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ABSTRACT

My Ph.D. research comprised two main focuses: (1) the analysis of surface states in YbB¢ using scan-
ning tunneling microscopy (STM) and spectroscopy (STS) to determine its ground state and resolve
discrepancies in angle-resolved photoemission spectroscopy (ARPES) measurements, and (2) the
design and construction of a novel scanning probe microscope (SPM) to expand the lab’s capabil-
ities from STM into ultra-sensitive atomic force microscopy (AFM) for both force and dissipation
studies.

The first chapter provides an introduction and overview of the STM and AFM techniques and

their implementation. Chapter 2 presents my work on YbBg, which is published in its entirety as:

Aaron Coe, Zhi-Huai Zhu, Yang He, Dae-Jeong Kim, Zachary Fisk, Jason D. Hoft-
man, and Jennifer E. Hoffman, “Nanoscale Conducting and Insulating Domains on

YbBg,” Physical Review Letters 134, 236205 (2025).

ARPES measurements have disagreed on the ground state of YbBg on the (001) surface. This
discrepancy arises largely from the complex surface structure, caused by the absence of a natural
cleavage plane and the presence of polarized terminations. Together these effects produce a disor-

dered surface with nanoscale variations in band bending. As a result, the band structure appears
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smeared in spatially averaging techniques, and spectral features vary across the surface and over time.
An atomically resolved technique is therefore required to identify pristine terminations and de-
termine their elemental identity. Using STM/STS, we achieved this and proposed a ground state
incorporating Rashba spin-splitting that reconciles the conflicting ARPES results.

The third chapter describes the development of a novel millikelvin SPM implementing STM
and two AFM modalities. The most intriguing emergent behaviors of quantum materials are de-
termined not only by their static band structure, but by the dynamics of their quasiparticle inter-
actions. For example, various quantum critical fluctuations may drive unconventional supercon-
ductivity, while spin fluctuations may drive exotic topological phases. Such dynamics are largely
invisible to conventional scanning tunneling microscopy (STM), while ultrafast optics typically
average over the spatial variations that are common to strongly correlated materials. We have devel-
oped a unique scanning probe microscope (SPM) combining STM and pendulum atomic force
microscopy (pAFM) operating below 100 mK in magnetic fields up to 14 Tesla. Atomic-scale
fluctuation-dissipation dynamics are quantified by local shifts in resonance frequency (reflecting
tip-sample force) and quality factor (indicating dissipation) of a scanned cantilever oscillating like a
tiny pendulum above the sample [1]. Our pAFM flexibly employs a qPlus sensor [2] with custom
cryogenic preamplifier, or an optically detected soft-silicon cantilever for improved force and power

resolution. This manuscript is in preparation.
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Introduction to methods

MY SIX-YEAR PH.D. FOCUSED ON THE USE AND DEVELOPMENT OF SCANNING PROBE MICROSCOPY
FOR STUDYING NOVEL QUANTUM MATERIALS. A DETAILED UNDERSTANDING OF SCANNING
TUNNELING MICROSCOPY (STM) AND ATOMIC FORCE MICROSCOPY (AFM) WAS ESSENTIAL TO
THE SUCCESS OF THIS WORK. IN THIS CHAPTER, ] PROVIDE AN OVERVIEW OF THE INSTRUMEN-

TATION TECHNIQUES CENTRAL TO MY RESEARCH.



I.I SCANNING TUNNELING MICROSCOPY

This dissertation primarily presents datasets acquired using STMs custom-built in the Hoffman
group at Harvard University (Fig. 1.1(a)). STM achieves atomic-scale resolution through the quan-
tum tunneling effect. As illustrated in Fig. 1.1(b), this effect allows lower energy particles to pene-
trate a higher level energy barrier, a behavior forbidden by classical mechanics. The particle wave-

function can be expressed for the three spatial regions as

Acke 4 poike , 2<0 (regionI),

¥(z) = Ce + D, 0<z<d (regionll), (1.1)

Fe*2, z>d (region III).

\

where k£ = /2mE/ I is the wavevector in the classically allowed regions, x = \/2m(Uy — E) /h
is the decay constant inside the potential barrier, £ is the particle energy, Uy is the barrier height,

m is the electron mass, and £ is the reduced Planck constant. The tunneling probability depends
exponentially on the width of the potential barrier. STM exploits this sensitivity using the circuit
shown in Fig. 1.1(c), where the current between the tip and the sample must tunnel through the
vacuum barrier. Because the tunneling current decays exponentially with tip—sample separation,
sub-dngstrom height sensitivity and atomic spatial resolution are achievable.

To enable scanning, either the tip or the sample is mounted on a piezoelectric tube scanner capa-
ble of bending in the x and y directions and extending in 2. This scanner rasters the tip (or sample)
across the surface while maintaining a vacuum gap smaller than 1 nm to sustain tunneling. Topo-
graphic imaging is typically performed in constant-current mode, in which a feedback loop contin-
uously adjusts the tip height to keep the tunneling current constant. This mode is preferred over

constant-height mode because sample inhomogeneity can cause tip crashes that degrade tip sharp-
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Figure 1.1: (a) Photo of the first STM built in the Hoffman lab. The STM is housed within a double-walled room and
supported by a two-stage pneumatic isolation system. The STM head, shown in the inset, is located at the bottom of
the cryostat, where it can be submerged in liquid helium to reach 4.2 K. (b) Schematic of electron tunneling through a
one-dimensional potential barrier. The electron originates in region I, tunnels through region Il, and exits into region Ill.
(c) Simplified circuit diagram of the STM feedback loop for constant-current imaging. The STM tip is made atomically
sharp via field emission and brought into tunneling feedback with the sample using a piezoelectric scan tube.

ness. The tradeoft, however, is slower scan speed due to the feedback response time.
It is important to note that STM topography does not represent the true geometric height of the
surface. Instead, it is a convolution of the tip and sample local density of states and the tunneling

transmission probability. Consequently, the apparent height can vary with imaging conditions,

electronic structure, and surface reconstruction.



1.1.1 TUNNELING IN STM

There is additional richness in the tunneling process beyond the simple one-dimensional quantum
well model. In the energy-dependent Bardeen tunneling approximation at finite temperature, the

tunneling current is given by

- 4re

I== /_ Z {Rle —eV) = i) by (€ — V) pgmpse(€) T(e, V. d) de. (20.65)

Iis the tunneling current between the tip and sample, ¢ is the elementary charge, f{¢) is the
Fermi-Dirac distribution function at energy €, V'is the applied bias voltage between the tip and
sample, ﬁtip(s) andp, e (€) are the electronic density of states of the tip and sample, respectively,
T(e, V, d) is the tunneling transmission probability, which depends on energy, bias, and tip—sample
separation d, m is the electron mass, and @, and @,y are the work functions of the tip and sam-
ple, respectively. In the one-dimensional approximation, the transmission probability can be ex-

pressed as

T(e, V,d) o exp [—201\/25? (Bt 1 o ) ] . (1.2)

This model was originally developed for metal—insulator—metal tunneling junctions but is equally
applicable to the STM tunneling process. It treats the tip and sample as independent systems, with
transitions between their electronic states described using time-dependent perturbation theory. The
process is illustrated in Fig. 1.2, where an applied sample bias shifts the Fermi level, revealing empty

electronic states in the sample into which tip electrons can tunnel.
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Figure 1.2: lllustration of tip-to-sample tunneling with a negative bias applied to the tip. The tip wavefunction is nearly
constant and broadened near the Fermi level by the Fermi function. The sample density of states contains local features
and is also thermally broadened. The difference in Fermi levels produces a net tunneling current from the tip into the

sample.

I.I.2  SCANNING TUNNELING SPECTROSCOPY

Because the tunneling current depends on the sample’s electronic density of states, it is possible to
obtain energy-resolved information at the atomic scale through scanning tunneling spectroscopy
(STS). STS measures the derivative of the tunneling current with respect to the applied voltage,
denoted as dI/dV, yielding

al h eV (9T(€, V)
77 ime = P Pan D TI I+ [ a1

In the one-dimensional approximation, the transmission probability is given by

T(e, V,d) x exp [—Zd\/zh’z" (@+ 4 —¢) } . (1.4)

where @ = (Qyp + Dymple) /2 is the average tunneling barrier height.
Here, thermal broadening has been neglected for simplicity. When ST is performed near the

Fermi level, the transmission factor is approximately constant, and if the tip’s density of states is also



energy-independent, the expression simplifies to

dI
Tz ocpsample(eV). (1.5)

Thus, under these assumptions, the differential conductance is directly proportional to the sam-
ple’s local density of states. This relationship forms the basis for qualitative interpretation of STS

measurements in most tunneling experiments.

1.1.3 Lock-IN TECHNIQUE

To perform STS, the tip is positioned above the sample, and feedback is established at a set tunnel-
ing current and sample bias. Feedback is then disabled, and the d7/d V" signal is recorded. To obtain

the derivative of the current, a modulation (lock-in) technique is employed, where

1=A7) (L6)

If a small AC modulation is added to the bias, then

I(r) = AV + Varcoswt) . (1.7)

Var is the amplitude of the modulation voltage applied to the sample bias, @ is the angular fre-
quency of the applied modulation voltage, and # is the time variable describing the temporal evolu-
tion of the modulation signal. For sufficiently small modulation voltages, the amplitude detected
by the lock-in amplifier is proportional to dI/4 V. This relationship is illustrated in Fig. 1.3(a), where
the oscillation amplitude of the current signal is proportional to the slope of the /-7 curve, and
the energy resolution of the measured signal is determined by the modulation amplitude. A more

rigorous derivation is obtained by performing a Taylor expansion of 7 around the voltage V:



I= iVﬁ/fdkﬂV) cosk(a)t) = [f(V) + dilﬂVzV) V42 + -

k=0
- 3 V2
i j:{(V + ({(WV) : +. ] Vg cos(wt)
_ (1.8)
[ d'fV) V3 Vi
n ;(V? + 6{;?134 + } M cos(2wt)
d3 o) V2 3
n j(WV) j(VSV) 27/(‘)4 4. ] 47]"4 cos(3wr) + -

This result shows that the zth derivative of the current can be extracted by detecting the signal
component at z times the modulation frequency, assuming higher-order terms in each bracket are
negligible.

Focusing only on the dominant terms, the current signal can be approximated as

drI
Lo ~ 1 Vin—— 1.
o ~ I(V) + O 7t (1.9)

However, the total current also contains noise contributions:

dar
]tot — [slg + ]noise — ](V) + dei

coswt + zjzlj cos(wjt) (1.10)

Because the lock-in amplifier measures voltage signals, the corresponding lock-in output (given

Vier ~ I1p) is written as

t
Vowt = = / Vo) Viet(2) de (L.11)
T Jo
where
Vyep = cos(w7 + 0). (1.12)



(a) dI/dV modulation voltage measurement (b) circuit diagram for spectroscopy
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Figure 1.3: (a) Principle of differential conductance measurement using a small modulation voltage /", adapted from
Voigtlinder®. A sinusoidal bias modulation is applied to the tunneling voltage, producing an oscillating current whose
amplitude 7 is proportional to the slope of the /- curve at the corresponding bias. The energy resolution of the
measurement is determined by the modulation amplitude. (b) Simplified circuit diagram for STM. A small AC modulation
Vinod is added to the DC sample bias V};,, and the resulting current is amplified and demodulated by a lock-in amplifier
to obtain the differential conductance dI/dV.

Vet is the lock-in reference voltage at frequency @ and phase offset 8. Performing this integration,
while considering the orthogonality of sinusoidal functions, yields
Vi dl

Vs = 7ﬁTVcosﬁJr ynoise (1.13)

Vnoise i the residual noise voltage component at the lock-in detection frequency. Thus, only the
noise components at the specific lock-in reference frequency are retained. It is therefore essential
to choose a lock-in frequency where the noise level is low and the frequency is sufficiently high to
maximize both signal-to-noise ratio and measurement speed. A circuit diagram for ST is illustrated

in Fig. 1.3(b).

1.1.4 ENERGY RESOLUTION AND EXPERIMENTAL LIMITS

There are three primary contributions to energy smearing in STS measurements: the transmission

factor, thermal broadening from the Fermi functions, and the modulation amplitude of the lock-in



technique. The transmission factor becomes significant only at large bias voltages (on the order of
several volts), where it dominates and limits the energy resolution to several hundred meV. At low
voltages, both the Fermi functions and the modulation amplitude determine the effective thermal
energy smearing. For small bias voltages (hundreds of meV or less), the differential conductance can

be simplified to

al  4me © Ofle —eb)
ar = (@ / gy Pampe(€) de (1.14)

The slope of the Fermi function near the Fermi level is

Ofle — V) B 1

oV .,  2ksT

(1.15)

This results in an approximate thermal broadening of ~ 4437 for a delta-function density of
states. For Gaussian-shaped spectral features, the full width at half maximum (FWHM) of the
thermal broadening is approximately 3.2k 7. This corresponds to a peak width of 0.28 meV/K,
or equivalently 83 meV at room temperature, 1.2 meV at 4 K, 28 eV at 100 mK, and 2.8 ueV at
10 mK. Clearly, reducing temperature greatly enhances the ability of STS to resolve fine electronic
features such as the superconducting gaps in NbSe; 2 or the zero-bias Majorana signatures observed
in Fe(Te,Se) vortex cores.?

The final contribution to energy broadening arises from the lock-in modulation voltage. The

effective broadening is approximately twice the root-mean-square (RMS) modulation voltage,

2Vmod,RMs- Thus, the total low-bias energy broadening can be approximated as

AE = \/(ZeVmod,RMS)Z + (0.28 meV/K - T)%. (1.16)

At 4 K, thermal broadening typically dominates, whereas at millikelvin temperatures the modula-



tion voltage becomes the primary factor limiting energy resolution.

1.2 AtomMic FORCE MICROSCOPY

AFM was developed in 1986 following the invention of STM. The technique is conceptually sim-
ilar: a sharp tip is rastered across the sample surface using a piezoelectric scan tube under feedback
control. However, in AFM the measured signal is the force between the tip and the sample rather
than a tunneling current. To detect these forces, the bending or oscillatory motion of a microcan-
tilever must be monitored. Early AFM implementations used an STM to detect cantilever deflec-
tion, * but STM proved unsuitable for this task, motivating the development of several alternative
detection schemes. Over time, AFM has evolved to measure a wide range of interaction forces using
diverse operational modes and cantilever designs, achieving atomic-scale resolution even on materi-
als inaccessible to STM.>° In the following section, I discuss the fundamental principles of AFM,
the evolution of its detection schemes, and its broader applications beyond direct tip—sample force

measurements.

1.2.1 HARMONIC OSCILLATORS

Harmonic oscillators are among the most versatile and widely applicable models for describing dy-
namics in nature. They capture phenomena ranging from phonon vibrations in solids and molec-
ular bond stretching to electrical LC circuits, optical cavity modes, and the motion of mechanical
resonators such as AFM cantilevers. In the simplest case, a harmonic oscillator is described by the

differential equation

ma =m— = mi =F= —kz. (1.17)
k is the spring constant, where 7 is the effective mass of the oscillator, £ is its acceleration, and 2 is

10



the velocity. This has the general solution

z = A cos(wot) + Bsin(wp?). (1.18)

where wg = \/k/m is the natural angular frequency of the oscillator.
Including both a damping term and an external driving force makes the model more representa-

tive of real systems:

mz = —myz — k(2 — Zdrive)- (1.19)
y is the damping coeflicient and 24yive is the displacement of the external driving source. This has
the steady-state solution
z = A cos(wt + @), (1.20)

where the amplitude and phase are given by

A%
AZ — drive . (1.21)

2
w? 1 o2
(1-%) +¢%

and

tang = ———2——. (1.22)

Qs the quality factor of the oscillator, defined as Q = ?, which quantifies the ratio of the
4
stored energy to the energy dissipated per oscillation cycle and characterizes the sharpness of the

resonance. This damped, driven harmonic oscillator exhibits a resonance atw = @y, where the

11



amplitude is maximal and the phase shifts by —180°, as shown in Fig. 1.4.

30 — Amplitude (Q=3)
25 Amplitude (Q=10)
; — Amplitude (Q=30) [ —50
20 : Phase (Q=3)
§ Phase (Q=10)
Phase (Q=30) L —100

¢ (deg)

A/Adfive

- —150

Figure 1.4: Normalized amplitude response A/Adrive (left vertical axis) as a function of the normalized drive frequency
a)/wo for different quality factors Q Higher Q values produce sharper and higher resonance peaks. Corresponding
phase response @ (right vertical axis) for the same Q values. As Q increases, the phase transition near resonance
becomes steeper, approaching a total shift of —180° across the resonance frequency.

1.2.2 FORCES BETWEEN TIP AND SAMPLE

Forces between the AFM tip and the sample arise from several distinct physical interactions, includ-
ing electrostatic, van der Waals, chemical, and Pauli-repulsive forces. AFM can differentiate between
these interactions based on their characteristic length scales, as different forces dominate at different
tip—sample separations.

The electrostatic force is the longest-range interaction and is generally attractive, arising from
image charges induced in the sample by the biased tip. The tip—sample electrostatic interaction
is more accurately modeled as a capacitor rather than as discrete point charges. For a spherically

shaped tip interacting with a planar sample, the total electrostatic force can be expressed as

B R? z+ R R/sin(p)
Fotoral(2) = —meg U? L(z-{-R) + <ln( ) > -1+ M)] . (1.23)

where ¢ is the vacuum permittivity, U is the applied voltage between the tip and sample, R is the
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tip radius, 4, is the tip height, z is the tip—sample separation, = m, Y is the opening angle,
and @ is the half-angle of the conical tip.

The van der Waals force describes the interaction between transient dipoles of neutral atoms or
molecules that arise from quantum mechanical charge fluctuations. For macroscopic objects, this
force results from the sum of many pairwise interactions and is typically modeled empirically as

AV (7 _ HR
PER Fuaw (7) = TR

i) = — (1.24)

where 7is the distance vector between the tip and sample, and A is the Hamaker constant that
characterizes the material-dependent strength of the van der Waals interaction.

The chemical interaction potential is often used as the introductory model for short-range AFM
forces. Itis typically represented by the Lennard—Jones (LJ) potential, which captures both the
attractive (van der Waals) and repulsive (Pauli exclusion) contributions. The attractive term scales
as 1/7°, reflecting dispersion forces, while the repulsive term scales as 1 /71> and prevents atomic
collapse. The L] potential can be written as

B

L A
VLJ(}") = —%—Fﬁ. (1.25)

where 4 and B are empirical constants representing the attractive and repulsive components,

respectively. A more generalized and widely used form:

s =4 (%) - (2)]: (120

v v

Heree = A?/4Band o = (B/a)"/¢. The corresponding interatomic force is obtained by differ-

entiating the potential with respect to distance:
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Fiy(7) = 2%5 <2;> U (%)7 . (1.27)

In these expressions, ¢ determines the depth of the potential well (the binding strength between

atoms), and o represents the equilibrium distance at which the potential energy is minimized.

1.2.3 CANTILEVER DETECTION STYLES

In the first implementation of AFM, an STM was used to detect the cantilever dynamics. * How-
ever, STM detection proved suboptimal because it was overly sensitive to torsional oscillations of
the cantilever, limited the usable oscillation amplitude, and was only weakly responsive to portions
of the cantilever motion due to STM’s short-range tunneling regime. Several alternative detection
techniques have since been developed. The most common is the optical beam deflection (OBD)
method,” in which a laser is directed onto the back side of the cantilever and reflected onto a split
photodiode. Another widely used approach is the interferometric detection technique, *” where a
common-path interferometer is formed at the glass—vacuum interface of an optical fiber that directs
light toward the cantilever. The reflected light from both the fiber end and the cantilever surface
recombines within the fiber and is guided to a photodetector. Variations in the optical path length
due to cantilever motion cause phase shifts that modulate the detected optical power.

A third method, the piezoresistive technique, integrates a piezoresistive layer directly onto the
cantilever; mechanical bending induces stress in this layer, changing its electrical resistance, which
can be measured using a Wheatstone bridge or differential amplifier circuit. Finally, quartz-based
piezoelectric cantilevers 12 have gained popularity due to their self-sensing capability, eliminating the
need for optical components and offering robust, easily reproducible operation.

The optical beam deflection method is the most widely adopted in laboratory AFM systems

because of its simplicity, high bandwidth, and compatibility with ambient conditions. The inter-
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(a) Optical beam deflection scheme

(b) fiber-interferometer scheme
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Figure 1.5: (a) Optical beam deflection scheme adapted from Meyer and Amer *°, where a diode laser is focused onto
the cantilever and the reflected beam is detected by a position-sensitive detector mounted on a piezo-bar inside
the UHV chamber. (b) Fiber-interferometer scheme from Rugar et. al.,*! in which a single-mode fiber and directional
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coupler form a compact interferometer to measure cantilever displacement via optical interference..

ferometric method, by contrast, is particularly valuable in cryogenic environments where optical
alignment, space constraints, and low electronic noise requirements limit the feasibility of beam de-
flection setups. The optical current generated at the photodetector for fiber—cantilever gap distances

smaller than the fiber core diameter is given by

(7 4+ 73) — 2rra cos d

I=RP=R .
(L+7375) — 21172 cos 9

(1.28)

where R is the response (sensitivity) of the photodetector, Pis the incident optical power, 77 is
the reflection coefficient at the fiber—vacuum interface, 7 is the reflection coefficient at the can-
tilever surface, A is the wavelength of the laser light, D is the distance between the fiber end and the
cantilever surface, and & = 47D/ is the phase difference between the two reflected beams.

The fiber interferometer can be operated in two primary modes. In the first mode, a single reflec-
tion from the cantilever surface dominates the detected signal, producing the normalized intensity
pattern shown in Fig. 1.6(a). When the reflectivity 71 is enhanced through surface preparation of

the fiber end, multiple internal reflections occur, forming a Fabry—Perot type interferometer. In this
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regime, the power modulation becomes sharper, as illustrated in Fig. 1.6(b), which improves the

signal-to-noise ratio but significantly narrows the dynamic range to several hundred dngstroms *.

(a) intensity ratio for low reflectivity fiber-end (b) intensity ratio for high reflectivity fiber-end
1 v v T T { v v i 1
0.8 RN o
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Figure 1.6: (a) Calculated normalized intensity ratio I/]inc as a function of phase angle for a low-reflectivity fiber end.
The interference pattern varies smoothly with phase, providing a broad dynamic range but lower sensitivity. (b) Calcu-
lated normalized intensity ratio [/[inc as a function of normalized fiber-cantilever distance D/a for a high-reflectivity

fiber end. Multiple reflections produce sharper Fabry-Perot-type fringes, increasing signal sensitivity but reducing the

dynamic range. Figure panels adapted from Putman et. al.*

We can derive a comparison in ultimate sensitivity between OBD and optical-interferometry. The
fundamental detection limits for measuring AFM cantilever displacement are governed by dzffrac-
tion and photon shot noise. Other sources, including mechanical vibration, electronics, laser noise, or
thermal drift, are secondary and not considered in this theoretical ideal analysis.

We first consider a interferometer, where the response varies sinusoidally with cantilever position
z. At quadrature, small tip displacements Az cause a change in the number of detected photons,

27w

20, (1.29)

AN = tNo

where # is the measurement time, Ny is the photon emission rate from the laser, and 1 is the wave-
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length. The signal-to-noise ratio (SNR), limited by photon shot noise, is then

A
SNRj, = (Sﬁzdvtot)l/zjz- (130)

Next, we consider the OBD technique. A collimated Gaussian laser beam of diameter Dy is in-
cident on the reflective backside of a cantilever of length / and is focused by a lens of focal length /

onto a split detector. When the cantilever tilts, the reflected beam shifts laterally on the detector by

As = 2]%, (1.31)

where the factor of 2 accounts for the doubled reflection angle.

In the detector’s focal plane, the Gaussian intensity profile has a width

4f
= —. 1.32
Dsd 7Z'D() ( 3 )

The resulting photon number difference between the two detector halves is

Dy A
AN = er(zﬁ)l/ZTOTz. (1.33)
This gives a shot-noise-limited signal-to-noise ratio
Dy A
SI\H{obd = (87ft]\[tot)1/2707Z- (134)

For Dy = /, the sensitivity ratio between the two methods is

SNR b4 ’
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showing that optical beam deflection and interferometry are fundamentally equivalent in sensitivity
when both operate under shot-noise and diffraction-limited conditions.

This equivalence arises because both detect phase-induced intensity shifts in the reflected optical
field: interferometry through explicit interference fringes and OBD through the spatial interfer-
ence of reflected rays forming the Gaussian spot on the detector. The ultimate resolution for several

detection techniques are listed in Table. 1.1.

Table 1.1: Comparison of the minimum detectable cantilever displacement for various optical detection techniques.
Adapted from Putman et. al. 5

Technique (AZ)min

Optical beam deflection’® 1.0 x 1075
Interferometry’ 1.7 x 1071
Fiber interferometry '’ 5.5 x 10714

Laser diode feedback ™ 3.0 x 10712

1.2.4 NON-CONTACT FREQUENCY MODULATED AFM

AFM is commonly operated in contact mode, where the cantilever is physically dragged across the
sample surface. As the local topography changes, the cantilever bends in response to the varying tip-
sample force, and this deflection is detected optically using a photodetector. The main limitations
of contact-mode AFM are that it primarily measures van der Waals forces from the surface, it can
cause mechanical damage to delicate samples, and its spatial resolution is limited by the macroscopic
radius of the tip apex.

For studies of quantum materials, it is typically preferable to use a non-contact AFM (nc-AFM)
technique. The simplest and most common implementation of nc-AFM is amplitude-modulated
AFM (AM-AFM), in which the cantilever is oscillated near its resonance frequency using a piezo-
electric actuator. The tip—sample interaction modifies the effective spring constant of the cantilever,

leading to changes in its resonance frequency. If the drive frequency is held constant, these changes
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appear as variations in the oscillation amplitude and phase. However, AM-AFM becomes less prac-
tical in vacuum or cryogenic conditions, where the quality factor Q of the cantilever increases by sev-
eral orders of magnitude. The high Q lengthens the response time, requiring many oscillation cycles
to reach a steady state at each measurement point. Under such conditions, frequency-modulated
AFM (FM-AFM) is the preferred technique.

In FM-AFM, the tip—sample interaction modifies the resonance frequency of the cantilever by
altering the effective spring constant through the force gradient experienced during each oscilla-
tion cycle. This approach enables the measurement of both conservative and dissipative (inelastic)
components of the tip-sample interaction. The average force gradient can be directly related to the
shift in resonance frequency, allowing the force profile to be reconstructed as a function of tip—
sample distance. In FM-AFM, the cantilever is continuously driven at its instantaneous resonance
frequency, which shifts due to the interaction with the sample. The frequency shift is proportional
to the weighted average of the tip—sample force, with the largest contribution coming from the
closest approach (the lower turnaround point) as shown in Fig. 1.7(a). The frequency shift can be

expressed as

af =~ (R0 2(0) (139)

where f; is the free resonance frequency of the cantilever, 4 is the oscillation amplitude, £ is
the cantilever spring constant, F(¢) is the instantaneous tip—sample force, and z(#) is the time-
dependent displacement of the cantilever.

We can define an effective tip—sample spring constant as

/e/ = _2<‘Ft9 'Z>

) (1.36)

The implementation of FM-AFM typically requires a phase-locked loop (PLL) to track and
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(a) Force and weighting function for AFM oscillations
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Figure 1.7: (a) lllustration of the tip-sample interaction force Fts(z) (blue) and the corresponding weighting function
g(z) (red) used in frequency-modulated AFM (FM-AFM). The product Fts(z)g(z) (green) represents the effective con-
tribution of the force gradient to the measured frequency shift, with the strongest weighting occurring near the lower
turning point of the cantilever oscillation. (b) Simplified block diagram of the AFM detection system. A laser coupled
into an optical fiber measures cantilever motion via interferometry or beam deflection, with the resulting optical signal
detected by a photodiode and amplified. The preamplifier output is processed for frequency and amplitude measure-
ment, while feedback loops control the cantilever excitation and the Z-position of the piezo scan tube to maintain
constant interaction conditions.

maintain oscillation at the instantaneous resonance frequency. The PLL continuously locks to the
resonance frequency of the cantilever and adjusts the drive signal accordingly (Fig. 1.7(b)). This is
especially important in low-temperature AFM, where thermal excitation of the cantilever is sup-
pressed, and active driving is necessary to sustain oscillation. However, the use of a PLL introduces
a finite response time, as the feedback must track phase variations in the cantilever signal, leading to

measurement time constants on the order of hundreds of milliseconds.
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The PLL operates by detecting changes in resonance frequency as phase shifts in the cantilever
signal. The circuit multiplies the incoming cantilever signal, Veane < cos(@eanc?), by a reference
signal generated by a voltage-controlled oscillator (VCO), Vyeo o< cos(@yeot + po), and low-passes

the result:

1
Vcant : cho X E (COS [(wcant + wvco)t + @0] + cos [(a)vco - a)cant)t + ¢0]) . (137>

The high-frequency term is filtered out, leaving the difference term, which depends on the time-

varying phase:

Vphase O cos[(wvco — Weane )t + @0] = cos(dwr + @) = cos(p(2)), (1.38)

The PLL converts this phase difference into a control voltage proportional to the instantaneous
phase, with a proportionality constant K,4. For optimal sensitivity, the operating point is main-

tained near 90°, allowing a small-angle approximation for dw < wy:

Vihase = Kpd cos(dwt + 90°) ~ —Kpq dwt. (1.39)

In summary, FM-AFM relies on frequency modulation and demodulation principles analogous
to FM radio. The high-frequency oscillation of the cantilever, modulated by tip—sample interac-
tions, is mixed with a reference signal to extract a low-frequency phase or frequency shift. This
signal directly reflects the local force gradient between the tip and sample and forms the basis for

quantitative AFM force spectroscopy.
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1.2.s Noise IN AFM

Next, we derive the contribution of thermal noise in AFM measurements. Thermal noise sets the
fundamental limit of force sensitivity and frequency stability in both contact and non-contact AFM
modes. Starting with the equipartition theorem, the total average energy stored in a thermally ex-
cited harmonic oscillator is £z 7. Because this total energy is equally divided between kinetic and
potential energy on average, the root-mean-square (RMS) thermal displacement amplitude of the
cantilever can be written as

(ach)y =", (L)

For room temperature (7" = 300 K) and a typical cantilever spring constant of ¥ = 1 N/m, this
yields a thermal displacement of approximately 20 pm. At 100 mK, the thermal excitation drops to
about 7 fm, illustrating how cooling drastically suppresses thermal motion.

A more rigorous treatment models the cantilever as a harmonic oscillator coupled to a thermal
bath. In this framework, thermal energy excites the cantilever motion through random forces, and
the frequency response follows the resonance characteristics of the oscillator. The power spectral

density (PSD) of the thermal displacement noise is given by

2kpT
7k Qfo

where Ny, xc is the frequency-independent white noise arising from the thermal excitation, and

]\[th,osc(f) = ]\[th,exc G(f) =

G(p), (1.41)

G(f) is the transfer function of the harmonic oscillator, defined as

A? 1
GhH=——= . (1.42)
Adrive (1 _

el
~—
3]
+
Q=
SR
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Here, fy is the natural resonance frequency of the cantilever, 44yive is the driven oscillation ampli-
tude, and Q is the mechanical quality factor that quantifies the damping in the oscillator.

In frequency-modulated AFM, the cantilever oscillation is detected within a two-sided band-
width centered around fp, i.e., between fo & fimod. Because the modulation frequency finoq is typically
much smaller than fj (fnod < /o), we can approximate the transfer function near resonance as

G*(fo + fnod) = ! ~ L (1.43)

— (ﬁ)+ﬁ“°d)2 2 L(ﬁri'ﬁnud)z /mod L
(1 il ) el it

Thus, the thermally induced displacement noise power spectrum becomes

2T 1

Nith(ﬁnod) = Z\thh,eXcGz% +fmod) = W/CQ/% 41‘2 d 1 (1.44)
S+ 52
hoo 2

Because the frequency noise density is related to the displacement noise density through the

modulation frequency and the oscillation amplitude, we can write

\/ 2fmod

A

]\gﬂth (fmod) = Nz,th% +fmod)- (145)

where 4 is the oscillation amplitude of the cantilever.
Integrating the frequency noise over a measurement bandwidth B gives the mean-squared ther-

mal frequency fluctuation

23



B
<Aft2h> :/0 ]\]fz,th(fmod) dfmod

4kpT /B j?nod df
7A2kQfy Jo 4P mod

Ko
- o i £ aan (22, (1.46)

Here, B = finod,max denotes the effective measurement bandwidth. In the limit where B > {()Q’

the minimum detectable force gradient limited by thermal noise is given by

8F Zle 4kkpTB
&) =\ Zopz (1.47)

This expression defines the ultimate thermal noise floor of the AFM system.

1.2.6 QUARTZ SENSORS

The qPlus sensor, largely pioneered by Franz J. Giessibl, 13,16 has become a cornerstone of modern
AFM. It has evolved into a robust and widely adopted technique for high-resolution AFM stud-
ies that go beyond routine topographic or thin-film characterization. The qPlus design employs

a quartz cantilever carrying a metallic tip, allowing simultaneous STM and AFM functionality.

Its defining advantage lies in the exceptionally high stiffness of the cantilever, typically exceeding
1,000 N/m, which enables stable oscillation amplitudes on the order of a few dngstréms and mini-
mizes snap-to-contact instabilities. Furthermore, the qPlus configuration allows the use of conven-
tional STM tips, often electrochemically etched tungsten, as the AFM probe. This compatibility
facilitates the preparation of ultra-sharp tips, to which small molecules such as carbon monoxide

can be attached, enhancing spatial resolution and chemical sensitivity. As a result, atomic-resolution
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6,17,18

imaging has become reproducible across many research groups, even on insulating or weakly

conducting materials that are inaccessible to traditional STM.

1.2.7 HoORIZoNTAL vS. VERTICAL PROBES

Most AFM experiments are conducted in the horizontal geometry, where the cantilever lies approxi-
mately parallel to the sample surface and the tip points vertically toward the sample. This configura-
tion offers several practical advantages. First, it provides high spatial resolution since the dominant
cantilever motion is purely vertical, making it highly sensitive to normal (out-of-plane) forces. Sec-
ond, it enables direct measurement of vertical force gradients and simplifies optical alignment, as the
geometry is well suited to conventional beam deflection or interferometric detection schemes. Ad-
ditionally, the horizontal configuration integrates easily with cryogenic high-magnetic-field setups,
where instrument dimensions are constrained by the radial bore of superconducting magnets.

An alternative approach, known as the vertical or pendulum geometry, 15 positions the cantilever
perpendicular to the sample surface, such that its oscillation occurs parallel to the plane of the sam-
ple. This geometry allows direct probing of lateral or frictional forces as well as vertical forces and
is particularly advantageous for studying in-plane phenomena, such as vortex pinning in supercon-
ductors or surface charge dissipation processes. It is also well suited to dissipation measurements, in-
cluding Joule heating, because the lateral oscillation moves a localized charge puddle back and forth
across the surface with constant amplitude, unlike in the horizontal geometry, where the charge
distribution expands and contracts during oscillation. Furthermore, the pendulum configuration
permits the use of very soft cantilevers, as the risk of snap-to-contact is greatly reduced compared
to vertical-force geometries. This combination of stability and sensitivity makes the pendulum
AFM geometry a powerful tool for quantitative studies of weak dissipative and lateral interactions in

quantum materials.

25



1.2.8 DISSIPATIVE INTERACTIONS IN AFM

AFM is most frequently employed to measure the interaction forces between the tip and the sample,
whether in contact or non-contact operation. As discussed in previous sections, FM-AFM pos-
sesses a second detection channel, the drive signal amplitude, that enables the measurement of non-
conservative forces manifesting as energy dissipation. These dissipative interactions arise from var-
ious microscopic mechanisms, including van der Waals friction, electrostatic (Joule) losses, charge
fluctuations, and phonon excitation, as illustrated in Fig. 1.8. Each of these processes represents a
distinct physical channel through which energy is lost from the oscillating cantilever to the sample.

In practice, Joule dissipation is widely used to study local electronic and structural transitions,
such as metal-insulator?’ or superconducting phase transitions !, Similarly, dissipative signatures
arising from tunneling processes, such as charge trapping or localized ring tunneling in semiconduc-
tor, can be probed using the same detection channel 22, Consequently, dissipation mapping in AFM
provides a powerful and versatile means to probe both classical dissipative processes and quantum
mechanical phenomena at the nanoscale.

For Joule dissipation in the horizontal geometry, the energy loss mechanism can be modeled by
treating the tip—sample junction as a time-varying capacitor. As the cantilever oscillates, the capaci-

tance changes in time, generating a displacement current D(#) that depends on the applied bias U:

_9C,_9Ck

D) =5,U= 5.5V

(1.48)

Here, C'is the tip—sample capacitance that varies with the instantaneous tip position z(z), and
2(¢) = Awsin(wr) describes the oscillatory motion of the cantilever with amplitude 4 and angular
frequency w. When the tip—sample circuit includes a finite resistance R, Ohmic losses lead to Joule

heating described by
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(a) Electrostatic (Joule) dissipation (b) vdV forces (c¢) Phononic friction

screening charge oscillating charge virtual/real photon emitted vdW attraction induces
created by electric acts like nanoscale from one side and interacts elastic deformation and
field resistor with tip on return but with a a phonon
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Figure 1.8: Schematic illustration of microscopic dissipation mechanisms in AFM. (a) Electrostatic (Joule) dissipation:
oscillating tip-induced charges on the surface lead to displacement currents and resistive Joule losses. (b) van der

Waals (vdW) friction: motion of the tip induces Doppler-shifted electromagnetic interactions between virtual or real
photons, enabling energy loss through retardation effects. (c) Phononic friction: surface deformation induced by the tip
motion generates phonon emission, carrying energy away from the tip-sample junction. Each process contributes to the
non-conservative force component observed in the amplitude channel of FM-AFM.

oc?
Pjoute = TD*(t) = RtSEUZAZw2 sin?(wt). (1.49)

Averaging over one oscillation cycle gives the mean dissipated power,

2nfe OC 5 2 2 s
(Pioule) = / Ployle dt = thsEUA w” sin(wt). (1.50)
0

which scales quadratically with both the applied bias and oscillation amplitude. This framework
provides a quantitative link between the measured amplitude damping in FM-AFM and the local
electronic dissipation processes within the sample.

In the pendulum geometry, we assume that the vertical change in the cantilever position is neg-
ligible and so the tip sample capacitance remains the same. In this case, the volume of the electron
puddle below the cantilever from the electric field screening, /, should remain the constant through

the oscillation. The instanenous current is written as
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1) = / P * 010 (Ls1)

where Pebarge = QL;W and v(¢) = Awsin(wr). Then the power can be written, given the local

resistivity p = R% (d1 and d, define the effective local surface area, width and depth respectively,

of the charge perpendicular to the motion), as

2

P(r) = 1(t)*R(2) =V

(QAwcos(wt))* (1.52)

Given that Q = VC, the average power per oscillation cycle can be written as

_ (Cw)?
(P) = A%@m (1.53)

The power dissipation in the vertical geometry follows a square dependence on the applied bias
and a cubic dependence on the amplitude of the oscillation. For a blunt tip, C ~ %, indicating a
square dependence on the tip-sample distance. A more rigorous approach estimates C ~ /n(1 + %)
where R is the radius of the tip.

We can also define a minimum threshold for dissipation in the cantilever based on its own in-
trinsic dissipation. All cantilevers will intrinsically dissipate energy. In the linear simple pendulum
approach, we can write the equations of motion for the cantilever as

meﬂfddi;(zt) rdﬁ;(tt) + megw(2) = fuxc () + F (x(2)). (1.54)

fexe(2) s the driving force acting on the cantilever to compensate for the energy loss due to dissi-
pation and F(x(z)) is the force between tip and sample. The damping coefficient yields the frictional

force through Stokes relation
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Fricion = —T0. (155)
Where I'is the contribution of all dissipative channels such that

N
F=) I'=Ty+I+ - +In (1.56)
0

Where I'y = %QO for the intrinsic damping. The dissipated power of the free cantilever is then

whA*
Py = . 1.57
=00 (1.57)

Below this threshold, it is not possible to detect dissipation from other inelastic interactions be-

tween the tip and the sample.
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Nanoscale Conducting and Insulating

Domains on YbBy

f:STATE ELECTRONS HAVE GENERATED SIGNIFICANT INTEREST IN QUANTUM MATERIALS DUE
TO THEIR STRONG ELECTRONIC CORRELATIONS AND SPATIAL LOCALIZATION, WHICH CAN

GIVE RISE TO A RANGE OF EMERGENT QUANTUM PHENOMENA. WITHIN THE HEXABORIDE FAM-
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ILY, /"ELECTRONS HAVE BEEN SHOWN TO DRIVE MAGNETISM, NON-TRIVIAL BAND TOPOLOGY,
AND KONDO HYBRIDIZATION EFFECTS. BEYOND THE f-ELECTRON SYSTEMS, OTHER HEXA-
BORIDES EXHIBIT A VARIETY OF INTRIGUING PROPERTIES, INCLUDING ANTIFERROMAGNETIC
ORDER, EXCEPTIONALLY LOW WORK FUNCTIONS, AND SUPERCONDUCTIVITY. >’ THE HEXA-
BORIDE FAMILY THEREFORE PRESENTS A RICH PLATFORM FOR EXPLORATION, AS INTERFACING
THESE MATERIALS OFFERS THE POTENTIAL TO ENGINEER NEW QUANTUM STATES, SUCH AS
TOPOLOGICAL SUPERCONDUCTIVITY, THAT MAY HOST MAJORANA QUASIPARTICLES, PROVID-
ING A PROMISING AVENUE TOWARD QUANTUM COMPUTATION.

Rare-earth hexaborides host a diverse set of exotic properties, ranging from superconductivity to
magnetism to non-trivial topology. Interest in hexaborides surged when SmBg was predicted to be
the first of a new type of correlated electron system, termed a topological Kondo insulator (TKI),
in which protected surface states span a Kondo gap pinned around the Fermi level (Ef)***. Exten-

sive experiments, including transport?®%/-2%2%:30:31,32,33

, angle-resolved photoemission spectroscopy
(ARPES)%3%:36:3738,3940.41 3 STM/STS *>*3, demonstrated the existence of two-dimensional
metallic surface states on SmByg at low temperatures. However, the topological nature of these

states was initially unclear due to the multiple atomic terminations with complicated polar struc-
ture 38424344 Recently, quasiparticle interference (QPI) measurements on homogeneous termina-

tions of SmBg revealed the heavy Dirac surface states within the Kondo gap *>**

, establishing SmBg
as the first TKI.

YbBg, a second TKI candidate, was predicted to host a mixed valence charge around +2.2 for
Yb, inverted Yb 4fand 54 bands, and topological surface states similar to SmBg 46 Tndeed, ARPES
studies showed an odd number of Fermi pockets on the (001) cleaved surface of YbBg *7484%50,
with the chirality of orbital angular momentum */, spin texture **, and temperature and photon

energy dependence*’ expected for topological surface states. Quantum oscillation measurements

confirmed consistent surface Fermi pocket areas>'>>. However, magnetic susceptibility >, optical
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reflectivity >4 and x-ray and ultraviolet photoemission > showed that Yb is uniformly divalent in the
bulk of YbBg, with a modest Yb*>* fraction only at the surface. Furthermore, the highest occupied
Yb 4f state was consistently found around 1 eV below Ef 55,47,48,50,49 ruling out the TKI scenario,
and requiring an alternate explanation for the surface states.

Two additional mechanisms for the YbBg surface states have been proposed. The first claims
strong topological surface states originating from inversion of the bulk Yb 54 and B 2p bands **>°,
as schematized in Fig. 2.1(a). The second claims trivial quantum well states (QWS) due to band-
bending at the polar (001) surface of YbBs "%, as schematized in Fig. 2.1(b). The latter proposal
is supported by the parabolic dispersion of (001) surface states >, and additional ARPES measure-
ments on the non-polar (110) surface showing a robust ~ 0.3 eV gap between the B 2p valence and
Yb Sd conduction bands>”. Each proposal is supported by density functional theory (DFT) calcu-
lations with minor parameter variations. However, neither proposal appears fully consistent with
all experimental data. All ARPES and quantum oscillation experiments on both (001) and (110)
surfaces showed conducting states, despite the various p-type, #-type, and non-polar terminations
expected. Yet no surface channel was seen in magnetoresistance measurements>’. Given the likeli-
hood of spectral artifacts from these existing experiments that spatially average over different termi-
nations*4, it remains crucial to conduct local imaging experiments to distinguish between proposals
by spatially correlating surface spectral features with specific terminations.

Here, we use STM/STS to demonstrate termination-dependent surface conductivity in YbBg.
Our spatially-resolved difterential conductance spectra (d/4 V') show strong band bending associ-
ated with surface polarity, leading to coexisting insulating and conducting domains. The observa-
tion of insulating domains on clean regions of YbBg¢ definitively rules out the possibility of a strong
topological insulator state. Within the conducting domains, we observe multiple in-gap peaks remi-
niscent of van Hove singularities (VHS) that may stem from Rashba spin-split QWS, schematized in

Fig. 2.1(c).
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(a) d-p topological (b) quantum well (c) Rashba spin-split  (d)
insulator state (QWS) QWS ’ ’
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Figure 2.1: Three proposals for YbB, electronic band structure and associated density of states (DOS): (a) Topological
surface state (TSS), (b) quantum well state (QWS), and (c) Rashba spin-split QWS. See additional details in Fig. 4.1 in the
Appendix, section 4.1. (d) CsCl crystal structure of YbBg. (€) STM topographic image, showing multiple terminations

on cleaved YbB, (sample bias V; = —0.15 V; setpoint current I, = 100 pA). Values on the color bar indicate apparent
height and not actual height, due to the polar surface effects in YbBg.

2.1 ATOMICALLY-RESOLVED TOPOGRAPHIC MAP

A single crystal of YbB was grown by the Al-flux method?’, cleaved in ultra-high vacuum (UHV)

at cryogenic temperature, and immediately inserted into a home-built STM at 4.2 K. YbBg, pos-

33



sessing a CsCl-type crystal structure shown in Fig. 2.1(d), does not have a natural cleavage plane.
Because the intra- and inter-octahedral B-B bonds have similar lengths !, several terminations are
possible by breaking both types of bonds. Breaking inter-octahedral bonds results in the Bs and Yb
terminations. Alternatively, breaking intra-octahedral bonds can lead to disordered and inhomo-
geneous terminations with incomplete B octahedra. In our STM study, we find the surface mor-
phology of cleaved YbB exhibits both 1x 1 and chain-terminated surfaces, arranged in alternating
strips along the [100] crystal axis, as shown in Fig. 2.1(¢). On the 1x 1 terminations [Fig. 2.2(a,c)],
we measured an atomic spacing consistent with the expected YbBg lattice constant of 2 = 4.1439

A 616263 On the chain terminations [Fig. 2.2(b,d)], the inter-chain period is exactly doubled.

2.2 DI/DV ANALYSIS AND SURFACE IDENTIFICATION

Average dI/dV spectra, representing the local density of states (DOS), from each termination are
shown in Fig. 2.2(e). Both spectra exhibit a large range of reduced DOS around E¥, and promi-
nent peaks at negative bias, which we identify as the Yb2t 4f'multiplets. These 4f states are often

observed by spatially-averaged ARPES experiments around —1 eV and —2.3 eV #748:4%50

, though
energies may vary by up to 500 meV between samples*” and time after cleaving>’. The chain termi-
nation spectra exhibit an additional rise at positive bias, which may be identified as a broad Yb 54
band, as observed by inverse photoemission >*. The energy shift between our dI/dV spectra suggests
terminations with different surface polarities, as commonly observed via spatially-resolved mea-
surements on other semiconductors “***. On cleaved YbBg, we expect that a Yb-terminated surface
would be positively charged compared to the bulk because the B octahedra take electrons from the
Yb layer to form their bonds. Bulk free electrons then move towards the surface to screen the posi-

tive surface electrostatic potential, forming an accumulation layer with excess electrons (#-type), and

inducing a downward band-bending. Similarly, we expect that a B¢-terminated surface would be
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negatively charged, giving rise to a p-type environment and upward band-bending. However, not all
B-terminated surfaces need be negatively charged; e.g., the B; termination requires fewer electrons

from the Yb layers to form the octahedral bonds.

(b)

Low

B 3
& =

= 10W Z 25 -
2 ()]

Q [0}

T 1 1 1 T 0

(d)_ 5

| | | | | | |
0 2 4 6 8 10 0 2 4 6 8 10
Unit Cell (a) Unit Cell (a)

¢¢ 1x1

chains

0 | | | 1
-20 -15 -10 -05 00 05 10

Sample Bias (V)
Figure 2.2: (a, b) High resolution topographies of YbB, (001) surface showing two distinct terminations: (a) 1 x 1(V; =
—0.4V, I, = 200 pA) and (b) chain (Vs = 0.2V, I; = 100 pA\). (c, d) Linecuts along respective dashed lines, calibrated to
the YbBy lattice constant2 = 4.1439 AS16283 (e) di/dV spectra averaged over the starred locations in (a) and (b), with

shaded standard deviation (V; = —2 V, I = 400 pA, lockin modulation Vs = 10.6 mV). Vertical arrows point to Yb*t
4fmu|tip|ets, shifted by surface band bending between the two terminations.

In the dI/d V" spectra of Fig. 2.2(e), the low-conductance energy range around Ef on the chain
termination is smaller than that on the 1x1 termination. The change in energy range can be ex-

plained by a combination of tip-induced band bending (TIBB), polar surface band bending, and
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the presence of in-gap surface states. STM measurements of insulator gap amplitudes are known

to vary from their intrinsic values as a result of poor electronic screening, which allows the electric
field generated by the tip to partially penetrate the sample surface . For semiconductors with polar
surfaces, tip-induced bending of the bulk bands at the surface can lead to apparent variations in gap
amplitude and shifts of the gap between different surfaces ¢4 YbBg is subject to both band-bending
effects, in addition to in-gap states that can alter the electronic screening and thus the overall energy
separation.

Combining topographic and spectroscopic data, we can identify the two observed terminations.
The upward band shift on the 11 termination tells us that it must possess a greater number of
negatively-charged B atoms with respect to the chain termination, so it cannot represent a Yb termi-
nation. Due to its clean structure and atomic periodicity, we infer that the 1x1 termination is either
B; or Bg. In contrast, the double periodicity of the chains tells us that it is a partial layer termination.
Furthermore, the chains are laterally offset from the 1x 1 atoms, as highlighted in Fig. 2.3(a), where
blue lines indicate the chain centers and red dots indicate the top B atoms of each octahedron. Av-
eraged linecuts for the chain and 1x 1 terminations are shown in Fig. 2.3(b). We can therefore rule
out a partial Yb termination as the chain identity, because Yb chains would lie directly between 1x 1
B or Bg surface atoms. Therefore, the chains can be identified as a partial B termination. Due to the
up-shifted (p-type) spectra, we know that the 11 termination must have more B atoms than the
chain termination, so we conclude that the 1x 1 termination must be Bg rather than B;. The pro-
posed structure of the 11 termination and an example B4 chain termination for the chain domain
are illustrated in Fig. 2.3(c,d), respectively. Other possibilities for the chain termination include B,,

Bj, tilted Bs, or tilted B¢ octahedra (Fig. 4.2 in the Appendix, section 4.2).

36



Unit Cell (a)

(c) Side view: 1 x 1 (d) Side view: chains
P B P P Vg g g g
@ 00 Q0’0
PSP SO D
@'04)0.@’0'@. @O.Q.Q@'O‘é)

Figure 2.3: (a) Topography showing a boundary between1 X 1 and chain terminations (V= 0.2V, I, = 100 pA). The
blue lines are along the centers of the chains and the red points correspond to the individual atoms on the 1 X 1 surface.
(b) Averaged linecuts across 1 X 1 and chain terminations in (a). Vertical lines represent the unit cell spacing for each
surface. (c, d) Side view of the By and By surface terminations, respectively. For a more complete set of possible chain
terminations, see Fig. 4.2 in the Appendix, section 4.2

2.3 DETERMATION OF SURFACE STATE

To understand the YbBg surface states previously observed by spatially-averaging probes */-48:4%50:51,52,

we zoom in on the near-E¥ states that are swamped by the dominant 4f multiplets in Fig. 2.2(e). Fig-
ure 2.4 shows the analysis of a topography and d/d V" map, acquired over a smaller energy range
around EF, with lower junction resistance for increased sensitivity to sub-gap features. With this in-
creased sensitivity, we observe a true insulating gap on ~25% of the surface, corresponding to clean
regions of the 1x 1 termination in Fig. 2.4(a), and depicted in a black-red colorscale in Fig. 2.4(b).
The average spectra from these insulating domains are shown in corresponding colors in Fig. 2.4(c),
with apparent gap amplitude ~100 meV roughly consistent with the known bulk gap>3. We cau-
tion that TIBB is likely more significant at this lower junction resistance, where the tip is closer to

the sample, but we emphasize that TIBB cannot create an apparent gap, though it can change an
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Figure 2.4: (a) Surface topography (V; = —1V, I, = 50 pA). (b) Map showing the presence (bright colors) or absence

(dark colors) of in-gap states, analyzed from a dI/dV map acquired in the same area as (a) (V; = —0.2V, I, = 200 pA,
Vims = 10.6 mV). For each dlI/dV spectrum in this area with in-gap states (average > 1 nS from —20 meV to +20 meV),
we depict the energy of the first in-gap peak (if any) above the valence band edge in a rainbow palette. Less than 1% of
the surface exhibits substantial in-gap spectral weight without discernible peak; these few pixels are depicted in dark
blue. Areas without in-gap states (average < 1 nS from —20 meV to +20 meV) are shown instead using a black-red
palette depicting this average tunneling conductance near Er. Outlines of several large insulating domains in (b) are
superimposed on (a) for direct comparison to atomic termination. (c) Averaged dl/dV spectra based on the binning in (b)
show sub-gap peaks in the 8 color bins, each offset vertically by 1 nS with horizontal lines to represent their zero for
clearer comparison. Close to 25% of the surface spectra show no in-gap states. These gapped spectra, averaged over
regions with tunneling conductance below 1 pS (black) and above 1 pS (dark red) are shown with zero offset, but 3 X
magnification to emphasize the true Fermi-level gap.

existing gap amplitude. Therefore, the ~25% gapped area definitively rules out a strong topological
surface state, which would necessarily cover all surfaces 66,67

The remaining ~75% of the YbBg surface, comprising most of the chain termination and a
smaller fraction of the 1 1 termination, shows in-gap states with one or two peaks at energies
near Er. The average spectra, binned by their minimum in-gap peak energy, are shown in Fig.
2.4(c). Though YbBy is a bulk insulator>?, the demonstrated surface polarity may bend a bulk
band to cross EF at the surface. Confinement within a few nanometers of the surface reduces the
3-dimensional band to a discrete number of 2-dimensional bands known as quantum well states

(QWS), as suggested by previous ARPES experiments>*>’, and schematized in Fig. 2.1(b). But

QWS alone would not give rise to peaks in the density of states. To explain our observed peaks, as
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well as the spin-polarization measured by ARPES 4 we suggest that Rashba spin-orbit coupling
(SOC) splits the surface bands, as schematized in Fig. 2.1(c). Spin-splitting reconstructs the DOS,
giving rise to a van Hove singularity and an observable peak in 41/ V" at the minimum energy of
each QWS band ®#%8. The ~150 mV spatial variation of the sub-gap peak energies in Fig. 2.4(c)
may be attributed to band bending from the two surface terminations, and more local band bend-
ing from the many atomic-scale defects apparent in Fig. 2.4(a). Schematics of variable surface band
bending giving rise to one or two QWS, and spin-splitting giving rise to VHS peaks in the DOS,
are shown in Fig. 4.1 in the Appendix, section 4.2. Another possible source of spatially-modulated
peaks in the density of states — Friedel oscillations, or more generally quasiparticle interference aris-
ing from scattering off surface defects®” — is not relevant in this case because high defect density

destroys the coherence of scattered waves over most of the surface.

2.4 CONCLUSION

In conclusion, our STM/STS study provides the first real-space imaging of YbBe. On the (001) sur-
face, we observe two different atomic terminations whose distinct polarity is evidenced by spectral
shifts greater than 100 meV. Furthermore, we observe both conducting and insulating nanoscale
domains, definitively ruling out the proposed strong topological surface state for YbBg. Instead, we
show that the surface states previously observed by spatially-averaging techniques arise from QWS
induced by surface band bending. Throughout these conducting domains, we find sub-gap peaks
consistent with VHS arising from Rashba spin-splitting of the QWS. The coexisting nanoscale do-
mains and terminations with differing surface polarities suggest YbBg may represent a new class of
strongly-correlated materials with utility for spin-polarized p-7 junctions or other spintronic de-
vices ®*. Spin-polarized STM could be an important tool to confirm, quantify, and possibly manipu-

late the spin-polarization of the nanoscale surface domains.
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Design of a modular millikelvin scanning
probe microscope for characterizing and
manipulating quantum materials and

devices

ULTRA-LOW TEMPERATURES UNLOCK ACCESS TO FRAGILE QUANTUM PHENOMENA THAT CAN
ONLY EXIST WHEN THERMAL EXCITATIONS ARE SUFFICIENTLY SUPPRESSED. Examples include

Majorana bound states in topological superconductors /1”2

, the competing magnetic-order
and Kondo interactions in topological surface states, 31 and interaction-driven superconductivity
in twisted van der Waals heterostructures.”*”* The focus of condensed matter physics has broad-
ened from bulk single crystals to engineered, low-dimensional platforms and device architectures
such as kagome metals, quantum-confined superconducting films, moiré materials, quantum dots,
and Josephson junctions. STM has played a central role in advancing these frontiers by visualizing
correlated flat bands in twisted heterostructures,”” charge order in kagome lattices,”® and vortex-
bound states in iron-based superconductors.® Yet many experiments remain constrained by oper-

ating temperatures above the relevant energy scales, the need for specialized tip preparation (e.g.,

spin-polarized >"""%), and the challenges of preparing exfoliated heterostructures or microfabri-
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cated devices for STM access.

Millikelvin temperatures are also essential for studying quantum materials because only at such
low energies are classical thermal fluctuations fully frozen out, allowing intrinsic quantum fluctu-
ations and dissipation processes to dominate. In this regime, emergent electronic and magnetic be-
haviors, such as unconventional superconductivity79, topological edge conduction 31 and Majorana

coherence>7%7172

, arise purely from quantum mechanical interactions. Dissipation measurements
at millikelvin temperatures provide a direct probe of the fluctuation—dissipation dynamics that gov-
ern these states, revealing how quasiparticles, phonons, and defects exchange energy at the atomic
scale. By operating below 100 mK, one can disentangle conservative and dissipative forces, resolve
microscopic energy-loss channels, and quantify the limits of coherence and stability in correlated
quantum systems.

Realizing STM and dissipative AFM measurements at millikelvin temperatures imposes stringent
design requirements on the microscope and cryogenic system. SPMs designed for quantum devices
must accommodate a high density of electrical contacts to apply gate voltages or transport currents
through mesoscopic structures. They also require reliable coarse navigation over millimeter-scale
distances to locate exfoliated flakes or lithographically defined regions and to access auxiliary surfaces
for tip conditioning. Capacitive position sensing is essential for accurate relocation between these
regions. For the highest level of dissipation sensativity, ultra-soft silicon cantilevers are needed, re-
quiring the use of optical readout in an exceptionally minimal power cooling environment. At the
same time, the microscope head must maintain exceptional mechanical rigidity and isolation from
both cryogenic and environmental vibrations. Finally, as scanning probe methods continue to diver-
sify, the instrument must remain modular and adaptable, capable of supporting future experimental
configurations without a complete redesign.

In this work, we present the design and implementation of a modular millikelvin SPM optimized

for quantum materials and device characterization. Our system integrates a compact two-stage vi-
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bration isolation assembly with an UHV dilution refrigerator (DR), achieving a base temperature
of 63 mK. A shuttle-based microscope head provides dense electrical connectivity through BeCu
side contacts while reserving shielded connectors for low-noise measurement lines. Integrated ca-
pacitive sensing and three-axis coarse positioning motors allow reliable navigation between samples,
devices, flakes, and tip-preparation sites. The SPM is capable of performing STM and AFM with
the AFM implementation accomplished through the use of both qPlus based sensing, enabling
sub-atomic resolution owing to the cantilever stiftness, and silicon based cantilevers enabling highly
sensative force and dissipation measurements. To ensure low electron temperatures, we incorpo-
rate cartridge-style powder filters whose transmission and reflection characteristics are characterized
up to 67 GHz. Together, these components yield a versatile platform that achieves requirements

of modern SPM studies. In the following sections, we describe the vibration isolation system, cryo-
genic and vacuum architecture, microscope head design, powder filter performance, and measured

tunneling spectra.

3.1 VIBRATION AND ACOUSTIC ISOLATION

We implement a two-stage vibration isolation system consisting of pneumatic isolators for the first
stage (weighing ~ 15.5 tons) and elastomer dampers for the second stage (weighing ~ 1,200 Ibs) to
suppress low-frequency building resonances. Two-stage pneumatic systems are common in state-of-
the-art STMs, but they are typically bulky and expensive. To achieve comparable isolation perfor-
mance within a compact footprint and avoid the resonance enhancement caused by stacked pneu-
matic stages, *’ we constructed a “room-within-a-room” structure (Fig. 3.1(a)) that provides two
layers of acoustic and vibrational isolation. Both rooms are mounted on rubber pads to minimize
coupling to the building foundation. Inside the inner room, a passively floated floor supported by

pneumatic isolators (Fig. 3.1(b)) provides the primary low-frequency isolation. !
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To further reduce coupling to building resonances and to address the limited ceiling height of our
facility, a second isolation stage was implemented directly beneath the microscope using elastomer
dampers®* combined with a lead-shot-loaded wooden support table (Fig. 3.1(c)). Elastomer damp-
ing elements, while less common in STM installations, were selected for their compact form factor
(\additional information provided in the Appendix, section 4.3.1) and their ability to dissipate mid-
frequency vibrations that would otherwise be amplified in a stacked pneumatic design. Auxiliary
mechanical components, including a gimbal isolator for lateral alignment (Fig. 3.1(d)) and damped
bellows connectors to decouple acoustic transmission along the pumping lines (Fig. 3.1(¢)), further
suppress residual vibrational coupling between the cryostat and gas-handling system. In Fig. 3.1(f),
the single stage, stacked pneumatic stages, and stacked elastomer stage transmissibility are plotted
in the low frequency range. While stacked pneumatic isolators ofter superior performance at higher
frequencies, their effectiveness at low frequencies, relevant to typical building vibrations is reduced.
In contrast, the stacked elastomer design maintains low-frequency performance comparable to a

single-stage system while enhancing damping at higher frequencies.

3.2 ULTRA HIGH VACUUM CHAMBERS AND CRYOGENIC EQUIPMENT

The cryogenic system consists of a liquid helium dewar integrated with a 14 T superconducting
magnet®* (Fig. 3.2(a)). The dewar is supported by four stainless-steel legs that rest on the wooden
isolation table described in the Appendix, section 4.3.1, providing both mechanical stability and
vibrational damping. A DR *® is mounted to the top of the dewar, and the combined cryostat as-
sembly is mechanically decoupled from the surrounding UHV chambers by a flexible stainless-steel
bellows. With the DR installed, the liquid helium capacity is approximately 150 L, providing a hold
time of roughly 10 days before the helium level falls below the operational threshold for DR cir-

culation. The magnet is a single-axis superconducting solenoid operating in persistent mode, with

44



(a) microscope room (b) air leg isolators (c) elastomer isolators  (f) transmisibility of stacked isolators

Effect of Stacking Isolators

20

-20

-40

-60

Transmissibility [dB]

(e) damped bellows
isolator

-80

—100

1 1 1

10° 10! 102

Frequency [Hz]
— Single pneumatic (2 Hz)
— Stacked pneumatics (2 + 1.8 Hz)
— Elastomer (10 Hz, =0(2) on pneumatic (2 Hz)

Figure 3.1: (a) Cross-sectional view of the microscope room showing the nested “room-within-a-room” construction
for acoustic and vibrational isolation. (b) Primary air-leg pneumatic isolators 83 that support the floating inner floor. (c)
Second-stage elastomer isolators combined with a lead-shot-loaded wooden table to absorb mid-frequency vibrations.
(d) Gimbal isolator used for lateral decoupling of the support frame. (e) Damped bellows isolator that suppresses acous-
tic transmission along pumping lines. (f) Modeled transmissibility curves comparing different isolation configurations:

a single pneumatic isolator (red), stacked pneumatic isolators (blue), and elastomer isolators mounted on pneumatics
(green). The combined pneumatic-elastomer design provides enhanced attenuation above 10 Hz while avoiding large
amplification at low-frequency resonances.

a drift rate of <10 ppm/hr. To mitigate magnetic interference with neighboring laboratories, the
magnet is equipped with an active stray-field cancellation system. This reduces lateral fringe fields
at full 14 T operation to below 0.007 G at a distance of 5 m and 0.005 G at 10 m, ensuring stable
high-field performance without perturbing nearby instruments.

The UHV DR (shown in Fig. 3.2(a)) enables cooling to millikelvin temperatures and is config-
ured with additional provisions for radio-frequency (RF) filtering and cryogenic signal amplifica-

tion. Specifically, the mixing chamber includes custom RF filter mounts and mouting for the dock-
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Figure 3.2: (a) Cutaway schematic of the integrated cryogenic system showing the 14 T superconducting magnet and
liquid helium dewar. The dewar supports the DR while being mechanically isolated from the surrounding UHV chambers
by a bellows. The 4 K plate, still, heat exchangers, and mixing chamber are labelled. (b) CAD model and photo of the
docking station with the shuttle included in the former. (c) Photo of the UHV chambers where probes and samples are
inserted, prepared, stored, and loaded into the microscope. Inset shows a photo of the inside of the central chamber
where the SPM shuttle hangs in the middle for probe or sample exchange.

ing station of the SPM (Fig. 3.2(b), while the 4 K stage houses a cryogenic preamplifier for low-noise
signal detection. The DR employs a multistage cooling sequence to precool and liquefy the circu-
lating helium mixture before entering the mixing chamber, where the dilution process occurs. The
sequence begins with precooling via submerged tubing in the 4 K liquid helium bath, followed by a
Joule-Thomson (JT) condensing unit that liquefies the >He component. The mixture then passes
through a network of high-impedance capillaries, a still, and silver sinter heat exchangers that pro-
gressively thermalize and compress the gas before expansion. A JT condensing stage was chosen over
a conventional 1 K pot to reduce mechanical vibration and electronic noise, albeit at the expense of

reduced cooling power.
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In the mixing chamber, the helium mixture separates into two phases: a concentrated 3He phase
and a dilute phase containing *He dissolved in “He (with a solubility limit of ~6.6%). The cooling
power arises as >He atoms cross the phase boundary from the concentrated phase into the dilute
phase, absorbing energy in the process. The dilute mixture is continuously circulated through the
still, where 3He is preferentially evaporated due to its higher vapor pressure. This evaporation is
enhanced by heating the still, which increases the *He flow rate and thereby the cooling power of
the mixing chamber. The evaporated He is subsequently purified through liquid-nitrogen traps
and reintroduced into the circulation line.

The cooldown time from room temperature to the base temperature of 63 mK is approximately
71 hours: 36 hours from room temperature to 78 K; 24 hours from 78 K to 4 K; and 3 hours from
4 K to base temperature. Once stabilized, the temperature stability of the DR is better than 1 mK,
providing the necessary conditions for high-resolution STM and AFM measurements at millikelvin
temperatures.

The UHV chamber assembly provides optical access for probe and sample insertion, as well as
in-situ preparation, storage, and alignment (Fig. 3.2c). Gate valves separate the three primary re-
gions of the system: the load-lock chamber, where new samples and probes are introduced; the
preparation chamber, where tips and samples can be cleaned or treated; and the central chamber,
which serves as both a storage area and a docking interface for the shuttle during tip and sample ex-
change. The preparation and load-lock chambers are each equipped with dedicated turbomolecular
pumps, while the central chamber is maintained by an ion pump in combination with a titanium
sublimation pump. During microscope operation, the turbomolecular pumps are spun down to
minimize vibration, and vacuum in both the central and preparation chambers is maintained by the
ion pump. Following bakeout, the base pressure of the UHV system reaches < 5 x 1071 torr.

The entire UHV assembly is mounted on a movable carriage that slides along a rail system, al-

lowing the chamber set to be disconnected from the DR via the bellows interface and retracted for
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cryostat maintenance. This design choice was essential given the limited vertical clearance of the
laboratory and provides convenient access to internal components without compromising vacuum
integrity or alignment. It also allows for the plinth of the first isolation stage to be complete as the
dewar does not need to be accessed from the bottom, thus pushing its natural resonance frequencies
higher.

Wobble sticks are employed in both the preparation and central chambers for tip and sample ma-
nipulation. In the main chamber, the wobble stick enables transfer of sample and probe holders
between the storage rack, transfer arm, and the motorized DR manipulator 8¢ Ttalso provides man-
ual control for adjusting two alignment mirrors positioned at the front and side of the shuttle when
docked within the UHV chamber. These mirrors direct light toward a camera—lens imaging sys-
tem that monitors the relative position of the tip and sample, enabling optical localization of small
targets such as exfoliated flakes and lithographically defined devices.

The electrical wiring of the scanning probe microscope is routed through dedicated lines that
extend from the room-temperature feedthroughs to termination points inside the shuttle, as il-
lustrated in Fig. 3.3. Powder filters are installed on all measurement-related lines to suppress high-
frequency noise and reduce electron temperature, while non-measurement lines remain unfiltered
since they do not contribute to thermal broadening. Electrical contact between the shuttle and
docking station is achieved through BeCu fingerstock springs®” that make uniform side contact
with the shuttle. Each spring is individually soldered to a copper block and epoxied into a PEEK
ring using Stycast 2850 FT with catalyst 23 LV. This side-contact design provides a larger area for
electrical connections while preserving the bottom surface of the shuttle for high-priority tunneling-
current lines, which use SMPM connectors and semi-rigid coaxial wiring to ensure effective shield-
ing and minimize triboelectric noise. Twisted-pair wiring is used for temperature sensors, AFM
channels, and capacitive measurement lines to suppress common-mode interference.

To avoid thermal shorting between the 4 K helium bath and the room-temperature upper stages
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Figure 3.3: Wire selection prioritizes thermal insulation from room temperature to the mixing chamber stage by em-
ploying superconducting or phosphor bronze cabling. From the mixing chamber stage to the shuttle, copper cabling is
used into maximizing heat sinking to the mixing chamber.

of the DR, superconducting cabling is used for all lines except the piezoelectric motor leads. The
motor lines employ phosphor-bronze (PhBr) wire to maintain low resistance along the segments
that do not remain superconducting between the 4 K stage and the room-temperature feedthroughs.
All wiring is shielded continuously up to the docking station to minimize cross-coupling and elec-
tromagnetic interference. From the mixing chamber to the docking contacts, highly conductive
copper wiring is employed on all lines to ensure optimal thermal anchoring and minimal voltage
drop. Coaxial cables are used for non-measurement lines, while semi-rigid coax is reserved for sen-
sitive measurement channels. The shields of all lines are grounded to the metallic body of the DR.
The DR itself is electrically referenced to the SPM controller solely through the bias coax line con-
nected at the feedthrough flange, providing a single-point grounding scheme to prevent ground
loops. The wiring descending along the docking station is thermally anchored to the silver hexago-

nal body using stainless-steel clamps and secured in multiple locations with polytetrafluoroethylene
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(PTFE) tape to maintain strain relief and thermal contact.

3.3 SCANNING PROBE HEAD DESIGN

At millikelvin temperatures, under UHV, and in large magnetic fields, careful material selection

is critical to ensure compatible thermal contraction, efficient thermal conduction, and appropri-

ate electrical properties. Our SPM design primarily employs gold-plated copper, silver, Macor, and
PEEK. While thermally insulating materials are useful to connect the stages of the DR together,
from the mixing chamber into the shuttle high thermal conductivity is needed along with matching
thermal contraction in several key points. This limits many materials used in 1K-4K microscopes,
mainly titanium, as many of these materials will superconduct or are too thermally insulating. To
achieve high thermal conductivity, pure silver is used for the body of the docking station as this pro-
vides the greatest thermal conductivity of any metal. Copper is used for all wiring and provides the
bulk of the cooling to the probe and the sample given copper’s excellent thermal conduction. Addi-
tionally, we gold plate exposed copper as this limits oxidation and provides a better thermal contact
over long periods. Macor as an electrical insulator is mainly used within the shuttle as the material
provides greater thermal conductivity than PEEK and other plastics while being more machinable
than its other ceramic counterparts such as Al,O3.

The SPM shuttle (Fig. 3.4a) requires a robust locking mechanism to couple securely to the ma-
nipulator and dock into the DR with both strong thermal contact and mechanical stability. The de-
sign (top of Fig. 3.4(b,c)) operates using a manipulator with only two degrees of freedom, enabling
dependable transfer without requiring rotational alignment control. The connection between the
manipulator and shuttle is achieved via a bayonet-style lock actuated by an inner rotating shaft.

The bayonet key features an asymmetric base that pushes against a spring-loaded pin, moving the

pin laterally as the key is rotated in either direction. This single-pin docking mechanism provides
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Table 3.1: Preferred materials for use in a DR. Produced from data in Balint et. al.®® unless indicated otherwise. Thermal
conductivity (x) is given for 4 K. Linear Expansion (5L/L293) is listed for 293 K to 4 K. *Value listed for 293 K. **Value
listed for 173 K. ***Value listed for 80 K, ****Value listed for 20 K.

Material x (W/m*K) L%s (107%)  Density (g/cm?)
Copper (OFHC, RRR=500) 3182 -1915.62% 8.94
Silver 60007° -3732.692" 10.49
Aluminum (6061) 5.3 -4138.46 2.7
Beryllium 30007 -1216.44 1.85
Beryllium Copper 1.88 -3131.19 8.25
Phosphor Bronze 4.64%  -3370.679% 8.85
Molybdenum 56.74 -913.79 10.22
Titanium 5.19%% -1581%2 451*
Steel 316 0.272 -2169.85 8.0
Sapphire 14873 -789.37 4.0
Macor *1.467* **.1012.5%* 2.52
Alumina 3767 -2058.2987° 3.97
Aluminum Nitride 0.5 %2987 3.26
PEEK 0.0127%  **234.742% 1.3

both thermal anchoring and mechanical rigidity, with actuation confined to one side for simplicity
(Fig. 3.4c). The outer tube of the manipulator is mechanically constrained from rotation, ensuring
that the shuttle remains rotationally locked during transfer. To guarantee proper alignment of the
electrical contacts within the docking stage, two guide pins are mounted at the base of the docking
station, engaging with the shuttle during the final 5 cm of insertion.

SPM systems require at minimum a coarse Z motor to approach the probe tip to the sample, and
additional XY nanopositioning greatly enhances versatility by allowing motion between multiple
devices, tip-preparation films, or sample regions. Our shuttle incorporates a stacked three-axis piezo
walker (center of Fig. 3.4b) that combines shear-piezo stacks with capacitive sensing for submicron

190 with an 8 mm travel range,

positioning accuracy. The Z walker employs a Pan-style geometry
while the XY walker uses a plate-style design providing a hexagonal motion envelope with a 3 mm

apothem. At base temperature, walker operation typically requires 260 V, maximizing range while
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Figure 3.4: (a) Fully assembled microscope shuttle showing the gold-plated outer housing. (b) Shuttle disassembled into
major components, including the locking mechanism, three-axis piezo walker, and probe pedestal. (c) Cross-sectional
schematic of the single-pin locking mechanism, which secures the shuttle to the docking station and provides thermal
anchoring. (d) Diagram of the Z-walker capacitive sensing assembly, with inset showing differential signal variation as
the slider moves between electrodes. (e) Interchangeable probe holders designed for STM and gPlus AFM operation.
Together, these components form a modular shuttle system that combines reliable docking, coarse nanopositioning, and

high mechanical stability for millikelvin scanning probe measurements.

minimizing local heating. The shear stacks use a unique metal-to-sapphire interface featuring BeCu
contact pads that glide against the sapphire slider. These BeCu pads are easier to polish than con-
ventional Al, O3 surfaces and yield superior contact uniformity, improving motion stability and
reducing wear over repeated cycles.

Capacitive sensing is integral for reproducible relocation between tip-preparation areas, devices,
and measurement sites. During operation, coarse alignment between tip and sample is performed in
the upper chamber, and the corresponding capacitance value is recorded once the shuttle is docked
in the DR. This value serves as a reference for subsequent position calibration. The sensing elec-
tronics apply a voltage pulse to an excitation pad, partially coupled to two measurement electrodes.

In the Z walker (Fig. 3.4d), two fixed copper plates are mounted to the walker body and one to
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the moving slider. As the slider moves, the capacitive coupling between the two stationary plates
changes, producing a differential signal proportional to position. The XY walker employs a simi-
lar four-quadrant sensor, see Fig. 4.5 in the Appendix, section 4.4, to track diagonal motion across
the lateral plane. Because the sensing lines are sensitive to vibrational noise, the two measurement
leads are twisted together before reaching the sensing electrodes, while the excitation lead is routed
separately to minimize crosstalk and pickup.

The tip and sample stages (bottom of Fig. 3.4b) and their holders (Fig. 3.4¢) are designed for re-

10 that

liable mechanical docking and electrical connectivity. Each stage uses BeCu spring contacts
secure the holders within precision kinematic mounts while simultaneously providing multiple elec-
trical connections (see Fig. 4.6 in the Appendix, section 4.5). These connections support sample
gating, transport measurements, and switching between STM and AFM operation. The kinematic
mounts employ three 1.5 mm sapphire hemispheres affixed with H72 epoxy, forming a triangular
support pattern that ensures submicron repeatability upon reinstallation. To reduce mass, especially
critical for the sample stage at the end of the piezo scan tube, the stages are machined from titanium

and Macor. A ruthenium oxide thermometer 192

is mounted on the sample stage for temperature
monitoring, and a small piezo shaker is attached to the probe stage for AFM excitation. The sam-
ple stage is mounted to the end of the piezoelectric scan tube, which is enclosed by a BeCu spring
sleeve terminated with a grounded copper cap for electromagnetic shielding. The scan tube achieves
a13 um X 13 pm lateral range with its first resonance at 1.8 kHz (additional information provided
in the Appendix, section 4.3.3), providing both large area scans and high mechanical stiffness. All
wiring for the sample and probe stages is routed through the shuttle base, and the sample-stage can
be disconnected using an circular connector'?* for maintenance or disassembly. The probe stage
rests on a pedestal with a rectangular cutout allowing for the fiber holder to enter into the micro-

scope from the bottom of the docking station.

Powder filters are essential for reducing the electron temperature to values approaching the base
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104,10>, modi-

temperature of the DR. In our implementation, we adopt a design inspired by Refs.
fied to improve compactness and high-frequency performance. As shown in Fig. 3.5a, our filter as-
sembly differs by incorporating surface-mount NPO chip capacitors rather than discoidal capacitors.
To enhance broadband attenuation, we employ a combination of capacitors with different values.
At high RF frequencies, real capacitors exhibit parasitic inductance that causes them to act induc-

tively above a certain point. Each capacitor has a self-resonant frequency (SRF) where its capacitive

reactance and inductive reactance cancel:

1
Xe=——, X;=27fL
¢ 27fC £ L
At resonance:
1
=27 SRFL
27Z‘fSRFC f

Above fsr, the inductive term dominates, and the capacitor behaves like an inductor. Smaller
capacitors have higher fsrF, so RF designs often use several capacitor sizes in parallel to maintain
effective attenuation across a wide frequency range.

The powder—epoxy composite core consists of a mixture of 10% epoxy, 80% Stycast 2850 FT
with catalyst 23 LV and 20% Stycast 1266 by weight, and 90% metal powder by weight, potted in-
side a PTFE tube and cured in a vacuum oven at 60 °C. Each cylindrical core measures 1.2 inches in
length and is wound with 34-gauge Kapton-coated copper wire. SMP connectors are attached by
soldering chip capacitors between the inner pin and ground, and the end of the wound copper wire
is soldered to the inner conductor (Fig. 3.5(a)). The completed assemblies are mounted in sets of
four within gold coated copper cartridges (Fig. 3.5b) and potted with Stycast 2850FT, again cured at
60 °C under vacuum. This cartridge-style design allows multiple filters to be installed efficiently on
the limited surface area of the mixing chamber (Fig. 3.5¢).

The reflection spectra of these filters, measured up to 10 GHz, are shown in Fig. 3.5(d). Compar-
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isons between powder-filled and pure PTFE-filled cores show similiar attenuation characteristics,
suggesting that most high-frequency suppression arises from the combined capacitive and inductive
elements rather than resistive dissipation in the metal powder via the skin effect. Additional discus-
sion of these results is provided in the Appendix, section 4.6. Figure 3.5(e) presents a comparison
between filters incorporating different capacitor combinations. The use of multiple capacitors in
parallel effectively mitigates resonant transmission peaks at higher frequencies, as each capacitor
compensates for the inductive response of others. This approach broadens the suppression band-

width and yields smoother reflection characteristics over several frequency decades.

3.3.1 ATOMIC FORCE MICROSCOPE DESIGN

CRYOGENIC PREAMPLIFIER AND QPLUS SENSOR INTEGRATION

qPlus sensors have become a widely used platform for AFM due to their ease of implementation,
high quality factors, reproducible atomic resolution, and flexibility in probe configuration. In our

1109

system, we integrate etched qPlus cantilevers provided by Giessibl "~ with magnetic nickel STM

tips '1” and a cryogenic preamplifier, enabling magnetic force microscopy at the base temperature of
the SPM.

The cryogenic preamplifier, shown in Fig. 3.6(a), employs a difterential two-stage design illus-
trated in Fig. 3.6(b). A preamplifier located on one of the cryogenic stages is particularly beneficial
for qPlus AFM operation, which is susceptible to capacitive pickup. By placing the preamplifier on
the 4 K stage, we eliminate approximately one meter of coaxial cabling to the input, reducing para-
sitic capacitance and thermal noise. Operational amplifiers were selected to balance low-noise per-
formance with low power consumption, since excessive dissipation would increase helium boil-off
and compromise temperature stability. The circuit operates below a 3 V bias to further limit power

dissipation. Resistors and capacitors were hand-selected from a matched batch to ensure closely
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Figure 3.5: (a) Assembly process for the wound powder filters, showing the copper wire winding and soldered connector
assembly. (b) Completed cartridge containing four filters mounted in parallel. (c) Installation of the cartridge on the
mixing chamber (MXC) plate of the DR. (d) Reflection spectra comparing different powder materials and dielectric

cores including bronze, 106 Br/In/SS-50 (equal amounts bronze, Inconel 625,1%7 and Stainless Steel 316 %8 by weight),
cable, and PTFE. Minimal difference between powder-filled and PTFE cores indicates that high-frequency attenuation

is dominated by capacitive and inductive components rather than skin-effect dissipation. (e) Comparison of reflection
spectra for filters incorporating different capacitor combinations. Multiple capacitors in parallel reduce high-frequency
resonances and extend broadband attenuation beyond 1 GHz. These measurements demonstrate the strong reflective
behavior and effective noise suppression of the cartridge-style filters up to 10 GHz.

balanced values across differential input pairs.

The printed circuit board is fabricated from PTFE to provide vacuum compatibility and low
thermal conductivity, minimizing heat conduction from the 4 K plate where the amplifier is mounted.
Maintaining this temperature is critical, as the semiconductor elements in the amplifiers can experi-
ence carrier freeze-out at lower temperatures. Input and output connections are made using 40-
gauge stainless-steel wiring for minimal thermal loading. The input uses SMP connectors, while the

power and output lines use a circular micro-connector ', The preamplifier is enclosed in a gold-
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coated copper housing, which serves as both an electromagnetic shield and a thermal anchor.

(a) cryogenic preamplifier  (b) circuit diagram (c) gPlus holder
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Figure 3.6: (a) Photograph of the assembled cryogenic preamplifier. (b) Schematic circuit diagram showing a low-noise

differential amplifier that buffers two high-impedance inputs and combines them into a single amplified output using

109

a summing stage. (c) Schematic of the gPlus sensor assembly, showing the Macor holder, glued cantilever,” and

attached nickel STM tip. The inset illustrates the assembled sensor mounted to the probe stage. (d) Frequency response
of the cryogenic preamplifier and gPlus sensor during a frequency sweep. The inset highlights the resonance peak and
phase shift, demonstrating strong cantilever response and stable amplification.

The qPlus sensor is constructed by gluing an etched quartz cantilever onto a Macor holder, ori-
ented either vertically or horizontally depending on the experimental geometry. A small amount of
silver epoxy is applied to the free end of the cantilever to attach the final 0.4 mm of a nickel STM
tip oriented perpendicular to the cantilever surface. Electrical contacts between the cantilever and
Macor holder are also made with H20E silver epoxy. The assembled holder is mounted to a metal-
lic baseplate and electrically connected via fine soldered wires. A completed assembly is shown in

Fig. 3.6(c). In operation, twisted-pair wiring from the cryogenic preamplifier provides low-noise sig-
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nal readout to the AFM input stage. A side-mounted piezoelectric shaker drives the cantilever at its
mechanical resonance. Figure 3.6(d) shows a frequency sweep of the qPlus response, with the inset
highlighting the resonance peak and phase transition, confirming the strong mechanical coupling

and sensitivity of the assembled system.

SILICON CANTILEVER ATOMIC FORCE MICROSCOPY USING A FIBER INTERFEROMETER

The silicon cantilever remains the most common implementation of AFM in ambient and moder-
ate vacuum environments, though its use has become less prevalent in cryogenic systems as qPlus
sensors have gained popularity for their simpler integration and reproducible atomic-scale resolu-
tion. Nevertheless, silicon cantilevers offer distinct advantages, including their wide commercial
availability and the extensive range of customizable parameters such as length, stiffness, coating, and
resonance frequency. Their relatively low stiftness is especially advantageous in quantum materials
research, as it enables enhanced force and dissipation sensitivity at the expense of spatial resolution.
The main challenge in employing silicon cantilevers in cryogenic environments lies in the com-

plexity of optical detection and alignment. While optical beam deflection”

is widely used in conven-
tional AFM systems, it requires in-situ placement of mirrors and photodetectors, which complicates
cryogenic operation. Instead, we implement a fiber-based interferometric detection system follow-
ing the designs of Refs.”. The overall optical layout is shown in Fig. 3.7(a). A 633 nm laser diode '**
provides a narrow-linewidth light source driven by a stabilized laser controller 1'? and attenuated to
control the incident power'®. A fiber circulator '* directs light toward the cantilever and routes
the reflected signal back to a photodetector >, The optical fiber, !¢ clamped to each thermal stage
of the DR, terminates near the cantilever. Partial reflection occurs at the fiber—vacuum interface and
again at the cantilever surface, producing an interference signal that depends on the relative phase

between the two reflected paths. As the cantilever oscillates, the phase difference varies, modulating

the detected optical power. This configuration minimizes the number of in-situ components to a

58



single fiber, simplifying cryogenic integration.
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Figure 3.7: Schematic of the fiber-interferometric detection setup. A 633 nm laser diode held in a temperature stabilized
mount ', driven by a stabilized laser controller, provides the optical excitation. The beam passes through an attenuator
and circulator, which directs light to the cantilever through an optical fiber and routes the reflected interference signal
to a photodetector. The resulting interference between reflections at the fiber end and the cantilever surface enables
displacement detection with sub-picometer resolution while minimizing in-situ optical components.

Given the typical dimensions of silicon cantilevers (~100 wm in length and sub-10 pm in width),
precise optical alignment is critical. We achieve this using a custom three-axis piezo motorized fiber
positioner (Fig. 3.8a). The system consists of a Pan-style walker !* providing 10 mm of coarse mo-
tion and two single-axis piezo walkers stacked above it (Fig. 3.8¢), each offering 1.5 mm of range.
The decoupled design minimizes drift and cross-talk between axes during alignment. Additionally,

a piezo stack is mounted at the base of the fiber arm (Fig. 3.8b), enabling fine positional adjustments
to compensate for low-frequency thermal drift and maintain operation near the quadrature point of
the interferometric signal. The fiber end is aligned to within 1 um of the cantilever (Fig. 3.8(d)) for
optimal interference contrast, allowing stable operation.

The interferometric signal measured while retracting the fiber from the cantilever surface is
shown in Fig. 3.9. At large separations the reflected amplitude decays exponentially due to reduced

optical overlap, while within approximately 1 um the system operates in the highest-sensitivity
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(a) fiber positioner (b) drift correction (d) fiber-tip junction
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Figure 3.8: (a) Three-axis fiber positioner used for optical alignment of the interferometer. (b) Zoomed view showing
the fiber bracket and piezo stack used for drift correction and fine distance control. (c) Single-axis piezo walker module
providing precise motion along X and Yindividual axes. (d) Fiber-tip junction during alignment, showing laser light re-
flection from the cantilever surface. The combined setup enables sub-micron positioning precision and stable long-term
alignment within the DR.

regime. This working distance, typically less than ten wavelengths (< 104), provides optimal in-
terferometric contrast and minimizes.

The amplitude resolution of the interferometer was characterized by driving the cantilever with
a modulated piezo signal while monitoring the detected oscillation amplitude (Fig. 3.10(a)). The
measurement noise floor, corresponding to the system’s amplitude sensitivity, was found to be be-
low 190 fm for a 130 uW optical power beam. This sub-picometer resolution demonstrates that the
fiber interferometer achieves the sensitivity required for dissipation and force measurements in the
pendulum AFM configuration. In Fig. 3.10(b), ultimate resolution for several different laser powers

and for an additional add-on amplification stage are demonstrated.
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Figure 3.9: Measured interferometric signal amplitude as a function of fiber-cantilever distance. The amplitude de-
creases exponentially with separation, with the inset showing the highest-sensitivity regime at sub-micron distances

(< 10.) between the fiber and cantilever. The purple marker indicates the quadrature point, where phase sensitivity to
displacement is maximized.

3.4 BASE TEMPERATURE STM MEASUREMENTS

3.4.1 SCANNING TUNNELING MICROSCOPE NOISE AND ELECTRON TEMPERATURE

The results of the STM and STS characterization are presented in Fig. 3.11. Despite the large num-
ber of electrical connections entering the microscope, the implemented filtering and isolation strate-
gies effectively suppressed electronic noise, allowing atomic resolution imaging on NbSe; at 4 K

(Fig. 3.11a). The corresponding fast Fourier transform (FFT) of the topographic image (Fig. 3.11b)
clearly resolves both the primary Bragg peaks and the charge density wave (CDW) satellite peaks,
confirming the system’s spatial resolution and stability. The frequency spectrum for both in-tunneling
and out-of-tunneling is presented in Fig. 4.8 in the Appendix, section 4.7. At the base temperature

of the DR, differential conductance spectra of the NbSe; superconducting gap were acquired (Fig.
3.11c). The data were fit using the Dynes function for the superconducting density of states, ''*

yielding an effective electron temperature between 370 mK and 885 mK depending on the fitting

parameters. Details of the Dynes function as well as the Maki function and fitting are given in the
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Figure 3.10: (a) Characterization of the interferometric amplitude sensitivity. Left: histogram and time trace of the mea-
sured background noise with no cantilever excitation. Right: detected amplitude as a function of piezo drive voltage,
showing a linear response above the noise floor. The shaded region indicates the black noise level, corresponding to an
amplitude resolution of 190 fm for a 100 uW optical beam. (b) Amplitude sensitivity vs laser power after the attenuator.
The blue orange curve shows the values taken directly from the photodetector **> while the orange curve shows values
for a x1000 amplified photodetector output.

Appendix, section 4.8. These measurements demonstrate both the spectroscopic precision and
noise performance of the system at millikelvin temperatures. For a true determination of the elec-

tron temperature, the tip-sample junction stability will need to be improved.
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(a) topographic map of NbSe2 (b) FFT of topographic map (c) Superconducting gap spectrum
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Figure 3.11: (a) Atomically resolved STM topographic image of NbSe, acquiredat 6 K(J; = 25 meV,I, = 130 pA),
showing the hexagonal lattice with a periodic modulation from the charge density wave. (b) Fast Fourier transform
(FFT) of the topographic image, highlighting the Bragg peaks (red circles), CDW peaks (green circles), and higher-order
satellite peaks (blue circles). (c) Differential conductance spectrum of the NbSe, superconducting gap measured at

63mK (V; = —10 meV, I; = 100 pA, V,,,qs = 7 ueV). The data (black dots) are fit with the Dynes model, 1*€ yielding
an effective electron temperature between 370 mK and 885 mK.

3.5 CONCLUSION

The development of this millikelvin SPM represents a versatile and stable platform for studying
quantum materials and device structures at the lowest accessible temperatures. Through the in-
tegration of compact two-stage vibration isolation, a modular UHV-compatible cryostat, and a
high-density wiring architecture with extensive RF filtering, the system achieves both mechanical
rigidity and low electronic noise. The modular shuttle design combines STM and AFM functional-
ity within a single cryogenic head, incorporating three-axis nanopositioning, capacitive sensing, and
interchangeable probe holders optimized for STM, qPlus AFM, and silicon-based pendulum AFM
operation.

Demonstrations of atomic resolution imaging on NbSe,, superconducting gap spectroscopy, and
millikelvin electron temperatures confirm the successful performance of the system. Together, these

results establish a foundation for future experiments exploring correlated, topological, and dissipa-
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tive phenomena in quantum materials. The flexibility and modularity of the design also provide a
clear path toward implementing additional capabilities such as multi-probe operation and advanced

dissipation or transport measurement modes.
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Appendix

4.1 BAND STRUCTURE AND DOS COMPARISON

The formation of a van Hove singularity (VHS) in the density of states (DOS) due to Rashba spin-

d68,64

splitting of a two-dimensional (2D) surface band is well-establishe , and schematized here in

Fig. 4.1.

The formation of the VHS is hard to visualize when projected onto one dimension (1D), as in
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Figure 4.1: Schematics comparing the surface band bending, band structure, and density of states (DOS) for several sce-
narios of quantum well states (QWS) and Rashba spin-splitting. (a) Single QWS. Left: z-type band-banding is expected
on surface terminations such as Yb or partial B,,, where bulk free electrons accumulate at small depth z to compensate
the net positive ionic charge. When the bulk conduction band bends below the Fermi level EF, in a confined “quantum
well” region close to the surface, a new 2D state appears, shown here in blue at its I'-point energy. Middle: 1D cut
along &, (same as /ey), showing E(k) for the 3D bulk bands (green, purple) and 2D surface QWS band (blue). All bands
are spin-degenerate. Right: Density of states (DOS),ﬁ(E), is the k-integral of the band structure. The 2D integral of

a single parabolic QWS gives a step function (blue) with constant value above the onset energy. The 3D integral of a
parabolic bulk band is proportional to E3/? (green, purple). (b) Rashba spin-splitting of the single QWS. Left: at each

k, the surface state (blue) splits vertically by AE. = a% - k X o wherea is the Rashba parameter and & is the spin
vector®. In a 1D slice, the £-dependent vertical energy splitting gives the appearance of two parabolas shifted laterally,
with Dirac point at Ep (gray) and energy minimum Ej (cyan). Right: 2D k-integral of the spin-split QWS gives a van
Hove singularity (VHS) in the DOS at Ej. (c) 2D view of the Rashba spin-split QWS shows how a ring of degenerate
states (cyan) emerges at the energy minimum E), giving rise to a VHS in the DOS. (d) Same as (a) but for a deeper
quantum well (more band-bending, e.g. from more positively-charged surface ions), which allows two QWS. (e) Rashba
spin-splitting of two QWS gives two VHS in the DOS.

Fig. 4.1(b) (loosely adapted from Fig. 2 in Ast ez. al.°®) However, in Fig. 4.1(c) (loosely adapted

from Fig. 1 in Berg et. al.,”) we show the full 2D diagram of Rashba spin-splitting, which clarifies
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how the total number of states at the parabolic band extremum (here labeled Ej) increases from a

point to a ring when the band splits, thus giving rise to the VHS. The VHS arises generally at the

outer band edge, and does not depend on hybridization between bands at their crossing point.

4.2 CHAIN SURFACE TERMINATION

We identify the chain surface as boron-terminated, based on its half-unit-cell lateral offset and

its

band-bending with respect to the 1 X 1 surface, but we are not able to determine the exact boron

configuration. In Fig. 3(d) of the main text, we showed the B4 termination as one example, but in

Fig. 4.2 we show other possible partial boron chain terminations from two perspectives, including

B,, B3, By, tilted Bs, and tilted B¢. The tilt angle of the partial boron octahedra may also vary for

each of the possible terminations in Fig. 4.2.
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Figure 4.2: Side and top views of five possible chain surface terminations composed of partial boron octahedra:
(b) B3, (c) By, (d) tilted Bs, and (e) tilted B, octahedra.
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4.3 RESONANCE MODES OF ROOM AND MICROSCOPE HEAD

4.3.1 TABLE RESONANCE MODE COMPARISONS

In many high-resolution, low-temperature STM systems, stacked pneumatic air-leg isolation stages
are commonly used to suppress environmental vibrations. 19,120,104 However, in our setup, the
room height imposed strict constraints on the total isolation stack height. When evaluating a stacked
air-leg configuration, we found that it required suspending the secondary isolation platform (the
lead-loaded table) from the upper air legs. Finite-element simulations of this geometry, shown in
Fig. 4.3(a), revealed low natural resonance modes near 91 Hz. In addition to the low mechanical
stiffness, this configuration placed the center of mass well below the optimal operating point of the
air legs, which are designed for maximum stability when the load is centered near the top of the iso-
lators. This mismatch leads to undesirable rocking and coupling modes.

To overcome these limitations, we replaced the secondary pneumatic stage with compact elas-
tomer isolators positioned directly beneath the lead-loaded table. This modification allows the table
to rest securely on top of the isolators rather than being suspended from them, improving load dis-
tribution and shifting the system’s center of mass closer to the isolator’s effective damping region.
The resulting mechanical model, shown in Fig. 4.3(b), exhibits a higher lowest resonance mode at
115 Hz, providing both improved rigidity and reduced mechanical cross-coupling between the sup-

port structure and the microscope.

4.3.2 RESONANCE MODES OF STACKED WALKER DESIGN

To enable three-axis sample positioning relative to the tip, we employed a stacked walker configura-
tion in which an XY plate walker is mounted atop a Pan-style Z walker. While such stacked designs

offer compactness and flexibility, they are also prone to lower mechanical resonance frequencies,
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(a) table lowest resonance mode for air leg supports (a) table lowest resonance modes for elastomer supports

=

lowest resonance mode = 91 HZ lowest resonance mode = 115 HZ

M@

Figure 4.3: Finite-element simulation of the lowest mechanical resonance modes for two table support configura-
tions. (a) The stacked pneumatic air-leg design, where the secondary table is suspended from the isolators, exhibits

a fundamental resonance at 91 Hz and an unfavorable center-of-mass position below the top of the isolatr. (b) The
elastomer-based support design raises the lowest resonance to 115 Hz and provides a more favorable load geometry,
with the center of mass nearer the elastomer’s top surface. The elastomer configuration offers improved damping
efficiency and overall mechanical stability within the height limitations of the laboratory.

a significant concern for scanning probe heads that require high stiftness to minimize vibrational
coupling. To ensure adequate rigidity, multiple geometries were simulated to identify a configura-
tion with resonance frequencies well above the operational cutoft of approximately 3 kHz. Finite-
element simulations of different designs are presented in Fig. 4.4, culminating in the optimized
geometry shown in Fig. 4.4(c), which achieves a lowest resonance mode of ~5.5 kHz. This con-
figuration provides a balance between travel range and mechanical stability suitable for cryogenic

operation.

4.3.3 RESONANCE MODES OF PIEZO-ELECTRIC SCANNER

A common source of of low frequency modes in SPM heads is the piezo-electric scanner. The scan-
ner naturally possess a tradeoff between increasing scan range and decreasing natural resonance

modes. The deflection in X, ¥; and Z are given by the following equations:
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(a) solid cylinder (b) XY walker bottom arms (c) XY walker bottom final

Lowest mode ~ 6.8 kHz Lowest mode ~ 1.9 kHz Lowest mode ~ 5.5 kHz

Figure 4.4: Finite-element simulation of resonance modes for successive iterations of the stacked walker design. (a) A
solid cylinder geometry exhibits a high stiffness with a lowest resonance mode at ~6.8 kHz but offers no lateral motion.
(b) Introducing flexure arms to enable XY motion significantly reduces the lowest mode to ~1.9 kHz, limiting rigidity.
(c) The final optimized design for the XY walker incorporates reinforced base and arm structures, restoring stiffness

and achieving a lowest resonance frequency of ~5.5 kHz. This configuration ensures sufficient mechanical stability for
high-resolution scanning while maintaining the required nanopositioning range.

2V 2d3 L?
wDh

2v/2d5 L ds L
Q,AZ: yox B (4.1)
zDh

Ax =V,
o b

Ay =170,

Where d3; is the piezoelectric strain constant, L is the length of the tube, D is the outside diam-
eter, h is the tube thickness, and 7, and V) are the electrode voltages. The deflection in X, ¥, and
Z both increase with increasing L but the fundamental mode of a pendulum system also scales as
L™Y/2 and also decreases with the additional weight of the sample stage. As such, we chose to limit
the theoretical lowest frequency mode of the scan tube to above 2 kHz with the added mass of the

sample stage on the end while keeping the room temperature scan range in XY to ~ 13um.

4.4 CAPACITANCE SENSOR LAYOUTS

The capacitance sensors use a differential style measurement employing. In Fig. 4.5(a,b), the layouts

for the Z capacitance sensor and XY capacitance sensor are shown. The XY design minimizes the
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number of excitation plates needed by using the same excitation plate for both the X'and ¥ measure-

ments.

(a) Z walker capacitive sensor plates (b) XY walker capacitive sensor plates

Measurement shear piezo
lates stacks

Sapphire

/ prism

Attachment to
outer walker
body

T

Excitation plate

Measurement
plates

Excitation plate

Figure 4.5: (a) The Z walker capacitive plate layout. The central prism has a copper pad glued to one of the exposed
Macor sides that acts as the excitation plate. On the outer body of the Z walker, two copper plates are separated by a
small gap. As the Z walker actuates, the difference in the area between the two plates changes leading to a change in
the differential capacitance measured. (b) The XY walker capacitive plate layout. A copper plate is glued to a stand-off
on the sapphire plate and acts as the excitation plate. Four thin copper foil electrodes are glued to the base of the XY
walker and positioned with a small gap between each electrode and the excitation plate. The differential measurement
is taken between the diagonals of the electrode plates and together the two values allow for an measurement of the XY
position of the sapphire plate.

4.5 MULTIPLE STAGE CONTACTS AND KINEMATIC STAGE MOUNTS

The sample and probe stages provide several contacts for different probe measurements (including
qPlus AFM and RF applications) and sample applications (gating, transport, etc.) as shown in Fig.
4.6. Additionally, it is desirable to have the tip and sample holders interface to the same position

within the stages between transfers. This allows for more accurate tip positioning over the sample,
ensuring devices are within the XY walker range, repeatability of the AFM cantilever position with

respect to the fiber, making it easier to align, and also allows for small flakes or devices to be more
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relia ound again between tip or sample transfers. e layout for the kinematic mount is shown
liably found again bet tip ple transfers. The layout for the k t tissh

in Fig, 4.6(b).

(a) sample stage (b) tip stage

Kapton coated
Additional sample contacts RF contacts AFM contacts  copper pillars

in holder provide
N contact to spring
|
D | 1 I
. = — b

Kinematic mounts
providedby ~—  Qo=rmmmmmsnaas et
sapphire hemisphere:

/t |
|- /
| 1
Main sample contact Main tunneling
current contact

Figure 4.6: (a) The sample stage. Five contacts are available on the sample stage through BeCU springs that also act to
tension the sample holder in the stage. Four contacts are provided on the upper springs in the panel and one contact,
acting as the main contact, is provided on the lower spring. By applying a insulating coating, such as kapton tape, to the
sample holder, different contacts can be prevented from making contact with the holder. (b) The probe stage. The main
current contact is provided by one of the lower springs making contact with the probe holder baseplate. The four upper
springs provide RF contacts as well as the gPlus AFM contacts for measurements of the cantilever oscillations. These
contacts are routed through kapton-coated copper pillars that make contact with the BeCu springs. The kinematic
mounting for the holder and stage is also illustrated where three sapphire hemispheres are positioned in a triangle
formation within the probe stage and interface into channels cut into the probe holder. The BeCu springs push the
probe holder up into the hemispheres ensuring repeatable interfacing.

4.6 SIMPLIFIED POWDER FILTER GEOMETRY MEASUREMENTS

To isolate the effect of fine metal powders on filter attenuation, we constructed a simplified test ge-
ometry consisting of a straight wire inside a cylindrical cavity that could be filled with various metal
powders for broadband characterization. The proposed dissipative mechanism of these filters arises
from attenuation through the skin effect, which should depend on both the electrical resistivity and

the grain diameter of the metal powder. 121 The skin depth,
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o= |2 (4.2)

9

22

determines the characteristic penetration of electromagnetic fields into the conductor, where p

is the resistivity, ¢ is the magnetic permeability, and w = 2zf’is the angular frequency. When the
particle diameter d becomes comparable to or smaller than 9, the effective coupling to the electro-
magnetic field changes significantly, leading to frequency-dependent dissipation. The attenuation

constant approximately follows

and the characteristic cutoff frequency can be estimated by setting & ~ d/2, yielding

1p

Hence, decreasing the grain size or increasing the resistivity shifts the onset of dissipation to
higher frequencies.

To test this dependence, several metallic powders were examined, and the samples were further
sieved into particle-size fractions below S0 zm to evaluate the role of grain size on attenuation be-
havior. Figure 4.7(a) compares the transmission and reflection spectra for an unfilled cavity versus
a bronze powder-filled cavity. The powder-filled configuration exhibits a cutoff frequency near
1 GHz and approaches the measurement noise floor by 10 GHz. The reflected signal remains sta-
ble around —10 dB, indicating approximately 10% reflection at the cavity interface. Figure 4.7(b)
presents data for Inconel 625, stainless steel 316, and bronze powders with various size ranges.
Across all materials and size fractions, the attenuation behavior is nearly identical, suggesting that

the dominant high-frequency suppression mechanism is not governed by the skin effect but rather
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by dielectric loss and scattering within the powder matrix.

(a) straight filter comparison to empty enclosure

O [ E—
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—20 A — noise floor
— cable, bronze powder attenuation
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(b) powder material and diameter comparison
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Figure 4.7: (a) Measured transmission and reflection spectra for a straight filter cavity either empty (green) or filled with
bronze powder (blue). The powder-filled cavity exhibits strong attenuation above 1 GHz and approaches the noise floor
by 10 GHz, with consistent reflection near —10 dB. (b) Comparison of powder material and grain size, showing similar
attenuation for Inconel 625, stainless steel 316, and bronze powders across particle size ranges below 53 um. The
comparable response across all samples suggests that attenuation is primarily due to dielectric losses within the packed
powder rather than skin-effect dissipation.

4.7  STM TUNNELING NOISE SPECTRUM AT CRYOGENIC TEMPERATURES

A common benchmark of the noise performance in STM is visualized through the frequency spec-
trum both in-tunneling and out-of-tunnneling. This data is plotted in Fig. 4.8. Both data for 4 K
operation and base temperature operation is provided for the in-tunneling spectrum. In both

curves, there is a higher level of background noise at lower frequencies combined with a ~ 10 Hz
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peak in the 4 K plot. The lower frequency noise is most likely from vibrational coupling which may
result from reduced isolation performance possibly from the coupling of the gas handling system
pumping lines. There are also a number of high frequency peaks present in the base temperature
spectrum data. While the prominence of such peaks is not seen in the 4 K data, it is possible that
additional noise from running the dilution circuit couples to existing modes within the micro-
scope head assembly making the modes more obvious. Overall, the base temperature spectrum has a
higher background noise level. This may be due to additional noise from running the gas handling

system pumps, the dilution circuit, or possibly poorer tip stability.

54 out of tunneling
§ 10 — 4K
o — base temperature
2 10% 5
<
2 102 4
a
3
100 4 !

100 101 102 103
Frequency (Hz)

Figure 4.8: Noise spectrum of the STM both in and out of tunneling (orange). The in-tunnneling data is presented for
both the 4 K temperature operation (blue), where the liquid helium bath is solely responsible for cooling the microscope
head, and for base temperature (green), where the DR is active.

4.8 DYNES AND MAKI DENSITY OF STATES FUNCTIONS

To extract the superconducting gap A and effective electron temperature 7., tunneling spectra
were fitted using broadened BCS-type density-of-states (DOS) models that incorporate quasiparti-
cle damping and pair-breaking effects. The analysis follows the formalism described in Machida ez
4l 122

The measured differential conductance g(¥) = dI/dV is modeled as a convolution of the su-
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perconducting DOS p(E), the derivative of the Fermi-Dirac distribution f{E), and the instrumental

lock-in broadening function &(7):

v = —/Oo [/OOJO(E)f’(€+E) dE| b(eV — €) de, (4.5)

where ¢ is the electron charge, and V'is the applied bias voltage.

The derivative of the Fermi function is

ke

At ey B = (ksTur) ", (4.6)

flle)=—¢

and the lock-in broadening due to a sinusoidal modulation amplitude 7,04 is given by

2 - (0 ) V1 < VEVea

[9( V) — 7V mod \/iVmod (47)
07 ‘VI > \/EVmod-
4.8.1 DyYNES BROADENING MODEL
Finite quasiparticle lifetimes are incorporated phenomenologically using the Dynes function 118,
E—T
E) =Re , (4.8)

where I is the quasiparticle damping parameter.

The parameter I" accounts for inelastic scattering, coupling to phonons, or electronic noise. In
STM experiments, I can also capture instrumental effects such as residual radio-frequency (RF)
noise or tip—sample instability. Increasing I" suppresses the coherence peaks and increases the subgap

conductance (Fig. 4.9(a)).
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4.8.2 Maxi1 PAIR-BREAKING MODEL

Pair-breaking effects from Pauli paramagnetism are modeled by the Maki function '#%!%*:

ﬂM(E>=Re< . ) (4.9)

u> —1

where # is a complex function of reduced energy ¢ = E/A and the dimensionless pair-breaking

parameter ¢t

_ 1 / 11+ = —d—20(1+2)
u_2<|g\+ 1—:2+d>+2 N , (4.10)

b=+ -1, (4.11)

c=10827 + 2° + \/ (10827 + 2b3)% — 41°, (4.12)
w3 21/3 2 1/3

d="+ T (4.13)

30 3453 3x2l/3

The parameter ' quantifies the strength of pair breaking caused by magnetic impurities or cur-
rents. Unlike I', which broadens the DOS via lifetime effects, {'maintains sharp edge in the corners

of the gap (Fig. 4.9(b)).

4.8.3 COMPARISON AND INTERPRETATION

Both approaches capture deviations from the ideal BCS density of states but reflect different micro-
scopic origins. In Machida ez 4/.,'** both models yielded consistent 7, &~ 90 mK, while the Maki

model provided slightly improved agreement.
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(a) Dynes density of states (b) Maki density of states

6 . * v F=0.01mev 3
R . * [=0.02meV =
77 ¢ T=009meV | £
= e [} >

547 H 3 g 21
o [ [] S
5 3 0
v o

o 21 814
[a] ~
©
1 1 =

0 1 | | 1 | | | 0 | |
-6 -4 -2 0 2 4 6 -3 =2
Energy (meV) Energy (meV)
Figure 4.9: Temperature-dependent tunneling spectra of a A = 1.2 meV superconducting gap measured with a

metallic tip. Each curve shows the differential conductance d[/d V" at zero temperature. For the Dynes (b) and Maki (a)
simulated gaps, their phenomenological damping parameters are increased resulting in an apparent broadening of the
coherence peaks and a reduction in the gap size.

4.8.4 NBSEZ SPECIFIC GAP NUANCES AND MODEL CHOICE

NbSe; is believed to be a 2-band superconductor as measured in several tunneling and other probe

2125 with varying gap sizes measured with ARPES from 0.7 to 1.4 meV '2¢ and the

experiments
tunneling spectra of bulk NbSe; has clearly resolved the presence of two superconducting order
parameters. '>> This manifests in NbSe; as a intricate structure of the coherence peaks that differs
from standard BCS where shoulders appear at lower energy values than the dominate coherence
peaks. In Noat ¢t. al.” and Dvir et. al.,’* a two-band model is used to fit NbSe; tunneling data is
justified noting that the Se and Nb-derived bands differ in the DOS and value of electron-phonon

coupling parameter. The model entails a self-consistent solution to the coupled equations for the

energy dependent order parameters A;(E) in the two bands:

- A} +Ty0/(E) /) AF(E) — B

AJ(E) = :
) L+ T/ /AT (E) — B2

A? describes the intrinsic gap within each band generated by scattering of the quasiparticles be-

(4.14)
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tween bands and the electron-phonon coupling. The DOS of each band is given by

(E) = NA(En) |£]
NiAE) _M(EF)ZW/d§%<\/(l—l—acosﬁ)A%(E) —EQ>' (*.15)

Where N;(E) is the DOS at the Fermi level in the normal state. The parameter 2, incorporates
band-anisotropy which also effects the effective electron temperature fit.
While the DOS is then naturally broadened with kinks indicating two coupled gaps or a highly

127 these fitting models introduce additional, partially degenerate broadening chan-

anisotropic gap,
nels (interband coupling I';; and anisotropy parameter ). In practice, broadening in DOS from these
extra parameters can trade off against thermal smearing in ' (E; T.g) during fitting. This makes it
possible to achieve comparably good fits with artificially Jow fitted Teg by “dumping” spectral width
into I';; or a.

To avoid this degeneracy when our objective is a robust bound on the electron temperature, we
deliberately adopt the simpler, single-gap BCS DOS with either Dynes (lifetime) or Maki (pair-
breaking) broadening. This constrained model limits non-thermal broadening channels, so the

fitted T is biased high relative to more flexible multiband/anisotropic fits providing a defensible

upper bound on electron temperature.

4.8.5 MAKI FIT TO NBSE, SUPERCONDUCTING GAP

In Fig. 4.10, we present the fitting of the experimental data presented in Fig. 3.11(c) now using the
Maki function for the DOS. The fits present a similar upper bound in the electron temperature
(924 mK instead of 950 mK) but a lower bound (775 mK instead of 330 mK). The discrepancy is
likely a result of the poor junction stability present during the data collection resulting in a noisy

superconducting spectrum plot.
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Figure 4.10: Maki function fitting to the superconducting gap spectrum presented in Fig. 3.11(c). A fit allowing for a
large range of parameter values is shown in red yielding a higher electron temperature upper bound. Another fit, blue, is
presented for the gap size being no smaller than 1.25 meV yielding a lower electron temperature.
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