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ABSTRACT

We developed a new scheme for cryogen-free cooling down to sub-3 K temperature range and ultra-low vibration level. An ultra-high-
vacuum cryogen-free scanning probe microscope (SPM) system was built based on the new scheme. Instead of mounting a below-decoupled
cryocooler directly onto the system, the new design was realized by integrating a Gifford-McMahon cryocooler into a separate liquefying
chamber, providing two-stage heat exchangers in a remote way. About 10 L of helium gas inside the gas handling system was cooled, liquefied
in the liquefying chamber, and then transferred to a continuous-flow cryostat on the SPM chamber through an ~2 m flexible helium transfer
line. The exhausted helium gas from the continuous-flow cryostat was then returned to the liquefying chamber for reliquefaction. A base
temperature of ~2.84 K at the scanner sample stage and a temperature fluctuation of almost within +0.1 mK at 4 K were achieved. The
cooling curves, tunneling current noise, variable-temperature test, scanning tunneling microscopy and non-contact atomic force microscopy
imaging, and first and second derivatives of I(V) spectra are characterized to verify that the performance of our cryogen-free SPM system
is comparable to the bath cryostat-based low-temperature SPM system. This remote liquefaction close-cycle scheme shows conveniency to
upgrade the existing bath cryostat-based SPM system, upgradeability of realizing even lower temperature down to sub-1 K range, and great
compatibility of other physical environments, such as high magnetic field and optical accesses. We believe that the new scheme could also
pave a way for other cryogenic applications requiring low temperature but sensitive to vibration.
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I. INTRODUCTION

As essential tools in the field of condensed matter physics
and surface science, the scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) enable researchers to image the
atomic structure,’ manipulate even a single atom,” and perform
scanning tunneling spectroscopy (STS, dI/dV vs V)° and inelastic
electron tunneling spectroscopy (IETS, d*I/dV* vs V) in atomic

scale. On the basis of STM and AFM techniques, the scanning probe
microscope (SPM) family was derived and developed.”

The low-temperature (LT) operations of SPMs signifi-
cantly reduce the thermal drift, thermally induced noise, piezo-
nonlinearities, and piezo-hysteresis.® That would give the SPM
system a fundamental feasibility and stability in imaging, atom
manipulation, and tunneling spectroscopy acquisition. More impor-
tantly, many physical properties, such as superconductivity,” Kondo
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effect,'’ and Majorana fermions,'! are restricted to the LT environ-

ment. Until now, most of the LT-SPMs adopted the bath®>%1213
or continuous-flow cryostats'*'” to achieve ~4 K by liquid helium-
4 (*He) for optimal performance in achieving low noise levels.
In some other research fields, a helium-3 (*He) refrigerator'® or
a *He/*He dilution refrigerator'”'? has been used to attain much
lower temperature down to mK level.

Compared with the scheme of bath cryostat, the continuous-
flow cryostat embodies many features, such as smaller volume, faster
cooling rate, and feasibility in assembly, which has been proven to
be a great success in the SPM field.”'*"" However, working at LT
environment by the continuous-flow cryostat consumes much more
liquid *He than the bath cryostat under the same cooling power.
Therefore, most LT SPM systems adopt bath cryostats, in which the
holding time can be a few days by just several L of liquid *He. How-
ever, these cryogenic instruments mentioned above heavily rely on
liquid *He for cooling or precooling, which have been experienc-
ing a price boom in recent decades. This situation now threatens
the availability of the *He-based cryostats,”’ making the cryogen-free
technology a promising way of coping with the *He resource short-
age. In applications with a cryogen-free scheme, cryocoolers, such as
Gifford-McMahon (GM) or pulse tube (PT) cryocoolers, are used to
(pre-)cool the system to ~4 K or a lower temperature.”’

These years, commercial GM’"** or PT** cryocoolers were also
implemented in SPM systems due to the *He resource issue. How-
ever, the vibration oriented from the cryocoolers (ym level) severely
disturbs the performance of the SPM system. Therefore, isolating
the intrinsic vibration of the cryocooler from the tunneling junction
should be paid much more attention. In these published cryogen-
free SPM systems,”’ ** the cold head of the cryocoolers was top
loaded above the SPM chamber and fixed on the strong support-
ing frame, which is tightly fixed on the ground. Bellows (rubber
or stainless steel) act as vibration isolators, and the space inside
the bellows is filled with a certain amount of *He gas for heat
exchange. Rubber bellows have effective vibration isolation but a
more significant permeability than stainless steel (SS) bellows, which
reduces the reliability due to the freezing of the permeating gas.
Meanwhile, when baking the SPM chamber, the cryocooler must
be disassembled from the SPM chamber because the cryocooler
cannot endure a higher temperature than 60 °C. In addition, with
only “He gas being the heat exchanging medium, these cryostats
merely achieved a base temperature of 9-15 K, which is not low
enough for high-resolution tunneling spectroscopy and studying
some temperature driven phenomena. UNISOKU Co., Ltd. devel-
oped a cryogen-free, PT cryocooler-based SPM, where both polyte-
trafluoroethylene (PTFE) and SS bellows are adopted in their design
to achieve low permeability. They can obtain near-5 K temperature
by liquefying the *He gas. To deal with the gas pressure fluctuation,
they developed a programmatically controlled gas-handling system
to automatically balance the gas pressure.”* Recently, researchers
from Fudan University have built a cryogen-free variable tempera-
ture SPM system based on a PT cryocooler in a similar configuration
as above and the base temperature can be as low as 1.4 K with the
help of a 1 K-pot above the scanner.”” To maintain 0.5 L liquid
"He, a large tank containing at least several hundred L of *He gas
is adopted in their gas handling system. Therefore, the liquefaction
of *He gas brought complexity and release risk to the cryogen-free
systems.
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In these existing cryogen-free SPM systems, the cryocooler was
directly top-loaded near the SPM core component due to the assem-
bly limitation of the cryocoolers. It seems easier to achieve better
cooling performance; nevertheless, several shortcomings are also
present as follows:

(1) The mechanical coupling between the cryocooler and the
SPM is still strong, causing the noise level in a relatively high
state.

(2) The physically assembled cryocooler close to the SPM mod-
ule can only be installed vertically, which affects the expansi-
bility of SPM functions, such as adding optical channels and
magnetic fields, and baking operation for achieving ultra-
high-vacuum (UHV). The magnetic fields will degrade the
performance of the cryocooler, and high temperature will
damage the cryocooler due to the presence of rare earth
materials inside.

(3) To achieve a good vibration isolation effect, one or more
independent fixed rigid frames are required to install the
cryocooler and bellows. The independent frames take up a
lot of space, affect the operation of the system, and are not
convenient for the system to move.

(4) With only “He gas as the heat exchange medium, the base
temperature can only reach ~10 K, which limits the further
development of *He refrigerators to reach the sub-K tem-
perature range following the present cryogen-free way for
precooling. The way of liquefying *He gas requires a large
amount of gas, and there may be a case of helium release,
which greatly increases the operational complexity of the
system.

(5) The present systems show high integration but poor upgrad-
ability since it is difficult to upgrade the bath cryostat-based
SPM system by the reported cryogen-free schemes.

In this paper, we developed a UHV-LT-SPM system integrat-
ing a continuous-flow cryostat-based SPM subsystem and a novel
GM cryocooler-based cryogen-free helium supply subsystem. The
two subsystems are connected by a liquid *He transfer line and a
*He gas return line of the gas handling system, which is filled with
~10 L helium gas in total. The GM cryocooler is assembled on a
separate liquefying chamber and supported by specially SS bellows
for vibration damping, where the *He gas is cooled by two-stage
heat exchangers of the GM cryocooler cold head and further lig-
uefied by throttling expansion. The liquid *He is transferred to the
continuous-flow cryostat on the top of the SPM chamber through
a long flexible liquid “He transfer line. Furthermore, an ~2.84 K
base temperature at the scanner sample stage could be achieved by
precisely adjusting the needle valve on the liquefying chamber. The
pressure inside the circulation pipeline is automatically balanced
by the edge welded SS bellow tank with the help of atmospheric
pressure. The exhausted gas would be returned to the liquefying
chamber through the return line. Consequently, an ultra-low vibra-
tion level can be obtained due to the remote cooling configuration.
The performance of this cryogen-free SPM was demonstrated by
cooling performance, noise spectrum, variable-temperature tests,
SPM imaging, and STS and inelastic electron tunneling spectroscopy
(IETS) measurements. These results show that our cryogen-free
SPM system is comparable to conventional liquid *He-based SPM
systems in terms of base temperature, stability, and data quality.
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Il. SYSTEM OVERVIEW

The developed cryogen-free SPM system mainly comprises
two relatively independent subsystems: a continuous-flow cryostat-
based SPM subsystem and a GM cryocooler-based cryogen-free
helium supply subsystem. In this section, we will present the design
of each part and the operation of the whole system.

A. SPM subsystem

The SPM subsystem comprises two chambers: an SPM cham-
ber and a load-lock chamber, as shown in Fig. 1(a). A long transfer
rod with six docking positions for sample holders and probe hold-
ers is mounted on the load-lock chamber and is used to transfer
the holders between the two chambers, where there is another dock
with six docking positions in the SPM chamber. A custom-designed
annealing stage is integrated in the SPM chamber for in situ sample
preparation, where the samples can be heated resistively or by the
electron beam. An ion source (ACME IS 100-A) for Ar sputtering
is assembled in the SPM chamber with a focus on the sample posi-
tion of the annealing stage. A resistive heating evaporator (ACME
RHE35A) is also assembled for NaCl deposition. The wobble stick
in the SPM chamber can be used to transfer samples or probe hold-
ers. Both chambers are fixed on a bench frame supported by the
pneumatic table to isolate the vibrations from the ground.

A continuous-flow cryostat (ARS LT3B) is mounted on the
top flange (DN250CF) of the SPM chamber providing a cold head
(<4 K) cooled by liquid *He and a cold shielding stage (tens of
K) cooled by exhausting *He from the cold head. Correspondingly,
two layers of thermal shields, namely inner shield and outer shield,
are tightly fitted with the cold head and cold shielding stage of the
continuous-flow cryostat, respectively. The top of the two layers of
thermal shields are the gold coated copper plates (namely inner and
outer shield Cu plates), and the rest of thermal shields are made of
silver coated aluminum. The scanner is assembled inside the inner
shield, as shown in the right part of Fig. 1(b). Our SPM scanner,
an improved version based on Pan’s design, is mainly composed of
three parts: the unibody frame, the probe-approach module, and
the sample stage, the detailed design of which has been reported
in Ref. 12. In addition, two 75 Q thin film resistors for variable-
temperature measurements are installed on the scanner body. The Si
diodes (DT670) are used to measure temperature at the continuous-
flow cryostat cold head, the outer shield Cu plate, and the second
cold stage of the GM cryocooler cold head. The fourth Si diode (cal-
ibrated Si410A) is directly attached to the back of the sample stage
by silver conductive epoxy (EPO-TEK). The scanner is suspended
by three springs with a calculated nature frequency of ~1.89 Hz. The
vibrations in both lateral and vertical directions are further damped
by eight SmCo magnets installed around the scanner on the bottom
of the inner shield [Fig. 1(b)]. Several spiral copper braids link the
inner shield Cu plate, scanner body, and sample stage to reduce the
temperature gradient between them. Mechanically cut Pt-Ir probes
are used for STM and STS measurements in this study. As for the
non-contact AFM (NC-AFM) imaging, a 25 ym W wire is attached
to the tuning fork (Nanosurf) and is electrochemically etched before
use.

The signals transmitted from the scanner to the feedthroughs in
the UHV chamber, such as high voltages for coarse motion and scan-
ner, current for the heater, and IV signals of the temperature sensor,
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use twisted-pair manganin wires, which are thermally anchored both
in the inner and in the outer shield Cu plates. As for the tunneling
current (I;), bias voltage (V},), and NC-AFM signals, SS coaxial wires
are used between feedthroughs and the inner shield Cu plate and
then switched to Ag-plated alloy wires connecting to the terminals.
To reduce crosstalk between sensitive signals, the wires for I, Vy,
and NC-AFM signals are separated by at least 1 cm.

A 300 L/s turbo pump (Edwards nEXT300D) with a rotary
pump as pre-stage can be used to pump the load-lock chamber,
SPM chamber, or gas pipes between the leak valve and gas cylinders
depending on the on-off status of the in-between valves. The base
pressure of the load-lock chamber can be lower than 2 x 107 mbar.
As for the SPM chamber, a base pressure of <2 x 107'° mbar can
be obtained and maintained by an ion getter pump (Agilent Var-
ian Vaclon Plus 300 StarCell Combination Pump) together with
an attached titanium sublimation pump (TSP). Two leak valves are
mounted independently on the ports in the SPM chamber for dosing
Ar gas and CO gas, respectively. There is also a gate valve between
the ion getter pump and the SPM chamber, which can be closed
when dosing Ar gas for sputtering or venting the chamber for repair.

The control electronics are composed of a commercial current
preamplifier (Femto DLPCA-200, 10° V/A), an LT charge amplifier
(CREATEC) and a Nanonis SPM controller with a lock-in module
(SPECS GmbH, Germany). The cooling curves of the temperature
sensors in this paper can be recorded by the Lakeshore 336 and Java-
based chart recorder software.

B. Cryogen-free helium supply subsystem

The cryogen-free helium supply subsystem is mainly composed
of two closed “He circulation loops, as shown in Fig. 1(b). The first
one is the “He circulation loop of the GM cryocooler (Sumitomo
SRDK-415) and a helium compressor (Sumitomo F-50) connected
by two helium transfer tubes. The GM cold head has two cold stages
providing two corresponding heat exchangers (first and second) for
the main *He circulation loop in our cryogen-free scheme, which
connects the SPM subsystem and helium supply subsystem. The cir-
culation pump built into the gas handling system (GHS) drives the
main *He circulation loop. In this paper, the *He circulation loop
is referred to this main circulation loop of the gas handling system.
Inside the main circulation loop, “He gas exchanges heat with the
first and second heat exchangers anchored on the GM cold head.
After sufficient heat exchanging, the temperature of circulated *He
can be reduced below 8 K and further liquefied through the throt-
tling process with the needle valve. The cooled *He gas or liquid *He
is introduced into the continuous-flow cryostat on the SPM chamber
through a highly efficient liquid helium transfer line (length: ~2 m),
and heat exchange is carried out within the continuous-flow cryo-
stat. Then, the exhausted *He gas flows out of the continuous-flow
cryostat through the return line and is again injected into the first
and second heat exchangers within the liquefying chamber by the
circulation pump (Edwards nXDS15i) to start a new cycle process. A
faster cooling process can be realized by a circulation pump with a
larger pumping speed.

As aresult of the displacer motion in the GM cryocooler, vibra-
tion at the second cold stage of the GM cold head is on the order of
10 ym. However, since the resolution of SPM in the Z direction is on
the order of 10 pm range, the total vibration noise transferred to the
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FIG. 1. 3D model and working schematic of the cryogen-free SPM system. (a) Isometric view of the entire cryogen-free SPM system. (b) Schematic showing the circulation
of the cryogen-free SPM system. The figure is not drawn to scale. The inset sheet on the left shows some abbreviations of several valves and pressure gauges.
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SPM tunneling junction should be limited to the pm range. There-
fore, specially designed vibration isolation should be adopted for
the GM cryocooler. In our scheme, the GM cryocooler is mounted
on the liquefying chamber and levitated by three vibration isolation
bellows. To achieve the optimal vibration isolation effect, the three
bellows are designed in a pressure-balanced manner, which basi-
cally maintains the natural length of the bellows while supporting the
GM cryocooler. As a result, when the cryocooler is in operation, the
vibration transfer from the levitated cryocooler to the continuous-
flow cryostat is effectively damped by the balanced SS bellows, which
are nearly natural in terms of stress.

The GHS plays a crucial role in the main circulation of *He
and cooling and maintenance of the cryogen-free system. Vacuum
evacuation valve V1 is connected to the liquefying chamber of the
GM cryocooler. An external pump set of a rotary pump and a turbo
pump is used to vacuumize the liquefying chamber before and dur-
ing the cooling-down process. The whole gas circulation pipeline can
be vacuumized through vacuum evacuation valve V2 to remove the
internal residual gas to prevent its freezing and resulting block of
the gas circulation pipeline. As mentioned, the circulation pump, the
power source of the GHS, drives the circulation of *He in the main
circulation loop. The flowmeter and pressure gauge G1 monitor the
helium flow and pressure of the circulation loop in real time, respec-
tively. The *He gas is supplemented and recycled to the helium tank
by injection bypass V3 and pumping bypass V4, respectively. V5 is
the valve at the outlet of the helium tank, and pressure gauge G2
monitors the tank pressure. The helium tank is made of edge-welded
SS bellows, which can automatically balance the pressure in the gas
circulation pipeline (monitored by G1) close to 1 atm. When the ‘He
gas is insufficient (excess), the gas can be injected into (ejected from)
the tank through charge valve V6. V7 is the inlet of circulating gas
at the GM cryocooler, which is connected to the outlet of the LT3B
cryostat by the *He gas return line.

C. System operation

During the pumping down process of the cryocooler vacuum
chamber and the gas circulation pipeline, V1-V4, V7, and the needle
valve are fully open, and the circulation pump is kept on. After vac-
uum of the gas circulation pipeline reaches the order of 107° mbar,
V2-V3are closed and V5 is opened to fill the gas circulation pipeline
with *He gas. The cold trap filled with liquid nitrogen is used to
purify the circulating *“He gas. When the pressure indicated by G2
on the helium tank is a little higher than 0 psi, V4 and V5 are
closed. After that, the water chiller is turned on, and then, the helium
compressor is started to cool down the GM cold head. During the
cooling down process, the gas pressure within the gas circulation
pipeline may be lowered due to partial liquefaction. Consequently,
V3 and V5 are opened to automatically balance the pipeline pres-
sure near 1 atm with the help of the edge welded SS helium
tank.

Until the scanner sample stage reaches ~10 K, the needle valve
is turned down to the status of about one third circle opening and
the scanner is unclamped by adjusting the clamping mechanism to
remove the direct contact with the two layers of the thermal shields.
The scanner temperature could be finally lower than 3 K, and then,
the cooling process is relatively slow. Finally, the scanner can achieve
a minimal temperature drift by controlling the temperature with the
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help of two 75 Q heaters and proportional-integral-derivative (PID)
control using the temperature controller.

All operations regarding the SPM system, such as sample and
probe transfer, clamping and unclamping, and shield opening and
closing, can be realized with the wobble stick in the SPM chamber.
The rotary pump and turbo pump in the SPM system are used to
pump the SPM chamber when sputtering, annealing, and evaporat-
ing are carried out. During SPM measurements, only an ion getter
pump is used to maintain vacuum of the SPM chamber.

When the circulation needs to be paused or stopped, by clos-
ing V7, opening V3 and V5, and fully tuning on the needle valve,
the *He gas in the main gas circulation pipeline can be pumped
back into the helium tank by the circulation pump. After the indica-
tion of G2 is stable, V5 can be closed. Then, the helium compressor
and water chiller could be shut down if needed. The heaters on the
scanner, continuous-flow cryostat, and GM cold head can all be
used to accelerate the warming process. Until the temperature of
the continuous-flow cryostat and cold head of the GM cryocooler
increases to room temperature, the liquid *He transfer line and *He
return line can be disassembled from the SPM system.

I1l. PERFORMANCE

To demonstrate the performance of our cryogen-free SPM
system, we carried out cooling-down tests, power spectral density
(PSD) measurements of the tunneling current vs frequency, SPM
imaging, and tunneling spectroscopy measurements.

A. Cooling performance

One of the advantages of this design is that the system could
work in two modes: the continuous-flow mode and the cryogen-free
mode. We can use either liquid nitrogen or liquid *He for conve-
nient and fast cooling from room temperature. For comparison, we
first characterized the performance of the SPM system in the contin-
uous mode with a liquid *He tank and a liquid *He transfer line. It
takes about 6 and 12 h for the sample stage to reach <10 Kand <5 K,
respectively [Fig. 2(a)]. As in the case of cryogen-free mode, follow-
ing the procedure described in Sec. II C, the scanner sample stage
temperature can be below 10 K within less than 6 h. Then, by adjust-
ing the needle valve and unclamping the scanner, the temperature
can be rapidly reduced. It takes ~6.04 h for the scanner sample stage
to reach temperature <4 K and ~8.60 h to be lower than 3 K from
room temperature, as shown in the inset of Fig. 2(b). After addi-
tional 12 h, the final base temperature of ~2.84 K can be obtained
as indicated in the inset of Fig. 2(b). In this case, the final tempera-
ture difference between the continuous-flow cryostat cold head and
the sample stage is within 0.1 K due to the copper braids connecting
them. We believe that the final base temperature could be further
reduced by the optimization of thermal design to realize lower ther-
mal loads, integration of cryocooler with a higher cooling power,
and adoption of a wider circulation pipeline and a higher pumping-
speed circulation pump. However, the noise level could be degraded
in these cases, and further testing and optimization are needed.

The faster cooling and lower base temperature in the cryogen-
free mode than in the continuous-flow mode can be attributed to
the circulation pump and the throttle effect by the needle valve.
Here, the needle valve function acts as a cryogenic variable flow
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FIG. 2. Cooling performance and temperature stability of the cryogen-free SPM system. (a) Cooling down curves of continuous-flow cryostat cold head and scanner sample
stage in the continuous-flow mode by a liquid “He tank. (b) Cooling down curves of cryostat cold head, scanner sample stage, second cold stage of the GM cryocooler, and
outer shield Cu plate in the cryogen-free mode. The sample stage takes about 6 h to reach the temperature below 4 K and 8.6 h to be lower than 3 K. The base temperature
of the scanner sample stage can be ~2.84 K. (c) Temperature variation after loading a room-temperature sample holder. It takes ~0.5 h to return to the original level. (d)
Temperature histogram of the sample inside the SPM scanner controlled to stabilize at 4 K with the resistive heaters attached to the scanner body for three days. The
histogram indicates that ~99.1% of the statistical temperature is within £0.1 mK variation.

impedance, which can restrict helium flow and generate a proper
pressure for efficient helium condensation. After fully precooling,
the cold helium gas expands adiabatically by an external pump,
and the helium cools thanks to the Joule-Thomson cooling effect.
Therefore, the temperature becomes lower in the cryogen-free
mode.

When exchanging sample or probe holders, the scanner should
be clamped and the door on the two layers of the thermal shield
should be opened, which results in a rapid temperature increase to
~28 K [Fig. 2(c)]. After closing the door, it takes half an hour for the
scanner sample stage to return to a relatively low temperature level
(below 3.7 K).

Since long-term temperature stability plays a vital role in SPM
experiments, it is of importance to stabilize the base temperature. In
our system, the 75 Q heaters attached to the scanner body together
with the temperature controller can be used to control the sample
temperature by the PID algorithm. Figure 2(d) shows the statics of
the temperature recorded over three days, indicating that a temper-
ature fluctuation at 4 K is mainly within 0.1 mK, while only 0.90%
of data show +0.2 mK fluctuation.

B. PSD measurement

The continuous-flow cryostat-based SPM showed low vibration
noise and has been proved to be a success in SPM imaging and STS

and IETS experiments at a single molecule level."”***" In compari-
son, we replaced the liquid *He tank in the continuous-flow mode

with a cryogen-free helium supply subsystem instead, providing lig-
uid “He for the continuous-flow cryostat in the SPM chamber. To
demonstrate the vibration isolation effect in both continuous-flow
and cryogen-free modes, we showed the PSD of the tunneling cur-
rent signals, which directly reflects the stability of the probe-sample
junction. Figure 3(a) shows the PSD curves of the tunneling current
in the continuous mode as a function of frequency up to 1000 Hz
with the probe retracted and tunneling with feedback on and off.
In the withdrawn state, the basic noise is lower than 10 fA/Hz"* in
the full spectrum range. When the probe is engaged in the tunnel-
ing state with feedback on, the PSD level arises due to the tunneling
current. When the feedback loop is turned off, the tunneling cur-
rent is more sensitive to any changes, such as fluctuations of the
probe-sample distance, and reaches a relatively higher state, espe-
cially in the low frequency range. However, even in the feedback off
state, the noise is lower than 1 pA/Hz"?, indicating a considerably
low noise level. The broad peak in the range from 3 to 10 Hz can
be attributed to the pneumatic table, and the peak near 20 Hz may
come from the spiral copper braids.

Then, we switch to the cryogen-free mode, the PSD results of
which are shown in Fig. 3(b). In the case of probe retraction with GM
on and off, the noise level is nearly the same and the noise baseline
of both cases is between 1 and 10 fA/Hz!?, indicating a compar-
atively low level. As for the tunneling states with feedback on and
off, the noise levels are slightly higher than the tunneling cases in
the continuous-flow mode, which can be attributed to the participa-
tion of the circulation pump and GM cryocooler. Nevertheless, the
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FIG. 3. Characterization of the noise spectrum by the power spectral density (PSD)
of the tunneling current signals in (a) continuous-flow and (b) cryogen-free modes.
These spectra are averaged with 300 continuously recorded curves. Tunneling
conditions: tunneling current set point 100 pA, sample bias —100 mV, and sample
Au(111).

absence of any peak in the range of 1-2 Hz (operating frequency
of GM cryocooler) and the rareness of PSD intensity higher than
1 pA/Hz"? indicate effective vibration isolation from the GM cry-
ocooler. According to the results above, the vibration from the GM
cryocooler and the lab environment has effectively been damped,
laying a foundation for high-quality SPM imaging and tunneling
spectroscopy measurement.

C. STM and STS performance

The performance of our cryogen-free SPM system in terms
of STM and STS is acquired on Au(111) and Ag(110) substrates,
prepared by repetitive Ar sputtering and annealing. Figures 4(a)
and 4(e) show the large-area STM images of Au(111) and Ag(110)
surfaces at 4 K, respectively, where herringbone reconstruction of
Au(111) and terraces of Ag(110) can be clearly seen. The atomic-
resolved STM images of Au(111) and Ag(110) surfaces are demon-
strated in Figs. 4(b) and 4(f), while atom corrugations indicated
by the line profiles along the red lines are shown in Figs. 4(c) and
4(g), respectively. Accordingly, the height noise along the Z direc-
tion is lower than 1 pm. Figure 4(d) shows the STS result of the
face-centered cubic (FCC) and hexagonal close-packed (HCP) posi-
tions on the Au(111) surface, and Fig. 4(h) displays the STS spectra
on the flat area of the Ag(110) surface, consistent with the reported
results.””"

As a key indicator of the SPM system, the minimum tunnel-
ing current for STM imaging also reflects the noise level of both the
instrument and the equipped electronics. Figures 5(a)-5(f) show the
STM images of Au(111) surface obtained with V}, = -1 V and the
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FIG. 4. Characterization of the STM performance by the imaging and tunneling
spectroscopy on Au(111) and Ag(110) substrates. (a) Herringbone reconstruction
of the Au(111) surface. Iy = 100 pA and V, = —1 V. (b) Atomic resolution of the
Au(111) surface. |y = 112.3 pA and V}, = 1 V. (c) Line profile of the Au atoms along
the red line shown in (b). (d) Single-pass dl/dV spectra at the FCC and HCP sites
of the Au(111) surface. The STM feedback is turned off during the dI/dV spectra
process with a gap set at 500 pA/—180 mV. The dwell time per point is 55 ms, and
the bias modulation is set as 1 mVrms@425.36 Hz. (e) Large-area STM image
of the Ag(110) surface. |y = —641.7 pA and V, = —2 V. (f) Atomic-resolved STM
image of the Ag(110) surface. |; = 5 nA and V}, = —50 mV. (g) Line profile of the Ag
atoms along the red line shown in (f). (h) The dl/dV spectra at the Ag(110) surface.
The gap is set at 577.3 pA/-2 V before turning off the feedback. The dwell time
per point is 170 ms, and the bias modulation is set as 4 mVrms@407.806 Hz.

tunneling current set at 5.0, 3.0, 2.0, 1.5, 1.0, and 0.8 pA, respec-
tively, by an external preamplifier at 10° V/A gain. As can be seen
in Fig. 5, the image resolution decays as the tunneling current is
reduced gradually and a stable tunneling junction cannot be formed
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FIG. 5. Minimum tunneling current measurement for STM imaging. STM images
of Au(111) are obtained with —1 V bias and the tunneling current set at 5.0 pA (a),
3.0 pA (b), 2.0 pA (c), 1.5 pA (d), 1.0 pA (e), and 0.8 pA (f).

at a lower current set point than 0.8 pA. Consequently, we can con-
clude that the minimum scanning tunneling current is lower than 1
PA, comparable to the SPM system with a bath cryostat.

To demonstrate the thermal stability of the SPM, we carried out
a thermal drift test at 4 K. The average thermal drift of the scanner
in lateral and vertical directions is ~10 and ~5 pm/h, respectively,
which is tested by a continuous scanning of 16 h at a fixed area on
the Au(111) sample with I; = 100 pA and V}, = —100 mV.

As is known, many material systems exhibit different exotic
physical properties in different temperature ranges. Therefore, it is
of vital importance to carry out variable temperature experiments.
Figure 6 shows the results of variable-temperature tests from 3.5
to 300 K. It takes about an hour to stabilize the scanner tempera-
ture within +1 mK at the evaluated temperatures mentioned above,
demonstrated by the temperature variations at 20 K as an exam-
ple (upper right inset in Fig. 6). The inset STM images in Fig. 6

300+
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g 201 —r
e 200 =\ S
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© 224 2.25 226 2.21|
5 1504 ——— 2
€ 1001 r
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) =N e s
0 4 8 12 16 20 24
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FIG. 6. Variable-temperature tests from 3.5 to 300 K. The arrows point to the stabi-
lized temperature at the corresponding platform. The stability at each temperature
set point can be lower than +1 mK after a 1 h PID adjustment. The inset figures on
the middle bottom show the zoom-in temperature curve from 3.5 to 20 K. The tem-
perature variations at 20 K are gradually reduced to the +1 mK range, as shown
in the inset on the top right. Two STM images obtained at 5 and 20 K, respec-
tively, are inset on the right. The scale bar in the inset denotes 5 nm. Tunneling
conditions: Iy = 100 pAand V, = -1 V.
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present the terrace structures of the Ag(110) surface at 5 and 20 K
for demonstration. The corresponding calibration coefficients of the
scanner at different temperatures must be set before the imaging
process.

D. IETS and microscopy

The STS mentioned above, i.e., dI/dV, assumes that electrons
tunnel without losing the energy in an elastic way. However, in addi-
tion to the elastic tunneling process, the inelastic tunneling process
also occurs when Vy, exceeds the energy required to excite some
states, such as molecular vibration modes on the surface, contribut-
ing a small portion of additional inelastic tunnel electrons.”””’ The
IETS signal, which is proportional to the second derivative of I(V),
i.e., d*1/dV?, is relatively weak and is usually measured by recod-
ing the second harmonic signals with respect to the modulation
bias voltage at a specified frequency from the built-in lock-in ampli-
fier. As a result, the STM-based IETS measurements at the atomic
level are experimentally involved, which require an extremely high
signal-to-noise ratio and high stability at low temperatures.’

Thanks to the excellent performance in terms of tunneling cur-
rent noise and thermal stability, the developed cryogen-free SPM
system enables us to carry out IETS and microscopy measurements
on single molecules. The CO molecules were dosed to adsorb on
the Cu(111) and Ag(110) surfaces, sputtered, and annealed several
times. Figure 7 shows the IETS results on Cu(111), consisting of the
frustrated translational (FT) and frustrated rotational (FR) modes
located at ~7 and ~35 mV, respectively. The inset of Fig. 7 shows
that the CO molecules appear as depressed “dark” spots in the STM
image.

Figure 8(a) shows the STM image of three CO molecules on the
Ag(110) substrate at 4 K. By positioning the probe to CO molecules
on the left-bottom corner and setting the tunneling current to ~1
nA, the probe will pick up the molecule. Henceforth, the imaging
resolution becomes much higher than before, and the CO molecule
appears as a donut located on the Ag atom chain along [110], as
shown in Fig. 8(b). Furthermore, in our case, the CO-adsorbed probe
is stable even at 6 nA tunneling current set point. Therefore, we per-
formed IETS measurements with the CO adsorbed probe at the bare
Ag area. The d’1/dV? spectra shown in Fig. 8(c) are averaged for

FR —
FT —
~
=
N 0
B . .3 '1
S 5" s 4
¢ Anm
A 2RI
40 -20 0 20 40
Bias (mV)

FIG. 7. [ETS measurement of CO molecules on the Cu(111) substrate. The FT and
FR modes of the CO are resolved. The tunnel gap is set at 5 nA/50 mV with a bias
voltage modulation set as 5 mV/525 Hz.
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FIG. 8. IETS mapping of CO molecules on the Ag(110) substrate with a CO-adsorbed Pt-Ir probe. (a) STM images of CO molecules adsorbed on the Ag(110) surface shown
as a black dip. Iy = 235.3 pA and V}, = 100 mV. (b) High-resolution STM image of CO molecules with a CO adsorbed Pt-Ir probe. The adsorbed CO molecule is initially
located at the upper-left corner in (). |y = 235.3 pA and V}, = 50 mV. (c) IETS spectra obtained with a CO-adsorbed probe on the bare Ag surface. Several peaks emerge,
which can be attributed to the FT (2.2 and 9.6 meV) and FR (18.0 and 25.2 meV) modes and overtone of the FR mode (34.0 meV). The feedback is turned off during data
acquisition with a dwell time of 220 ms per point. The tunnel gap is set at 5 nA/50 mV with a bias modulation set to 5 mVrms@387.39 Hz. (d) Tunneling current, (e) dl/dV,
and (f) d21/dV2 mapping of a single CO molecule on the Ag(110) substrate with a CO-adsorbed Pt-Ir probe. The feedback is kept on during data acquisition with 170 ms per
point (128 x 128 pixels). The tunnel gap is set at 110 pA/9.6 mV with a bias modulation set to 5 mVrms@387.39 Hz.

10 passes, where several peaks emerge due to the different vibra-
tion modes of CO molecules. The feedback was turned off during
the spectra measurement with a dwell time of 220 ms per point. The
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Moreover, we have obtained the microscopy of a single CO
molecule by the CO adsorbed probe in the aspect of tunneling cur-
rent, dI/dV, and d*I/dV?, as demonstrated in Figs. 8(d)-8(f), respec- (b) (c)
tively. The feedback loop is enabled during data acquisition with ; 50pm %
170 ms per point (128 x 128 pixels in total). The tunnel gap was set
to 110 pA/9.6 mV with a bias modulation of 5 mVrms@387.39 Hz.
The CO molecule appears as s bright ring with fine structures in the
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middle. With the IETS and microscopy shown above, we can con- . e f
clude that the signal-to-noise ratio and stability of our cryogen-free STM OPM  gPlus AFM 0.3Hz
SPM are as high as the bath cryostat-based SPM. V=-1V,1=2300pA Amp=700 pm, Q= 42180
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E. NC-AFM performance FIG. 9. Performance characterization of the NC-AFM mode in the cryogen-free

SPM system. (a) Sweeping frequency curve of a gPlus sensor mounted with a W

After replacing the STM probe holder with the qPlus sensor probe (wire diameter d = 25 um) at 3.5 K. The center frequency is 28 933.4 Hz,

holder, our cryogen-free SPM system can perform both STM and and Q is 421 80. (b) Constant-current STM image of bilayer NaCl(100) on Au(111)

NC-AFM. The frequency sweep of a qPlus sensor [Fig. 9(a)] demon- at35k. (c) Constant-height (Af) AFM image of the same area as in (b).'TunneIing

strates a center frequency of ~29 kHz and a typical Q factor of cgnqltlons: ly= 30% pA and Vy, = —1V. The AFM oscillation amplitude is 700 pm.
>42000 at 4 K. The background noise of the oscillation amplitude Sl 2 ST
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without external excitation is about 3 pm for a calibrated qPlus sen-
sor in our cryogen-free SPM system at 4 K. To demonstrate the
performance of NC-AFM based on the qPlus sensor,** we deposited
NaCl onto the Au(111) surface at room temperature to produce
crystallized bilayer NaCl(100) islands.*® Figure 9(b) shows the STM
image of bilayer NaCl(100) islands by the qPlus sensor, in which the
atomic structure can be clearly resolved. Next, we performed NC-
AFM measurements on the same area in the constant height mode.
The atomic-resolution AFM frequency-shift (Af) image shown in
Fig. 9(c) also indicates the excellent stability of our cryogen-free SPM
system.

IV. Further Application

As we know, SPM systems need to be operated in LT environ-
ments to achieve low noise levels and high energy resolution. In
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FIG. 10. 3D model showing the replacement of LT bath cryostat by a cryogen-free
He supply system in an SPM system. (a) Schematic drawing of an LT SPM system
with a load-lock, an MBE, and an SPM chamber. The LT environment is provided
by LT liquid nitrogen and liquid “He bath cryostats. (b) Replacement of LT bath
cryostat in (a) by a GM cryocooler-based helium supply subsystem.
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the mainstream SPM system working on 4 K, the cryogenic envi-
ronment is mainly obtained by filling the bath cryostat with liquid
nitrogen and liquid *He as refrigerants. However, such a refrigerat-
ing mode cannot maintain a long-time LT because the refrigerant
must be refilled after exhaustion. The typical holding time with 4
L *He is about 3-4 days. The system must be interrupted during
the refilling process, and thus, long-term data acquisition, such as
high-resolution IETS mapping, cannot be realized.

Figure 10(a) shows the 3D model of such a typical bath cryostat-
based SPM system with a load-lock, a molecular beam epitaxial
(MBE), and a SPM chamber, the design and performance of which
have been reported in Ref. 12. We have successfully upgraded this
system to cryogen-free SPM by directly replacing the bath cryostat
with the continuous-flow cryostat and the cryogen-free helium sup-
ply system, as shown in Fig. 10(b). The original scanner, thermal
shields, and other components ever mounted with the bath cryostat
can be reused if applicable during the upgrading process. Both the
prototype shown above and the upgraded cryogen-free SPM system
have been operated for at least two months while data acquiring and
testing. As a result, this upgrading scheme can also be applied to
other LT SPM systems faced with a long-term testing demand.

V. CONCLUSION

To summarize, we have developed a new cryogen-free LT SPM
system by a remote liquefaction scheme, which reaches ~2.84 K
base temperature of sample stage and shows excellent performance
in SPM imaging, STS, and IETS and is comparable to the cur-
rent mainstream bath cryostat based SPM. To reduce the influence
of vibration from the cryocooler, a separate liquefying chamber is
mounted on the cryocooler for heat exchange with *He gas. Lique-
fied *He is transferred to the SPM continuous-flow cryostat by a soft
helium transfer line. Moreover, a specially designed vibration iso-
lation module made of three edge welded SS bellows supports the
GM cryocooler and can dampen the vibrations since they are self-
balanced and always in a near natural state. In addition to achieving
significantly lower temperatures and ultra-low vibration levels, this
closed-loop remote liquefaction scheme offers the advantage of
conveniently upgrading existing wet SPM systems based on bath
cryostats. In addition, it offers increased potential for upgradeability
of realizing sub-1 K range with *He precooled by this cryogen-
free scheme, as well as great compatibility with additional physical
environments, such as high magnetic fields and optical access. Our
remote liquefaction cryogen-free scheme can also be integrated with
other applications requiring an LT environment while sensitive to
vibration.
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