and change the spin state of the molecule, leading to undesirable under-barrier 

relaxation of excited spin states  [26–30].  

 For spin-vibration coupling effects to be observable in an STM setup, an integer spin 

system with a triplet ground state such as nickelocene represents a promising opportunity. Spin-

vibration coupling to a first approximation can be expected to lower the energy of the spin excited 

state while raising the energy of the combined spin+vibration excited state, while leaving 

vibrationally excited but low-spin states unperturbed  [27]. In this regard the prediction for 

nickelocene would be disagreement between the energy cost to flip a spin, 𝐷, the energy cost to 

excite a vibration, ℏ𝜔, and the energy cost of the combined spin+vibration excited state, 𝐷 + ℏ𝜔. 

 In the simplest approximation, these excitation energies are perturbed due to spin-vibration 

coupling Λ as 

Δ𝐸 =

⎩
⎪
⎨

⎪
⎧𝐷 + ℏ𝜔 +

(ℏ )

ℏ𝜔

𝐷 −
(ℏ )

 . 

In this way measurements of the excitation energies for spin-flip only, vibration-only and spin-

flip+vibrations would show anomalous disagreement, with the spin-flip+vibration energy 

blueshifted relative to the combined energies of the spin-flip only and vibration-only transitions. 

However, in the present experiment we were unable to detect the vibration-only excitations, 

preventing such an analysis. In the future a means to lower the cross-section of the spin-flip 

channel relative to the elastic channel or otherwise choosing a different metallocene could permit 

measurements of this nature and enable direct measurements of spin-vibration coupling effects.  
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APPENDIX A 

 

A.1 Determination of the Anharmonicity Constant  𝛘𝐞 

 

The potential energy surface for bending modes (HT and HR) can be expected to be more 

symmetric about the equilibrium position on the terrace and tip geometries than for the modes 

normal to the surface (M-CO and CO stretch), which should follow a more traditional Morse-like 

shape. Nevertheless one can still approximate the anharmonicity using the traditional higher-order 

correction to the quantum harmonic oscillator energy eigenvalues which are derived from solving 

the Schrodinger equation using a Morse potential instead of a harmonic potential  [1]:  

𝐸(𝑛) = ħ𝜔 𝑛 +
1

2
− 𝜒 ħ𝜔 𝑛 +

1

2
 

Where 𝜒  is the anharmonicity constant. 

A vibrational excitation  𝑣 = 0 → 𝑣 = 2  would have experimentally-measured activation energy 

of: 

∆𝐸 = 𝐸(2) − 𝐸(0) =  2ħ𝜔 − 6𝜒 ħ𝜔, 

while vibrational excitation  𝑣 = 0 → 𝑣 = 1  would yield: 

∆𝐸 = 𝐸(1) − 𝐸(0) =  ħ𝜔 − 2𝜒  ħ𝜔 

With experimentally measured values for  ∆𝐸  and ∆𝐸 , one obtains the relations for ħ𝜔 and 

𝜒  as 

ħ𝜔 = 3∆𝐸 − ∆𝐸 , 𝜒 =  
2∆𝐸 − ∆𝐸

6∆𝐸 − 2∆𝐸
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The anharmonicity constants displayed in Table 2.1 – 2.3 were obtained in this way. Note the 

similarity to the anharmonicity constants for the HR mode in this work to the value 0.0156 ± 

0.0051 found for the Ag-CO stretch obtained from the lateral hopping experiment in  [2]. 

 

A.2 Determination of Percent Anharmonicity and Errors 

 

Throughout this work, standard errors in fitted peak center position are used. The peak positions 

reported in the main text are the average of positive and negative bias, which are assumed to be 

uncorrelated measurements with uncorrelated peak fits. The errors in the positive/negative bias 

peak fits were then assumed to obey the standard Propagation of Error formula  [3] 

∆𝐸 =
1

2
(∆𝐸 + ∆𝐸 ) 

𝑠 =
∆

∆
𝑠 +

∆

∆
𝑠  =  𝑠 + 𝑠   , 

where 𝑠  and 𝑠  are the standard deviations of the fitted peak position for positive and negative 

bias, respectively. 

For the percent anharmonicity, errors are computed as 

𝑃 =  100
2∆𝐸 − ∆𝐸

2∆𝐸
 

𝑠 =
𝜕𝑃

𝜕∆𝐸
𝑠 +

𝜕𝑃

𝜕∆𝐸
𝑠 =  50

∆𝐸 𝑠 + ∆𝐸 𝑠

∆𝐸
 

For the anharmonicity constant 𝜒 , the errors are computed as 

𝜒 =  
2∆𝐸 − ∆𝐸

6∆𝐸 − 2∆𝐸
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𝑠 =
𝜕𝜒

𝜕∆𝐸
𝑠 +

𝜕𝜒

𝜕∆𝐸
𝑠  =  

1

2

∆𝐸 𝑠 + ∆𝐸 𝑠

(∆𝐸 − 3∆𝐸 )
 

Finally, for ħ𝜔 the errors are computed as 

ħ𝜔 = 3∆𝐸 − ∆𝐸  

𝑠ħ =
𝜕ħ𝜔

𝜕∆𝐸
𝑠 +

𝜕ħ𝜔

𝜕∆𝐸
𝑠  =  9𝑠 + 𝑠  
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