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Abstract: Research in new quantum materials requires multi-mode measurements spanning
length scales, correlations of atomic-scale variables with macroscopic function, and
spectroscopic energy resolution obtainable only at millikelvin temperatures, typically in a
dilution refrigerator. In this article, we describe a multi-mode instrument achieving peV
tunneling resolution with in-operando measurement capabilities of scanning tunneling
microscopy (STM), atomic force microscopy (AFM), and magnetotransport inside a dilution
refrigerator operating at 10 mK. We describe the system in detail including a new scanning probe
microscope module design, sample and tip transport systems, along with wiring, radio-frequency

(RF) filtering, and electronics. Extensive benchmarking measurements were performed using

superconductor-insulator-superconductor (SIS) tunnel junctions, with Josephson tunneling as a
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noise metering detector. After extensive testing and optimization, we have achieved less than 8
peV instrument resolving capability for tunneling spectroscopy, which is 5-10 times better than
previous instrument reports and comparable to the quantum and thermal limits set by the

operating temperature at 10 mK.

. Introduction

In today’s frontier research, ultra-low temperature cryogenic instrumentation stands as a
leading enabler of science as shown in fields ranging from quantum computing and information
science [1,2], emergent quantum phases in materials research [3], to scanning probe microscopy
(SPM) of future electronic materials [4]. STM was introduced in 1981 by Binnig and Rohrer [5,6]
and is a variant of SPM that utilizes a tunneling sensor as compared to a force sensor in AFM [5].
A steady increase in sophistication in SPM instruments has occurred over the roughly four decades
since the introduction of the technique, with a resurgence of instrumentation development into
ultra-low temperature environments beginning in the early 2000s and increasing steadily since
then [6-20]. Although SPM instruments have been developed that operate at temperatures down
to =10 mK, none of them have achieved a tunneling energy resolution equivalent to their operating
temperature. More typically, instruments show a noise-induced operating resolution equivalent to
(150-200) mK [10,12,17,20,21], even though the instrument is operating at temperatures of almost
ten times lower, although some progress has been made recently demonstrating tunneling
resolutions below 100 mK[13,19]. In contrast, magnetotransport instruments deliver
measurements with resolutions close to their base temperatures of (10-20) mK [22]. This
discrepancy between SPM and magnetotransport instruments stems in part from the lack of
electrical low-noise familiarity in the SPM community, which has progressed steadily in electrical

transport measurements with demanding applications such as in quantum computation [23]. Other



differences between the instruments include amplifier needs and electrical configurations. For
example, in tunneling, a transimpedance amplifier operating at high gain is required, whereas
electrical transport measurements typically rely on voltage amplifiers, which are commercially

available for cryogenic environments.

In comparison with tunneling microscopes, the integration of force microscopy with
dilution refrigerators has been even less common, although a number of instruments have been
developed [7,24-27]. Combining AFM with STM opens up new capabilities in studying electronic
devices. As an example, the newest electronic materials which host striking emergent quantum
behavior are now constructed by making heterostructures out of single layers exfoliated from a
host of layered materials [3]. This presents a challenge for STM measurements to use a tunneling
probe to find and navigate to the device, since these heterostructured devices are small, on the tens
of micron scale, and typically surrounded by insulating materials. Moreover, macroscopic
electronic behavior in new materials is typically measured by magnetotransport, which
complicates correlation with microscopic STM characterization if the measurements are not made
on the same sample or in the same instrument. Therefore, the combination of AFM with STM and
magnetotransport measurements at ultra-low temperatures can become a powerful platform for

future quantum material research.

To meet these new challenges, we describe an instrument which allows simultaneous in-
operando STM, AFM, and magnetotransport measurements while with an instrument possessing
a resolving capability of sub 10 peV in scanning tunneling spectroscopy (STS) operating at 10
mK. In this article we describe an extensive redesign of a previous mK STM system [10], which
initially operated with a tunneling resolution equivalent to =~ 230 mK. We incorporated in-situ

cryogenic RF filtering, AFM and magnetotransport measurement capabilities, achieving a noise-
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limited resolving capability of < 8 peV. This resolution is close to the physical quantum and
thermal limits at our operating temperature of ~10-15 mK, determined from thermometry
calibration [10]. The enhancements made to achieve a low-noise combined multi-mode instrument
include: a redesigned and built SPM module with multiple contacts for sample and probe tips
described in section 1, RF filtering and cryogenic preamps for STM and AFM described in section
111, AFM measurement capability described in section IV, magnetotransport capability described
in section V. SIS tunneling measurements to characterize and optimize noise contributions and to
determine the tunneling resolution are described in section VI, and a summary and conclusions are

presented in section VII.

Certain commercial equipment, instruments, or materials are identified in this paper in
order to adequately specify the experimental procedure. Such identification is not intended to
imply recommendation or endorsement by the National Institute of Standards and Technology, nor
is it intended to imply that the materials or equipment identified are necessarily the best available

for the purpose.

. A Multi-Mode SPM Module for STM, AFM, and Transport
Measurements

A. Requirements for in-operando multi-mode measurements
1. Materials

The choice of materials for the SPM module are critical for multi-mode operation. The
considerations include thermal management for cooling, thermal expansion, stiffness, and rigidity
required to reduce mechanical vibration and achieve high quality factors Q for AFM

measurements. In our initial version of this instrument we chose coin silver for the STM module,



which satisfied most criteria except of thermal expansion [10]. With the module constructed from
coin silver our X-Y coarse motion stage would sometimes freeze up or move with much reduced
gain after cooling to low temperature. To overcome this limitation we switched to molybdenum
for all module components which served well for our previous 4 K instrument [28]. The only
exception was the bottom electrical plug which makes contact to the dilution refrigerator (DR): it
was kept as coin silver for good thermal contact to the silver receptacle in the DR. An exploded
model view of the STM module is shown in Fig. 1, and in the photo in Fig. 2. The module houses
a Z-walker coarse motor stage with £5 mm motion, which contains the X-Y-Z fine tube scanner
along with the sample stage. An X-Y coarse motor stage with £1.5 mm travel containing the tip
stage is positioned above the Z-walker stage. All motor stages use Pan style [29,30] shear-piezo
motors consisting of a stack of four shear-piezo sheets with copper electrodes [31] and an alumina
cap epoxied together. Finally, on top of the SPM module is a locking stage containing a large
compression spring used to press and lock the SPM module in the DR receptacle, as described

previously [10].

2. Multi-contact sample and probe stages

Sample and probe tip stages comprise the heart of a SPM module and their designs are
critical to a well-functioning system. They must incorporate the ability to utilize different sample
geometries ranging from pure metal crystals to complex electrical devices with multiple electrical
contacts. It is beneficial to have a kinematic mounting scheme so that the sample/probe is
positioned in the same location within a few microns. More importantly, the mounts should allow
for an easy and reliable insertion into the SPM module. Their design must also be compatible with
the UHV transfer mechanisms used in the rest of the UHV systems and withstand the annealing

procedures required for sample preparation. Poorly designed or malfunctioning sample/probe



stages can lead to mechanical noise issues and unsatisfactory productivity of the instrument. To
this end we completely redesigned the sample and probe tip systems carefully considering all
engineering detail to meet the challenges indicated above. The redesign of the SPM module utilizes
an eight-contact sample/tip stage with frictionless transfer (Fig. 3). To achieve the goal of multi-
mode measurements, the SPM module had to accommodate at least 7-8 electrical contacts on the
sample stage required, for example, for electrical measurements in quantum Hall devices, which
typically would have at least six leads plus a back-gate wire. On the probe stage, the AFM/STM
system required at least four contacts; two for the AFM signal, one for the STM tunnel current
signal, and one for the electrical excitation of the gPlus sensor. We therefore chose eight electrical
contacts for both the sample and probe tip systems, making them identical so they can share parts,
and even be interchanged if desired. The electrical contacts consist of custom-made gold-plated
beryllium-copper finger springs, which are glued into receptacles for the sample and probe tips
(Fig. 3). The receptacles were engineered for a frictionless loading of sample and probe holders
following designs developed in the group of H. J. Hug. The receptacle main body is made from
molybdenum and has a three-point kinematic mount using three ruby balls glued into the
receptacles which mate to 90° v-grooves in the sample/tip holder plates. The sample/tip holders,
also made from molybdenum, are constrained in the receptacles using a beryllium-copper clamp
spring which is actuated upwards by turning a screw in the receptacles using an Allen key wrench
at the end of a wobble stick [Figs. 3(a) and 3(b)] [32]. This allows for the insertion of the sample
and probe holders into the receptacles to be friction free with the spring not actuated in the down
position during transfer, thereby avoiding the generation of wear particles, or breaking scanner
piezo tubes or ceramics, which we have experienced with previous spring-loaded sample

receptacles. The small threaded housing of the new receptacle is made from silicon bronze, while



the screw is made from a tungsten alloy with Dicronite® coating [33], to achieve a smooth screw
action with minimal force on the scanner, even at cryogenic temperatures. The sample and probe
tip holders consist of a base plate made from molybdenum with three sets of 90° v-grooves. A
metal or ceramic insert is inserted inside the base plate depending on the type of sample, or type
of probe being used. An alumina insert with eight electrical contacts is inserted for device samples
or probes, as shown in Figs. 3(b) and 3(c). Metal inserts were fabricated for pure metallic samples,
which undergo high temperature annealing and sputtering. Using the Allen driver integral to the
wobble stick to turn the receptacle screw activates the clamp spring and allows the sample/tip
holders to make a stiff press contact between electrical pads on sample/probe alumina insulator

inserts with the beryllium-copper finger springs, as shown in the photo in Figs. 4(a) and 4(b).

All instruments in the multiple UHV chambers and vacuum transfer systems were modified
to accommodate the new sample and probe tips in the system [10]. To transfer the sample and
probes throughout the vacuum systems, we designed a custom transfer receptacle [Fig. 4(b)]. This
was built from a copy of the receptacles in the SPM module, but fabricated out of aluminum. Thus,
this receptacle has the same frictionless transfer as in the SPM module and can accept any type of
sample or probe tip used in the measurement systems. In addition, the transfer receptacle was
designed and fabricated to connect all contacts of a device to ground through 1 MQ surface mount
resistors located at the top of receptacle housing [Fig. 4(b)]. For sensitive devices this avoids surge
currents from the buildup of static electrical charges while transferring the device throughout the
vacuum chambers. The aluminum transfer receptacles are screwed to baseplates, which were
modeled after the typical flag style plates with three ball and spring friction receptacle mounts [34].
The transfer of the samples and probes is accomplished on flag base plates, while inserting them

in spring friction mounts located on the various transfer stations (not shown).



3. X-Y capacitive position sensor

A position sensor is a very useful tool for navigating to a small device geometry as it can
give an accurate description of relative motion during X-Y positioning using the X-Y coarse motion
stage in a SPM. We implemented a design for a two-dimensional capacitive sensor based on
Ref. [35] using a four-quadrant base electrode (4.3 mm x 4.3 mm) positioned about 75 um from a
5.6 mm x 5.6 mm moving electrode, as shown in Fig. 5. The moving electrode is attached to a
platform which is screwed into the tip receptacle [Fig. 3(c)], which moves in the X-Y plane as the
X-Y motion stage moves the tip. The operating principle of the design is such that the four
quadrants are fed AC signals that are phase shifted 90° with respect to each other. A lock-in
amplifier measures the current to the moving electrode and thus both the X and Y positions of the
sensor can be simultaneously read off the lock-in amplifier using the in-phase and out-of-phase
components, respectively. The gap d between the base and moving electrodes determines the
sensitivity of the position sensor, which can be seen from an analysis of the generated current into

the moveable electrode from the jth base electrode given by I; = iwC;V, where w and V =
Voexp (ig;) are the excitation frequency and complex voltage, and C; is the capacitance between

the jth base electrode and the moveable electrode. The current simplifies to the following with 90°

phase differences between the base electrodes,

1=2x/§1(

weyV,

2 ") (X +iY). )
The X position is directly proportional to the in-phase component and the Y position is given by
the out-of-phase component. For our geometry the sensitivity is given by Eq. (1) to be 0.59 nA/um
of lateral motion with an excitation of 10 V amplitude at 10 kHz, which leads to submicron position

sensitivity with measurements of the current at pA levels.



lll.  Pre-cooling, Wiring, RF Filtering, and Cryogenic Preamps for STM
and AFM

A. Mechanical thermal switch for pre-cooling

One of the improvements we made in the DR was to change the pre-cooling system. The
traditional method to initially cool a DR from room temperature is to leak a small amount of helium
gas into the vacuum space to act as an exchange gas during initial cooling of the cryostat with
liquid nitrogen, followed by liquid helium. The helium gas is then pumped out to high vacuum
levels. However, a small film of liquid/solid helium will remain coating all the inner surfaces of
the DR due to Van der Waals bonding even if pumped to UHV pressures. This will result in non-
UHYV operation and cause havoc with arcing and breakage of wiring in high voltage piezo motors.
It will also contaminate surfaces with continued reabsorption of the released helium gas onto cold
samples. This problem was solved in the original design of the DR [10], which used a capillary
system connected to each stage of the DR. The capillaries went out to the top of the DR flange and
could be filled with liquid nitrogen and helium during initial cool down. The system was functional
but cumbersome to use because it required high pressure to force the liquid in the small diameter
capillaries and it was inefficient. In addition, one had to take care to pump all the helium out of
the capillaries at completion to avoid a thermal short between the DR stages; in the end we had to

keep a small ion pump connected to this system after pumping for this reason.

To improve the efficiency and versatility of the pre-cooling system we replaced the
capillary system with an all mechanical thermal switch (Fig. 6). The thermal switch consists of a
gold-plated copper rod and compression spring attached to each stage of the DR. A stainless tube
connected to a linear motion feedthrough on top of the main DR flange is actuated and presses the
first rod/compression spring on the inner vacuum can (IVVC) flange at 4 K. This then makes contact
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to the next rod/compression spring on the 1K pot, which then cascades to make a mechanical and
thermal connection to each stage of the DR, stopping at the mixing chamber (MC) plate. The first
rod at the IVC flange is connected via copper braids to a copper feedthrough on a mini-conflat
flange on the 1VC flange, which extends into the cryogen bath space, allowing efficient and easy
cooling to each stage of the DR. This system is not only used during initial cooling of the DR from
room temperature, but also each time the SPM module is lowered into the DR with a new sample.
The MC temperature will rise to = 60 K when the room temperature module is lowered into the
DR at 4 K. Activating the thermal switch allows the DR to cool back to 4 K in less than 12 hours,
typically overnight after loading the module. Our routine procedure is to warm up the DR to 60-
80 K the day before using the SPM module to outgas the DR from any adsorbed background
hydrogen, which is typically present in such a cryo-pumped system. The mechanical thermal
switch has been improved in a more sophisticated design incorporating both rotating shutters [10]
with the linear mechanical thermal switch on one feedthrough [36], thereby reducing the number

of ports needed going into the DR space.

B. Dilution refrigerator wiring

To improve noise performance, the DR experimental wiring was replaced with new wiring
since new connectors were needed for the RF filters on the MC plate. We used single flexible
superconducting coax from room temperature to the mixing chamber made with a niobium-
titanium core wire with Cu-Ni cladding and stainless steel outer braid separated by a Teflon
dielectric [37]. Heat sinking was achieved with simple press Cu plates at each cooling stage of the
DR (Fig. 6). We kept in place the original gold-coated Cu coax from the mixing chamber to the

bottom of the STM mount, but changed connectors to sub-miniature push-on (SMP) [38] to attach
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to new RF powder filters, which contained integral SMP connectors on both ends, as described in

the next section.

C. RF powder filters

Cryogenic RF filtering is commonplace in ultra-low temperature electrical transport
measurements to reduce electrical interference over a broad range of frequencies and is used in
sensitive experiments, e.g. to limit decoherence in qubit studies. In contrast, SPM instruments have
used RF filters outside the vacuum chamber at room temperature, but it has been uncommon to
find them in the cryogenic environment. The most popular cryogenic RF filter is based on small
metal powders embedded in an epoxy matrix [23,39-42]. For our redesign we modified the design
in Ref. [23] to incorporate RF powder filters on the mixing chamber, and also on the 4 K IVC
flange (Fig. 6). We made two types of powder filters, a plain version with just a coil with a core
of the metal powder in an epoxy matrix [Fig. 7(b)], and a =m-version with two discoidal
capacitors [43] at each end of the filter [Fig. 7(c)]. Each filter has SMP connectors [38] on both
ends for convenient connections to cables at the MC plate [Fig. 7(e)]. The main housing of the
filters has a ¥2-28 threaded end and is screwed to the MC plate with good thermal anchoring [Fig.
7(e)]. We used the w-version on all low-voltage and piezo scanner signal lines, and the plain version
on high voltage lines of the piezo motors. This choice was made due to possible voltage limitations
of the discoidal capacitors at low temperatures, even though they are rated to 500 V at room

temperature.

Figure 7 shows the various stages of construction of the powder filters. The central rod is
cast from an epoxy-bronze powder solution following closely the optimum recipe in Ref. [42]. The
epoxy mixture is, by weight, 80% Stycast 2850FT with catalyst 23LV, and 20% Stycast 1266, the
latter reducing the viscosity for better incorporation of the metal powder and flowing into the filters
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housings. The bronze powder is composed of 80% copper and 20% tin with a particle size of =50
um [44]. The epoxies are vacuum degassed before combining with the metal powder and
subsequently vacuum degassed again after mixing to remove as many bubbles as possible. The
mixture is put into Teflon blocks with a lattice of holes with the diameter set for the central rod.
After curing the rods are trimmed and side and axial holes are drilled at each end. A 0.10 mm
Kapton®-coated wire is wound tightly around the rod and passed through the end holes of the rod
[Fig. 7(a)]. Discoidal capacitors and SMP connectors are then attached to the ends of central rod
for the m-version [Fig. 7(d)] or simply SMP connectors for the plain version [Fig. 7(b)]. Finally,
the central rods are potted into bronze cylinders with additional epoxy-powder emulsion and cured

[Fig. 7(c)]. The finished filters are screwed into a Cu plate attached to the mixing chamber [Fig.

7(e)].

Transmission characteristics of the two types of filters, measured at room temperature, are
shown in Fig. 8. Both types of filters start to show attenuation above about 2 MHz. The plain
version shows a gradual decrease in attenuation reaching about -13 dB at 10 MHz and -50 dB at 2
GHz. In contrast, the n-version of the filter shows a sharp attenuation beginning at 2 MHz and
reaching -45 dB at 10 MHz, and the noise floor of the analyzer at around 100 MHz. Both types of
filters show characteristic high frequency resonances of this design [23]. We specifically built the
plain filter for low capacitance with an increased spacing from the wound inner rod to the shell of
the filter to allow use in the tunneling current signal line. Additional powder filters are placed on

the 4 K IVC flange to filter the incoming lines going to the cryogenic preamp (Fig. 6).

D. Cryogenic preamps for STM and AFM
Cryogenic preamps help reduce the noise contributions in STM and AFM measurements

due to several factors including: reduced Johnson noise from large transimpedance gain resistors,
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reduced power-line pickup, reduced triboelectric pickup, and most importantly reduced cable
capacitance due to shorter cables since the cryo-preamps are placed close to the microscopes [45].
Cable capacitance is particularly important for quartz type tuning fork sensors, such as the gPlus
force sensor [46]. To this end we used a specially designed low capacitance cable. For a coax cable

with inner wire of radius a, and outer shield of radius b, the capacitance per unit length is given by

C 2meg,

where € is the dielectric constant, L is the cable length, and ¢, is the permittivity of free space. We
therefore chose the inner conductor to be as small as possible and practicable to minimize a, with
a thick dielectric to maximize b in Eq. (2). The cable we had fabricated was made from twisted
pair 0.05 mm diameter niobium-titanium core with Cu-Ni cladding (for good soldering purposes)
and 0.25 mm thick Teflon dielectric with a low-noise coating. A stainless-steel braid with 0.05
mm diameter wires with a 0.127 mm thick second outer Teflon jacket covered the twisted cable
(twinax cable) [37]. The measured capacitance values are 18 pF/m between the twisted cables, and
47 pF/m between twisted pairs and outer shield; the latter value agreeing with the simple formula

estimate in Eq. (2).

The preamp is based on the floating design in Ref. [7], which is used here to float both the
STM and AFM preamps at the tunneling bias potential, shown in Fig. 9. The STM component is
a simple transimpedance amplifier, and the specific AFM core design is a differential amplifier
based on Ref. [47]. In this design, both the AFM and STM preamps commons are at the tunneling
bias voltage which has its ground referenced (cold reference) from the SPM module body through

a buffer amplifier. This design tends to cancel ground fluctuations between the cold junction and
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upper room temperature electronics. A conditioned version of the bias voltage is then used as a
reference voltage and to drive the preamp housing and shields of the twinax cables for the STM
and AFM input signals, further reducing the parasitic effects of the shield-to-core input

capacitance.

The cryo-preamps were constructed on a ceramic circuit board enclosed in a set of nested
boxes (Fig. 10). The op amps [48] are lifted off the circuit board with 2 mil stainless wires to allow
the op amps to self-heat to a stable operating temperature without requiring an additional heater.
The cryo-preamps can be started when the cryostat is operating at base temperature and do not
need to be kept operational during cooldown. The inner box is driven at the guard voltage reference
providing a complete homogenous floating circuit reference for the circuit board and STM and
AFM input cable shields. The inner box is electrically isolated from an outer box which is bolted

to the IVC flange at 4 K (Fig. 6).

The performances of the cryo-preamps are shown in Fig. 11 and Fig. 12 for the AFM and
STM preamps, respectively. The AFM preamp spectral noise density in Fig. 11 is at a value of
ne;~ 1.5 uV/v/Hz near the qPlus sensor operating frequency of ~23 kHz. This value determines
the force noise as described in a more detailed analysis of the AFM performance presented in

Section (IV.B). The STM preamp current noise spectral density shown in Fig. 12 is less

than 6 fA/+/Hz at 600 Hz and shows very low noise peaks at power line harmonics, which is both
difficult to achieve with long cables to external preamps and distributed grounds. Although the
low frequency performance of the output signal is very good, it does not tell us about high
frequency noise contributions which may be present on the input and thus affect the ultimate
energy resolution. This will require extensive measurements using Josephson tunneling as

discussed in Section (V1) and will show this internal preamp is not the best choice for ultimate
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energy resolution in tunneling spectroscopy. In addition to the cryogenic preamps, we designed
the system so that an external STM preamp could be used, as shown in the circuit diagram in Fig.
9. To select between internal vs. external preamps, is just a matter of wiring the probe tip to a
different electrical contact on the tip holder. This allows different current gains to be used with an
external preamp, and, as shown in Section (VI1.B), various preamps affect the tunneling energy
resolution in different ways. We speculate this may be due to having a RF powder filter on the
input cable to the external preamp, which we did not include on the internal preamp input cable.

Further modifications and testing is required to check this hypothesis.

IV. Adding AFM Measurement Capability

A. A gPlus sensor for mK systems

We chose to add AFM capability based on the gPlus sensor [49] to the SPM system as it is
the easiest to integrate into a dilution refrigerator, or any STM system for that matter, and allows
for simultaneous AFM and STM measurements. The gPlus sensor consists of a specialized quartz
tuning fork with one prong fabricated with a large mass substrate, resulting in a single oscillating
quartz beam. The three dominant noise sources which contribute to the frequency shift
measurements are thermal noise, oscillator noise, and detector noise [50,51]. The three noise
sources add in quadrature, where thermal noise and oscillator noise have a constant noise density
(“white noise”) and the detector noise density rises linearly with modulation frequency (‘“blue
noise”). For typical scanning speeds, detector noise is typically the dominant noise source and is
greatly influenced by the input cable capacitance [47]. To reduce cable capacitance, it is therefore
desirable to place the preamp as close to the sensor as possible with the shortest input cable length.
The challenge for a mK SPM system is that the preamp cannot be placed as close to the gPlus

sensor as in 4 K systems. For the mK system, the closest we could place the preamp is at the 4 K
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IVC flange, ~1050 mm distance from the bottom of the SPM module, as compared to 25-50 mm
for a 4 K system. We therefore designed a low capacitance cable for the preamp inputs using
twisted pair construction as described above. Furthermore, for this mK system a new qPlus sensor
was designed with an additional electrode for electrical excitation, thereby eliminating the need
for a shaker piezo. This allowed for a more rigid probe holder and sensor combination. The
resulting sensor has four contacts, two for the electrical readout of the quartz sensor (AFM1 and
AFM2), one for the electrical connection to the tip (STM), and one for the electrical excitation
(Excitation), as shown in Fig. 13. A custom “T” insert made from molybdenum is used to mount
the sensor symmetrically at the probe holder, as shown in Fig. 14. The “T” insert is screwed to the
probe holder plate and two quartz plates with predefined electrical pads are glued to the side faces
of the “T” insert. One plate (the back one) has the electrode for the electrical excitation, and the
front-facing plate in Fig. 14 shows three electrical contacts for the oscillation detection and the
electrical tip connection. These electrical strips are then connected to the wire-bonding pads of the

probe holder with thin gold wires.

After the tip holder plate with mounted sensor is transferred into the SPM module, its Q-
value is measured at room temperature in the upper UHV chamber before transferring the SPM
module into the DR/cryostat. We found it is important that the sensor is mounted tightly into the
probe holder to enable a stiff mechanical connection. Fig. 15 shows the Q-value before and after
tightening the connection between the tip holder plate and the tip receptacle, respectively, as
measured at room temperature in the upper UHV chamber. After tightening and cooling to mK
temperatures the Q-value rises to above 100k. In the next sections, we describe the noise
characteristics and field dependence of the gPlus sensor operation at mK temperatures and in high

magnetic fields. Using the sensor for imaging is described in section V.

16



B. Performance of mK gplus AFM

1. AFM Noise characteristics

As we are operating at lower temperature and higher magnetic fields (which affects the
oscillator quality factor Q) than those achieved previously for AFM measurements, it is instructive
to compare the various noise sources in the AFM measurement. To characterize the gPlus sensor
performance we consider how each main noise source affects the precision of the AFM
measurement for the mK SPM system. The main differences with previous instruments are the
detector noise contribution from the cryo-preamps and thermal noise at mK temperatures. In
frequency modulation AFM [50] the gPlus sensor is always excited at its resonance frequency and
vibrates with a constant amplitude, A. Without any tip-sample interaction the resonance frequency
is the unperturbed eigenfrequency f, of the sensor. When the sensor’s tip interacts with a surface
its resonance frequency changes from the unperturbed resonance frequency f, to f, + Af due to

an acting force gradient, k;,, between the sensor probe tip and sample. With the resonance

frequency condition of the unperturbed sensor, f, = %w/k/m* , the frequency shift is given by

of = 22k, 3)

where (k.;) is an average force gradient given by the integral of the tip-sample force gradient
multiplied by a semicircular weight function, as a function of tip-sample distance [52]. It follows

from Eq. (3) that the precision of the measurement of the force gradient is given by

_
Okes = 2k — (4)

with the precision of the frequency measurement §f. We now consider how the three main noise

sources contribute to 8k, for our mK SPM system: the detector noise, §k;s 4e¢, the thermal
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noise, 6k ¢, and the oscillator noise, 8k, ,s.. These add in quadrature to give the total noise in

a measurement of the tip-sample force gradient as

8kt$ sum = \/6k?s det + 6k?$ tm + 6k?§ osc* (5)

2. Deflection detector noise
For scanning speeds that require a detection bandwidth above about 30 Hz (see Fig. 18),

the largest noise contribution arises from how precise we can measure the deflection of the
cantilever because of the preamplifier detector noise. Any deflection noise density, n,, in m/vHz,

will translate into a frequency noise given by [51]

5 _ |2 7By
F ‘j; A ! ©

where Bw is the bandwidth of the measurement. We evaluate the deflection noise density from the

preamplifier noise density n,; considering how the gPlus sensor transduces voltage from
deflection, which is given by its sensitivity factor, Sy, in V/m. The deflection noise density is thus

given by

_ Ney
q )
Sy

(7)

n

where n,; is preamplifier noise density described in Section (I11.D), and S}, is determined from
calibration measurements. From Fig. 11 we determine the preamplifier noise density near the
resonance frequency to be n,; = (1.44 + 0.01) uV/v/Hz. The sensitivity factor is obtained from
the measurement of the tip equilibrium position versus oscillation amplitude in AFM feedback [53]

at constant frequency shift Af. From Fig. 16 we determine S, = (8.66 + 0.01) uV/pm from a
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linear fit for oscillation amplitudes greater than 40 mV. The resulting deflection noise density from
Eq. (7) using this sensitivity is thenn, = (166.3 £ 1.3) fm/+/Hz. As a check, the deflection noise
density can also be estimated from the measurement of frequency shift noise density vs modulation
frequency, by measuring the spectral density of the frequency output with a spectrum analyzer
(Fig. 17) [47]. The low-frequency regime of the frequency shift noise density is linear in
modulation frequency and proportional to n, up to the bandwidth of the measurement [54]. A
linear fit to the low frequency region from 10 Hz to 150 Hz yields n, = (170.1 £+ 1.4) fm/v/Hz .
Taking the average of these two methods thus yields a final value for the deflection noise density
of n, = (168.2 £ 1.9) fm/+/Hz for our mK system. The deflection noise density is about seven
times larger than the noise density obtained with the same preamp, but with short cables (see Table
1). This shows the cable capacitance is the dominant contribution to the increased deflection noise
reflected in the increased preamplifier noise density by a factor of almost ten, n, =
(1.44 + 0.01) pV/+/Hz for our mK system compared to n,, = (0.136 + 0.006) uV/vHz

obtained with short cables in a 4 K system [47].

We now can arrive at our detector noise with Egs. (4) and (6) and the value of n, above;
Okts gor = (10.4 £ 0.1) mN/m for the parameters A = 50 pm, f; = 30 kHz, k = 1800 N/m,
and By, = 10 Hz. This value is approximately seven times larger than for short-cabled 4 K systems
(Table 1), since the noise scales directly with n,, [Eq. (6)], and we found n, was seven times larger

for our system. However, a force gradient noise comparable to the best obtained measurements of

Okis ger = 1.5 mN/m at By, = 10 Hz (see Table 1) can be obtained in our longer cabled system

3
using a bandwidth which is about 3.6 times smaller since &k, 4.; Scales as By,z . For example,

5kt$ det — (1.3 i 0.02) mN/m a.t BW = 2.5 HZ.
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3. Thermal and oscillator noise
The two other noise contributions to the AFM measurements are the thermal noise and

oscillator noise. The thermal noise is given by [50]

4kkpTB
Skes e = /#mw , (8)

where kg is the Boltzmann constant, T is the temperature, and Q is the quality factor, and similarly

the oscillator noise is given by [51]

kn
OKts osc = \/EA_Qq\/ By. 9)

Figure 18 compares these three noise figures and their total sum [Eq. (5)] versus Q-value. The
thermal noise contribution from Eqg. (8) has the smallest contribution for all reasonable Q values
given an operating temperature of 15 mK. In addition, Fig. 18 shows that detector noise dominates
for values of Q > 1 x 10%, even for low bandwidth measurements. Thus, we are able to achieve
atomic resolution with AFM feedback and resolve interesting quantum states in frequency shift
measurements on gated graphene devices with our gPlus AFM operating at mK temperatures and

in high magnetic fields, as described in upcoming sections.

4. Magnetic field dependence

The use of gPlus sensors in high magnetic fields is relatively new, and the dependence of
the sensor characteristics vs. magnetic field strength need to be determined. Recent measurements
of generic tuning forks have shown an inverse of the damping constants to scale with the square

of the magnetic field due to eddy current damping in the leads causing dissipation [55]. As the
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quality factor is proportional to the relaxation time, we expect a similar relationship should hold

for the inverse of quality factor versus magnetic field.

Figure 19(a) shows the resonance peak for magnetic fields, B, between 0 T and 7 T showing
a decrease in amplitude and shift to higher frequency with increasing magnetic field. The center
frequency shows an approximately linear relationship with field [Fig. 19(b)], while the quality
factor, Q, decreases gradually from over 10° at zero field to ~ 2 x 10* at 7 T [Fig. 19(c)]. At the
highest magnetic field of our system of 15 T, the quality factor Q reduced to ~ 5 x 103. Figure
19(d) shows that inverse of the quality factor scales with square of the magnetic field with slope
(9.52 £ 0.09) x 10~7 T~2. This is similar as reported for generic tuning forks suggesting eddy
current damping due to the sensor electrodes causing dissipation. Reducing the amount of
electrode material or changing to more resistive materials may reduce this effect. However, Fig.
18 shows that the detector noise is still the dominant contribution to frequency shift noise for
quality factors Q > 1 x 10%, and large values of magnetic field are not detrimental to obtaining

high quality AFM measurements.

5. Imaging with the mK AFM

With the gPlus sensor we are able to obtain both AFM and STM signals simultaneously
with atomic resolution. We show this using an iridium tip (0.05 mm diameter) and a ~ 100 nm
thick grown aluminum sample (Fig. 20). Figure 20 shows the topography [Fig. 20(a)] and
tunneling current [Fig. 20(b)] images of the aluminum film recorded in AFM feedback, with a
frequency shift setpoint of —3.5 Hz, an oscillation amplitude of 300 pm, and a sample bias of -
18 mV. The aluminum films are used in SIS tunneling for evaluating the noise performance shown
in Section (V). A variety of defects are observed on the surface and their appearance is different

in the two channels. Apparent protrusions in the topographic image (AFM image) appear dark in
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the current signal reflecting a reduced tunneling probability. Conversely, defects with little
topographic variation (possibly in plane defects) appear bright in the STM channel. The
topographic image recorded with a frequency shift setpoint of —33 Hz and an oscillation amplitude
of 500 pm in Fig. 20(c) shows the atomic resolution capability at 10 mK, indicating the as-grown

aluminum film is in the (111) orientation.

V. Adding Magnetotransport to an SPM System

Magnetotransport measurements are enabled in the SPM system through adding eight
contacts to the sample holder and receptacle, as described in Section (11.A.2). Fig. 21(a) shows a
microscope photo of a typical graphene device consisting of a single layer of graphene transferred
onto hexagonal boron nitride (hBN) insulator which is exfoliated on a SiO2/Si(p) substrate, also
used for a back gate. Six electrical contacts, bonding pads, and a navigation runway are fabricated
onto the device using e-beam lithography. The navigation runway is required to assist in finding
the central device area and consists of gold steps, =50 nm in height, aiming towards the device
center and fanning out to a dimension of ~ 500 um. The probe tip is aligned optically over the
gold runway when the SPM module is in the upper SPM UHV chamber. The SPM module is then
lowered and locked into the DR SPM receptacle. After cooling to base temperature, the probe
alignment set optically at room temperature is typically preserved to within ~ +£20 um, due to the
use of low thermal expansion materials such as molybdenum. A robotic navigation algorithm is
used to navigate along the gold step ridge using STM or AFM feedback until the graphene area is
found. Figures 21(b) shows a zoomed in photo of the Hall bar. The graphene area was shaped into
the Hall bar geometry (grey area) using oxygen plasma reactive ion etching, thereby creating a
physical graphene boundary. In AFM frequency shift measurements performed by scanning at

constant height parallel to the average sample slope, we could easily distinguish between the
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conducting graphene and the insulating hBN with a strong contrast, as shown in Fig. 21(b) where
four AFM images are shown overlaid on top of the graphene area. The AFM images (iii) and (iv)
show the sample topography recorded with the frequency shift setpoint of —40 mHz using an
oscillation amplitude of 2nm. Zooming into the conducting graphene area allows STM
measurements to be obtained with atomic resolution [Fig. 21(c)]. Another useful aspect of the
AFM is using constant-height AFM imaging at (30-40) nm away from the surface to navigate the
runway towards the central graphene device area [Fig. 21(a)]. This avoids wear and tear of the

probe during fast large-image scanning.

Magnetotransport measurements are obtained with an AC current running through the
source-drain outer contacts and measuring the longitudinal and transverse Hall resistance.
Quantized conductance is observed for this device in Fig. 22, which shows the Hall conductance
versus magnetic field up to 15 T. The Hall conductance shows some deviation from perfect
behavior due to admixture of longitudinal conductance since the signal was measured diagonally
across contacts, as one side contact opened during fabrication. Having combined measurements
allows for a comparison of the macroscopic transport measurements with microscopic STS Landau
level spectroscopy, which can be performed as a function of back gate, as shown in Fig. 23. Here
we see a series of metal insulator transitions as the gate voltage is varied. Large diamonds appear
in the gate map at the Fermi level at integer filling factors when the system undergoes a transition
between different Landau levels, which can be correlated with the macroscopic magnetotransport
measurements in Fig. 22. The STS measurements in Fig. 23 shows additional more complex local
features (slanted lines in Fig. 23) related to Coulomb charging of quantum dots forming in the
inhomogenous potential landscape [56,57]. Current research efforts are focused on measuring the

electronic states in a quantum Hall device near the boundary edges with AFM and STM
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measurements [58]. Landau level spectroscopy can also be obtained with AFM Kelvin probe
measurements, which monitors the change in chemical potential as Landau levels are filled or
emptied [58]. The Kelvin probe measurements have the advantage of not inducing a charge carrier

density bubble under the probe tip as it operates at zero contact potential difference.

VI. Benchmarking peV Energy Resolution with Josephson Tunneling

The highlight of our efforts in this instrumentation development is the achievement of sub
10 peV instrument resolving capability in tunneling spectroscopy. Prior to this development our
STS resolution was noise limited and comparable to an =230 mK equivalent temperature, as shown
in Fig. 24. This is significantly larger than the operating temperature of the dilution refrigerator of
10 mK. The effective temperature is not a good benchmark to describe the instrument response as
it is a measure of a convolution of several factors including electrical noise, intrinsic temperature,
and guantum broadening from the electromagnetic environment. In addition, the fits can vary
depending on the specific models used to fit the spectra. A better way to examine the resolution is
then to determine the amount of voltage noise contributing to the measured spectra in addition to
thermal and quantum effects. From simply examining the slope of the coherence peak transitions
in Fig. 24, one can estimate a noise contribution of = 100 pV to the tunneling spectrum. A better
estimate can be extracted from the temperature used to fit the spectrum in Fig. 24, which equates
to Fermi-Dirac energy broadening, = 3.5 kgT = 69 uV. Since this is much larger than the intrinsic
thermal broadening of 3.5 kgT = (3.0 — 4.5) uyV at T = (10 — 15) mK, the spectrum is certainly
dominated by the electrical noise contribution of = 70 uV. To reduce the electrical noise
contributions to a negligible amount so the spectra are dominated by the apparatus temperature
was one of the main goals of the current instrumentation development. To achieve this level of

resolution we followed previous reports [16,59] and used SIS tunneling junctions as detectors of
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electrical noise. Below we describe the steps taken to examine every contribution to noise to the
SIS tunneling spectrum. The advantage of the SIS measurement is that it is relatively insensitive
to temperature below the critical temperature of the superconductors, and therefore deviation from
ideal SIS spectra is largely due to noise contributions, until the quantum limit is reached [59].

Thus, a SIS junction makes an ideal noise meter.

The SIS devices were made using an ~100 nm thick aluminum sample grown by molecular
beam epitaxy onto graphene/SiC substrates, which can be transferred right after growth in UHV
into the SPM module. For the probe we used a 0.8 mm diameter aluminum wire simply cut with
cutting pliers. A typical spectrum of the SIS junction after all our efforts to reduce the electrical
noise interference is shown in Fig. 25, where both the coherence peaks at gap energies of A and
2A, and Josephson peak at zero bias are seen. As shown below, the coherence peaks are not a good
measure of resolution at this noise level. They are intrinsically limited by material parameters and
a better measure of the resolution is obtained by zooming in on the Josephson tunneling peak at
zero bias, as shown in Fig. 26. Figure 26(a) shows the I(V) characteristics with a transition width
of approximately ~ 11 pV, which is also equivalent to the zero-crossing width of the differential
conductance signal in Fig. 26(b). We denote the zero-crossing width in the di/dV Josephson peak
as I;.r,. Another measure of the instrument resolving function is given by examining the full-
width-half-maximum of the peak (I'zyyy) In Fig. 26(b) which is = 7.6 uV. We point out that the
width of the Josephson peak in the dI/dV spectra in Fig. 26(b) is not a measure of the tunneling
energy resolution in this specific measurement. Iy, 5, Underestimates the energy resolution in the
measurement as it involves a difference of P(E) functions related to the electromagnetic
environment (see Section VI.D and Ref. [59]), but presents a well-comparable benchmark of the

resolving power of the instrument in tunneling spectroscopy. We discuss further the energy
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resolution functions in Section VI.D. In the following sections, we first detail the various sources

of noise which are seen by using the SIS junction as a noise detector.

A. Dependence on Tunneling Impedance

The ideal superconducting tunneling spectrum has infinitely large coherence peaks due to
the divergence at energies equal to the energy gap, or twice the gap for SIS tunneling. These
infinities are broadened by noise contributions, intrinsic parameters due to orbital depairing and
spin-orbit scattering [60,61], and higher order tunneling processes [62]. At the lower noise level
we have currently achieved, the coherence peaks can be intrinsically limited and are no longer
dominated by noise. This can be seen in the dependence on junction impedance, which is shown
in Fig. 27. In Fig. 27(a) the coherence peaks decrease in intensity as the junction impedance is
lowered. Zooming in on the negative bias peak in Fig. 27(b) shows the decrease in amplitude is
also followed by an increase in the width of the coherence peak. This shows that the coherence
peaks themselves are no longer a good measure of noise contributions with our current noise limit,
but are limited by intrinsic processes, such as higher order tunneling processes [62] and possibly
by orbital depairing and spin-orbit scattering depending on material parameters. The latter can be

extracted from a fit to the Maki tunneling theory, which we describe in Section (VI1.D).

B. Dependence on Transimpedance Amplifier

Somewhat unexpectedly to us, the choice of transimpedance amplifier significantly
contributed to the apparent junction noise. Although the cryogenic STM preamplifier showed good
noise performance at low frequency in Fig. 12, it contributed an excess of electrical noise to the
tunnel junction resulting in an equivalent noise level of = 100 uV. We therefore obtain our best
resolution with an external STM preamplifier, which can be selected instead of the internal one by
wiring the probe tip to different electrical contacts on the probe holder, as described in Section
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(I1.A.2). We speculate one source of the excessive electrical noise with the internal preamp is
caused by the lack of an RF power filter in the input line of the preamp (see Fig. 9). Therefore, all
the following measurements are made with an external STM preamp. AFM measurements,

however, use only the cryogenic preamp described in Section (111.D).

Figure 28 shows SIS tunneling measurements using three different commercial
transimpedance amplifiers. One can see that preamp “A”, NF SA-606F2 [63], gives the largest
coherence peaks, followed by preamp “B”, FEMTO DLPCS-100 [64], and then “C”, DL
1211 [65]. Although a change in the coherence peak height is clearly detectable with the different
preamps [Fig. 28(b)], the Josephson tunneling gives a much more surprising differentiation, as
shown in Fig. 28(c). Here we see a dramatic difference in noise contributions between the various
preamps with preamp “A” [63] resulting in a Josephson zero bias peak with Iy = 7.9 uV.
Preamps “B” [61] and “C” [65] yield a much-broadened peak of three to four times that of preamp
“A” such that the oscillations in the tunneling spectra near zero bias are not clearly resolved. All
further measurements, illustrating the influence of different components in the setup including the
previous discussion of the impedance dependence in Fig. 27, therefore, are shown using only

preamp “A” [63].

C. Dependence on External Filters, Grounding, and Signhal Sources

The grounding scheme is also important. The cryostat is made the low-noise ground point
of a “star” circuit. The cryostat is electrically isolated from the UHV chambers using a ceramic
break. It is connected to the low-noise ground available in the laboratory. Therefore, no other
signals should carry a ground to the cryostat. To achieve this, we use differential amplifiers on all

signals going into and coming out of the cryostat (Fig. 9).
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For our measurement system we use the Nanonis BP5 control system with the SC5 signal
conversion module and high-voltage amplifier, together with the OC4 oscillation controller for
AFM [66]. Attention to the grounding and filtering of these signals is paramount to achieve low-
noise STS measurements. We feed the tunnel bias signal to the UHV chamber via a battery
powered conditioning circuit, with an instrumentation amplifier [67], a passive attenuation stage
and an active low-pass filter stage with a low-noise operational amplifier [68]. The gain of the
attenuation stage can be chosen between x 1 and x 0.001, depending on the voltage range or
resolution required for the experiment. The low-pass filter cutoff frequency can be selected
between 20 kHz, 5 kHz, 3 kHz and 1kHz. The settings used for the following measurements are
an attenuation of 0.001 and low pass filter of 1 kHz. Conditioning the tunnel bias signal in this
way ensures it is free of ground loops, power-line and common mode noise, as well as of any high-
frequency noise components present in the Nanonis signal outputs. We found, however, that
further passive low-pass filtering is required to achieve a maximum reduction in noise in STS
measurements. Therefore, we tested various RF filters, which are summarized in Fig. 29. The worst
case, “E” results in [Iypn, = 53 UV, [pyuy = 35 4V when no filter is used. A very small
improvement is made in case “D” using a 1.9 MHz RF filter [69] with .., = 45 UV, [rywum =
28 uV. A noticeable improvement is made in case “C” using a 1 kQ resistor on the input before
the chamber as part of a x 2 voltage divider (see Fig. 9). This forms a 36 kHz low pass filter with
the 4.4 nF capacitors in the m-power filter on the bias input (see Fig. 9). A slightly better reduction
is observed in case “B” with a commercial high grade 50 kHz low-pass RF filter [70], together
with the 1.9 MHz RF filter. Finally, the best performance is to use all three filters, the voltage
divider together with the 1.9 MHz RF filter and the 50 kHz RF filter, resulting in a

[oro = 10.6 UV, Ipyyyy = 7.8 V. This is the final configuration we settled on for our
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measurement system. No other changes have decreased the noise any further indicating this may

be the resolution given by our operating temperature.

Other signals which need attention are the high-voltage scanner and piezo-motor signals.
While the reference for all low-voltage signals is brought to the cryostat ground by the means of
instrumentation amplifiers, the high-voltage scanner signals preclude this approach. In this case
care needs to be taken of the cabling of the Nanonis high-voltage power supply. There are two
grounds available on the unit, the chassis ground, connected to protection earth (PE), and the high-
voltage (HV) circuit ground. We utilize an isolation transformer [71], with the PE of the secondary
side grounded to the cryostat ground, connecting the PE of the Nanonis high-voltage power supply
as well as the DC power supply of the external STM preamplifier to this ground. For the Nanonis
high-voltage amplifier, we made a custom cable which connects the HV circuit ground to the
cryostat for each HV signal, cf. figure 17 in Nanonis HVAA4 high-voltage amplifier manual [66].
The signals are filtered at the UHV chamber with a D-Sub RF filter adapter [72]. We verified these
signals are not contributing significantly to the noise level as there is hardly any change in the
spectral width with a change in HV gain in the range from X 4 to x 15; if the HV signals were
contributing significantly there would be a dependence on HV gain. Note that the digital interface
cable for controlling the high-voltage gain of the Nanonis high-voltage amplifier usually connects
the chassis grounds of the control unit and the amplifier. Since the cable is not required during

measurements, it is therefore removed from our setup after the gains are selected.

One signal connection which could not be filtered and had a deleterious effect on the tunnel
spectrum was one of the piezo-motor signals. We did not filter these at room temperature since
these operate at very high voltages and we did not want to slow down the sharp transient which is
needed for stick-slip motion. We did implement plain powder filters for all these signals on the
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mixing chamber, however. In spite of the powder filter, the noise level is so large that no Josephson
peak can be observed with the piezo-motor signal cable connected to the cryostat as the noise
completely broadens it out. The large noise contribution can be observed examining one of the
coherence peaks in the tunneling spectrum, as shown in Fig. 30. One can see the coherence peak
is broadened by = 200 uV compared to when the piezo motor is grounded to the cryostat and
disconnected from the Nanonis system. This larger noise contribution is likely due to the high
bandwidth requirements of the piezo-motor controller required for the very fast voltage transients
for piezo motor stick-slip actuation. For this reason, we only connect the piezo-motor cable when
coarse tip-sample positioning is needed, then for high-resolution measurements we disconnect the

cable and short all piezo-motor signals to the cryostat ground.

Another ground related noise source we encountered was from the heaters on the resistance
bridge which reads the RuO thermometers [73]. There are two heaters, one for the mixing chamber
and one for the STILL. These two heaters have different grounds in the bridge circuitry. One of
them is optically isolated and can be used to directly connect to the mixing chamber heater. The
other heater used for the STILL has its connections referenced to chassis ground, which we found
added noise to the measurement. Therefore, we set up a differential amplifier to receive the STILL
heater signal and break the ground path before going to the heater in the DR. The analog common
of the optically decoupled AC measurement frontend is connected to the cryostat ground. One
final check was made is to see if reading the temperature sensors contributed to any noise. We
verified that they do not; no change in spectra was observed with the temperature sensors

connected and reading with the resistance bridge [73].
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D. Analysis of SIS Spectra and Ultimate Energy Resolution

In this section, we discuss the analysis of the observed energy resolution in the context of
the P(E)-theory which accounts for coupling of the tunneling electrons to the electromagnetic
environment. Reference [59] gives a thorough description of how the capacitance of the tunnel
junction contributes to the tunneling energy resolution at ultra-low temperatures. Here we
summarize the main points of the P(E)-theory which describes the probability of tunneling

electrons to exchange energy with the electromagnetic environment.

To account for the coupling of the tunneling electrons to photons in the surrounding
environment the standard tunneling probability for tunneling from tip to sample is modified by a

convolution with the P(E) function as

! -foo foodEdE' n(EYng(E' + eV)f(E)[1— f(E"+ eV)|P(E' — E), (10)
RT —o0 J/—00

F) = —

where Ry IS the tunneling resistance,
f(E) =1/(1 + exp(E/kg T)) the Fermi function, and n, and n are the tip and sample density
of states, respectively. The reverse probability for tunneling from sample to tip, I'(V) is given by
exchanging electrons with holes and the total tunneling current is given by the difference between
f(V) and f(V). From Eq. (10) we see that in addition to the thermal broadening by the Fermi
distribution we have an additional broadening by the P(E) distribution, so that in the limit of ultra-
low temperatures and low extrinsic noise the tunneling spectra is dominated by the broadening by
P(E). The measurements shown above are near this limit, which can be seen by examining both

the contributions from thermal broadening and P(E).
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The P(E) function describing the coupling to the environment can be conveniently broken

into two terms, as shown in Ref. [59] as

+oo

P(E) = Po(E) * Py(E) = f dE" Po(E — E"PY(E"), (11)

where P, describes the environmental impedance and Py describes the capacitive noise. The

function Py can be modeled as a simple gaussian to account for the thermal capacitance noise as

PN(E) =

1 I E? l (12)
—exXp|— ,
JAmEcky T P\ 2Ecks T

where the charging energy Ec = Q%/2C; and C; is the junction capacitance. One sees that the width
of Py(E) is determined by the ratio of T/C;. The distribution will become narrower for lower

temperatures and large junction capacitances. Examples of spectra showing a dependence on

junction capacitance can be seen in Refs. [17] and [43].

The second term P, can be obtained by modeling the probe tip as an antenna, and we refer
the reader to Ref. [59] for calculation details. The parameters which enter the calculation of P, are
the principle resonance frequency, w,, and damping factor «, in addition to the temperature T.

Thus, there are four parameters which determine the P(E)-function, T, C;, w,, and a.

The P(E)-function can be determined from a fit of the Josephson spectra where the current-

voltage characteristics are given by [59,74]

neE}
V) =

[P(2eV) — P(—2eV)], (13)
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where E| is the Josephson energy which can be used as a scaling parameter. Note from Eq. (13)
that the zero bias Josephson peak will not represent the overall energy resolution of the tunneling
spectrum, because the Josephson peak is given by a difference of the P(E)-functions which will
underestimate the energy resolution. From Eq. (10) the energy resolution is given by a convolution
of the P(E) function with the thermal distribution, as discussed below. Figure 31 shows a fit of
the P(E)-theory to the tunneling spectra in Fig. 26; the Josephson current [Fig. 31(a)] and
Josephson dI/dV spectra [Fig. 31(b)], with parameters T = 15 mK, C; = 11.25 fF, hw, = 17 peV,
and a = 2. We observe that the chosen resonance frequency and damping result in a nice fit of the
resonance peak positions of the data, especially seen in Fig. 31(b). The main peak width is also
well fitwith T = 15 mK and C; = 11.25 fF, but we emphasize that these values cannot be used to
uniquely determine the temperature as a fit with twice the temperature and twice the capacitance
appears to be equally good. This stems from the broadening of the P(E)-function which is
approximately AEp gy = Z.SSW [59], whose width is given by the ratio of T/C; as
mentioned above. However, our temperature sensors indicate a temperature of 10-15 mK, and a
capacitance value of 11 fF is reasonable for a tunneling probe [75,76]. We discuss a comparison
of the P(E) to the thermal broadening, after an application of the P (E)-theory to the full tunneling

spectrum.

Another application of the P(E)-theory is to fit the entire SIS spectrum using Eq. (10), as
shown in Fig. 32. Here we show that the coherence peaks appear to be intrinsically limited in width
and can no longer be a useful tool for noise estimation once the noise is below their intrinsic
broadening. Figure 32 shows three model fits to the data: 1) using the Maki model for the density
of states in Eq. (10) [60,61] and without P (E)-broadening (green line), 2) using the BCS density

of states with P(E) (red line), and 3) using the combined Maki density of states and P(E)-
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broadening (black line). The details of how good the fits are can be seen in the zoomed in plot of
the coherence peak in Fig. 32(b). The Maki model alone (green line) fails to fit the tail of the low
energy edge of the coherence peak since there is not a term to give significant broadening (recall
temperature does little broadening in SIS junctions). Similarly, using the pure BCS model for the
density of states with P(E)-broadening fails to fit both tails and overestimates the height of the
coherence peak. Finally using a combined model with the Maki density of states and P (E)-theory
gives the best fit with T = 15 mK, the pair breaking parameter { = 0.012 and the energy gap A =

182 peV.

Finally, we would like to compare the two broadening functions, P(E) due to the
electromagnetic environment and the thermal broadening due to the Fermi distribution, F(E), and
their application in future non-SIS tunneling measurements. For non-superconducting tunneling,
the P(E") function will become half the width compared to the superconductor case, since Q = e
compared to Q = 2e, respectively, and Q enters the width of the distribution via the charging
energy, as can be seen in Eq. (12). In Fig. 33 we compare these two distributions together with the

Fermi thermal broadening distribution, which can be conveniently approximated as

1

F(E) = (4k5T) cosh2(E /2kgT) "

(13)

From Fig. 33 we observe that the P(E,Q = e) is one half that of P(E,Q = 2e) with
Tewam = 10.2 peV . This is significantly broader than the thermal distribution at 15 mK with
Irwum = 4.8 neV, leading to a resulting convolution (red line in Fig. 32) with Ipyyyy = 11.5 peV,
dominated by the P(E, Q = e) function. In future non-superconducting measurements, we thus
expect to reach a resolution that is compatible with this quantum limit and our operating

temperature of 10-15 mK, since we know our external noise contribution I" to the measurement is
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less than 7-8 uV and this is less than the combined distribution of P(E,Q = e) * F(E), as shown

in Fig. 33.

VIl.  Summary and Conclusions

In this article we have described the design and construction of an instrument which
combines STM, AFM, and magnetotransport measurements together in one apparatus operating in
a dilution refrigerator at mK temperatures. The instrument allows for simultaneous measurement
modalities which span lengths scales and can correlate microscopic variables available via STM
and AFM measurements with macroscopic quantum transport measurements. With STM
measurements, we demonstrate an instrument resolving capability of less than 8 peV for tunneling
spectroscopy at an operating temperature of 10 mK, which we believe is close to the thermal and
quantum operating limits. We have shown in detail how to use SIS Josephson tunneling as a noise
detector to examine the various external contributions to the tunneling energy resolution in order

to optimize filtering and external electronics.

For force measurements, we showed how to incorporate a gPlus-based AFM in a dilution
refrigerator and demonstrate its performance operating at 10 mK and in high magnetic fields. Eddy
current damping was shown to lead to a loss in quality factor in high magnetic fields, but this is
not detrimental to obtaining high quality and very useful force measurements, particularly in
regard to quantum materials such as graphene. Future scientific frontiers will open and flourish as
more SPM instruments are developed to operate at ultra-low temperatures and incorporate even
further capabilities, such as, electron spin resonance with the STM [77]. We look forward to

continued progress and developments with scanning probe microscopy for an ever brighter future.
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Tables:

TABLE 1: Comparison of AFM performance metrics between UHV systems operating at
4 K [47] and the mK instrument described in this article. Common parameters for all cases are

A =50 pm, f, = 30 kHz, and k = 1800 N/m. For both the LT and ULT systems the detector
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noise, 6K 4et, dominates the total AFM noise. Although the deflection noise is larger for the ULT

case due to the larger AFM preamp noise level, it can be compensated by operating at a lower

bandwidth to achieve a comparable noise level (see third column).

Parameter UHV LT(By = 10 Hz) | UHV ULT (By = 10 Hz) | UHV ULT (By = 2.5 Hz)
T (K) 4.2 0.01 0.01

Q 200 000 200 000 200 000

net (uV/VHz) 0.136 1.44 1.44

n, (fm/vHz) 24 168 168

8Ky ger(MN/m) 15 10.4 1.3

8Ky ¢ (MmN /m) 0.3 0.018 0.018

8Ky osc(MN/m) 02 0.135 0.0678

8K s sy (MN/m) 15 10.4 1.3

Figure Captions:

Figure 1: Computer-aided design (CAD) model of the SPM module in an exploded view
showing the various internal components. The main housing and top compression stage of the
SPM module is constructed from molybdenum, except for the bottom electrical plug which is
fabricated from gold-plated coin silver.

Figure 2: Photo of the SPM inside the room temperature UHV chamber above the DR
showing the components outlined in Fig. 1.
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Figure 3: CAD model of (a) the sample and tip receptacle, (b) sample holder inside the
receptacle, and (c) tip holder inside the receptacle. The parts colored green in the receptacle are
made from molybdenum, as well as the dark blue sample and tip holder parts. The pink parts on
top of the receptacle are made from alumina. The light blue Allen screw housing is made from
silicon bronze. The beryllium-copper clamp spring is activated upwards/downwards (red arrow)
by turning the Allen screw using a wobble stick fitted with an Allen driver [32].

Figure 4: Photographs of (a) sample holder inside of the sample receptacle and (b) a transfer
receptacle to move samples and probes through the various UHV systems. 1 MQ surface mount
resistors are seen on top of the transfer receptacle near the end of each beryllium-copper finger
spring to ground each lead and avoid static charge buildup during transfers.

Figure 5: CAD model showing the X-Y capacitive position sensor and tip stage inside the
SPM module (note this view is upside down). The large moving electrode of the position sensor is
attached to a piece of the tip stage shown in Fig. 3(c).

Figure 6: Photograph of the dilution refrigerator [36]. New additions to the previous
instrument [10] include the cryogenic STM and AFM preamps attached to the IVC flange, press-
style heat sinks, RF powder filters, and a mechanical thermal switch, facilitating the cooling
process after loading the microscope module to the tail section.

Figure 7: Photographs of RF powder filters in various stages of construction. (a) 4 mil
polyimide coated copper wire is shown wound around epoxy-metal powder core and one end
attached to the SMP connector [38]. (b) Final central core of a plain filter is assembled with both
ends attached to SMP connectors. (c) Parts shown before potting consisting of central core, main
housing, and top cap. On the right is shown a final assembled powder filter. (d) The n-version of
the powder filter is shown in mid-construction phase. The key difference is the discoidal capacitor
(silver disk) [43] attached to the bottom of SMP connector. () Powder filters attached to an
adaptor plate on the mixing chamber showing cables attached to them via SMP connectors.

Figure 8: Transmission vs. frequency measurements of the two types of RF powder filters
measured at room temperature.

Figure 9: Schematic of the preamp electronics at the various thermal stages at 10 mK, 4 K,
and 300 K. The solid red and blue lines denote shielded twisted pair cables. The selection of
internal vs. external preamps is made by wiring the probe tip to different contacts on the tip holder.
When the internal preamp is selected the tunneling bias is applied to the tip with the sample
grounded, whereas when the external preamp is selected the bias is applied to the sample with the
tip at virtual ground.

Figure 10: Photograph of the floating cryogenic preamp consisting of the ceramic circuit
board inside a box driven at reference potential (tunnel bias), which is then contained inside
another box at cryostat ground. The preamp can be seen mounted to the IVC flange in Fig. 6.
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Figure 11: AFM preamplifier spectral noise density vs. frequency. Probe tip retracted, not
in feedback. AFM settings: oscillation amplitude 200 pm, 10 Hz PLL Bw, 48.6 Hz cutoff. T = 10
mK.

Figure 12: STM preamplifier spectral noise density vs. frequency. Probe tip retracted, not
in feedback. T = 10 mK.

Figure 13: Schematic of gPlus sensor designed for mK AFM and STM measurements.
Sensor parameters (see gPlus sensor S1.0B in Ref. [49]), length 2360 um, height 214 pm, width
127 um, force constant k = 1800 Nm, resonance frequency, f, = 33 kHz, charge per deflection
2.8 aC/pm, charge per force 1.5 aC/nN. Measured sensitivity Sy = (8.66 + 0.01) uV/pm [78].

Figure 14: (a) CAD model of tip stage with tuning fork sensor. The tuning fork sensor
(green) is epoxied to a quartz plate (red) with predefined electrode pattern for the AFM and STM
signals. A second quartz plate is used for the excitation signal. Both quartz plates are epoxied to a
molybdenum “T” insert which is screwed into the tip holder plate via 1 mm screws (not shown).
(b) Photograph of gPlus sensor and sample in the SPM module in the upper UHV chamber.

Figure 15: Sensor Q-value response changes with tightening the tip holder inside the tip
receptacle using the Allen screw activation of the beryllium-copper spring plate [see Fig. 3(a)].
Measurements made at T = 300 K in the upper UHV chamber before loading the SPM module into
the DR. This is a standard procedure which is followed.

Figure 16: (black symbols) Measured Z servo response in feedback vs AFM oscillator
amplitude drive signal. (red line) Linear fit to the data for values above 40 mV amplitude which
yields a slope value of (115.5 + 0.1) nm V! [78]. AFM feedback frequency shift setpoint -3 Hz.

Figure 17: (black symbols) Frequency shift spectral noise density vs frequency. (red line)
Linear fit to the data for values between 4 Hz and 200 Hz which vyields a slope value of
(2.48 +0.02) x 103 Hz /2 [78]. AFM settings: oscillation amplitude 97 pm, 1 kHz PLL Buw,
6.23 kHz cutoff.

Figure 18: Noise spectral density vs. sensor quality factor Q from the three main noise
sources in the AFM measurement comprising the detector noise 6K 4et, the oscillator noise
OKis 0se; and the thermal noise 8K, and their sum 8kissum- The noise is shown for two
bandwidths (dashed line) Bw =10 Hz, and (solid line) Bw = 2.5 Hz. The thermal noise is calculated
for a temperature of T = 15 mK.

Figure 19: AFM gPlus sensor response in high magnetic fields. (a) Amplitude vs. frequency
for field values ranging from O T to 7 T, (b) (symbols) shift in amplitude peak center frequency
vs. magnetic field, (line) linear fit with a slope value of (0.025 + 0.002) Hz T™* [78], (c) Q factor
vs. magnetic field B, and (d) (symbols) 1/Q vs B2 showing a linear relationship with a linear fit
(line) with a slope value of (9.52 + 0.09) x 107 T2 [78].
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Figure 20: Simultaneous AFM and STM imaging at 10 mK. (a) AFM topographic signal.
AFM setpoints: oscillation amplitude 300 pm, frequency setpoint -3.5 Hz, sample bias -18 mV.
(b) STM current signal obtained simultaneously with (a). (c) Atomic resolution AFM image of the
Al(111) surface. AFM parameters: oscillation amplitude 500 pm, frequency shift setpoint -33 Hz,
sample bias 10 mV.

Figure 21: Graphene heterostructure device in Hall bar geometry. (a) Photograph of the
device. Various hBN crystal layers are seen in turquoise color along with six electrodes including
the landing pad guiding runway. (b) A zoomed in portion of the Hall bar device showing the
contacts along with a schematic of the reactive ion-etched graphene layer (grey). Four 1 pm x 1
pum AFM images are shown near the graphene/hBN boundaries, the top two (i) and (ii) are constant
height AFM images, oscillation amplitude 2 nm, sample bias 300 mV, gate voltage -40 V, and the
bottom two (iii) and (iv) are constant frequency shift images, oscillation amplitude 2 nm, frequency
shift setpoint -40 mHz, sample bias 100 mV. The scan speeds were (i) 250 nm/s, (ii) 180 nm/s,
and 60 nm/s for both (iii) and (iv). In both cases a strong contrast is obtained between the graphene
and hBN regions which can be used to obtain STM images right up to the conducting edges to
measure edge state electronic structure. (c) Scan of the graphene surface in STM feedback. STM
settings for large scan, I, = 10 pA, Vg = 300 mV, for small scan in inset, I, = 20 pA, Vg =
500 mV.

Figure 22: Hall resistance vs. back gate voltage and magnetic field measured across
terminals 1 and 4 when applying the current between terminals 5 and 6 in Fig. 21. The conductance
shows the expected plateaus at the various filling factors, v, for the graphene quantum Hall effect.

Figure 23: Scanning tunneling spectroscopy dI/dV map vs. sample bias and back gate
voltage at B = 4 T obtained on the graphene Hall bar in Fig. 21. For a fixed gate voltage, Landau
levels are seen as a series of peaks in the dl/dV measurements. Diamonds appear the Fermi level
(zero bias) at gate values corresponding to integer filling factor due to the bulk of the sample going
into a Hall insulator, thereby creating a voltage divider between the vacuum tunnel junction and
the graphene sample. STM settings: I = 200 pA, Vg =300 mV, Vg =360 uV, f g =
334 Hz. T=10mK.

Figure 24: (symbols) dI/dV tunneling spectra of an aluminum sample and 0.25 mm
diameter iridium probe tip at a sample temperature of T = 10 mK prior to the improvements
described in this paper. Tunneling conditions: current setpoint I, = 200 pA, sample bias Vg =
1 mV, modulation voltage, V,,,q4 = 10 uV, modulation frequency, f,,,q = 141 Hz. (line) Best fit to
the Maki equations with an effective temperature of Te = 230 mK, an energy gap of A=
(180.6 £+ 0.6) peV, and a deparing parameter of { = (0.029 + 0.001). The effective temperature
in the fit corresponds to a voltage noise broadening of = 3.5kgT = 70 peV. The aluminum sample
was grown in-situ using molecular beam epitaxy from a source onto a graphene/SiC substrate. The
aluminum film thickness was nominally 100 nm.
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Figure 25: dI/dV tunneling spectra of an aluminum sample and a 0.8 mm diameter
aluminum probe tip at a sample temperature of T = 10 mK. Tunneling conditions: I, = 5 nA,
VB =2 mV, Vmod =1.5 uV, fmod =112 Hz.

Figure 26: Josephson tunneling of an aluminum sample and tip in the low bias tunneling
range. (a) Current vs. sample bias showing a valley-to-peak transition width of = 11 uV along with
oscillations between +(15-20)uV. (b) dI/dV vs. sample bias showing ;oo = 10.6 uV, lpwum =
7.6 1V of the zero bias Josephson peak. Tunneling conditions: I, = 5nA, Vg =2 mV, V,,,q =
1.5V, f0q = 112 Hz.

Figure 27: dl/dV tunneling spectra of an aluminum sample and tip as a function of tunneling
impedance. (a) Large voltage range spectra. (b) Zoomed in range covering the left coherence peak.
The coherence peak is observed to decrease in peak height and broadened with a decrease in tunnel
junction impedance. Tunneling conditions: Vg = 1.5mV, V,.,q=15uV, f,,q =112 Hz.
Tunneling currents for impedances 300 kQ to 10 MQ: 5 nA, 1.5 nA, 0.5 nA, and 0.15 nA.

Figure 28: dI/dV tunneling spectra of an aluminum sample and tip as a function of external
transimpedance preamplifier. (a) Large voltage range spectra. Tunneling conditions: I =
500 pA, Vg =1.5mV, Vg = 1.5 uV, f,,q = 112 Hz. (c) Zoomed in range from (a) covering the
coherence peak at negative sample bias. (c) Zoomed in range covering the zero bias Josephson
peak. Tunneling conditions: I, = 5nA, Vg =1.5mV, V,,q =1.5uV, f,,q =112 Hz. The
various preamplifiers contribute different amounts of noise to the tunneling junction. Preamplifier
“A” NF SA-606F2 [60] yields I'zero = 10.6 uV, Tgwum = 7.9 uV, “B” FEMTO DLPCS-100 [61]
[Zero = 43 W, lpwuMm = 25 pV and “C” DL 1211 [65] [zero = 53 UV, Tgwam = 36 UV.

Figure 29: di/dV tunneling spectra of an aluminum sample and tip as a function of external
RF filters on the sample bias input line. Tunneling conditions: I, = 5nA, Vg =2 mV, V.4 =
1.5 uV, f,,q = 112 Hz. The different filters reject different amounts of noise which can be
measured by the zero crossing and FWHM of the Josephson peak. Filter A: Tzep0 =
10.6 uV, Tgwnam = 7.8 WV,  Filter B: Tzero = 13 UV, Tgwum = 8.8 nV, Filter C: Tyepo =
14 uV, Tpwum = 9.3 uV, Filter D:  Tzero = 45 WV, Tpwam = 28 uV, Filter E: Tyepo =
53 uV, lewnm = 36 UV.

Figure 30: dlI/dV tunneling spectra of an aluminum sample and tip of the right coherence
peak with the piezo-motor port on the UHV (brown) connected to the piezo-motor controller and
(red) grounded to the cryostat. Tunneling conditions: I, = 500 pA, Vg =2 mV, V.4 = 12 uV,
fnoda = 112 Hz.

Figure 31: Josephson tunneling measurements (symbols) of an aluminum sample and tip
in the low bias tunneling range with fits to P(E)-theory (line) for the measurements of (a) current
vs sample bias, and (b) dI/dV vs sample bias. Tunneling setpoints: I, = 5nA, Vg = 2 mV, V,0q =
1.5V, f0q4 = 112 Hz.
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Figure 32: dl/dV tunneling spectra of an aluminum sample and tip with fits to various
models. (a) Large bias range spectra; tunneling conditions: I, = 150 pA, Vg = 1.5mV, V.4 =
1.5 uV, f0oq = 112 Hz. (b) Zoomed in region of left coherence peak. Parameters used for the
calculations are: Maki model, T = 15 mK, ¢ = 0.017, A= 185 peV; P(E) model, T = 15 mK,
C; =11.25fF, wo =17 peV; combined Maki-P(E) model, T=15mK, ¢=0.012, A=
182 peV, C; = 11.25fF, wy = 17 peV. See main text for discussion.

Figure 33: A comparison of probability distributions for P(E) and temperature. The P(E)
distribution for single charge Q = e is half the width than for Cooper pairs, Q = 2e. The
convolution of P(E) and the temperature distribution will give the ultimate energy resolution for
tunneling, which is shown to be = 11.5 peV at T = 15 mK, which is within our ability to resolve
with the current noise level of the instrument, which is below 8 pV. Parameters for P(E) model,
T = 15 mK, G = 11.25fF, wy = 17 peV.
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