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Fig. 1. Cooling methods used in mainstream low temperature SPM equipment: (a) SPM system based on a continuous flow heat ex-

changer; (b) SPM system based on a low-temperature Dewar cryostat.
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Fig. 2. Photograph of Dry refrigeration['”:: (a) Photo of the
connection part between the GM cryocooler cold head and
the SPM part, this solution uses rubber bellows to connect
the refrigerator and cold finger above the STM; (b) photo
of the LT-STM system, the cryostat is mounted on a rigid
support above the LT-STM system, the rigid support has
no rigid contact with the LT-STM system.
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Fig. 3. The STM scanner is suspended in the shielding!'”: (a) Front view of STM with shield; (b) side view of the STM, with the
internal shield directly connected to the cold finger.
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Fig. 4. STM images obtained by the Dry-LT-STMI7: (a) R, AR R F T R, SRR 4 A
Atomic resolution of Au(111); (b) atomic resolution of
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Fig. 5. (a) Schematic diagram of the Dry-LT-STM system!'8, the cryocooler (blue) is mounted on a rigid frame and the LT-STM
system is placed on the vibration isolation table containing the gas legs (orange), both of which are connected to the LT-STM sys-
tem via rubber bellows; (b) schematic diagram of the closed-cycle refrigeration section, helium gas is filled between the cryocooler

(purple) and stage interfaces (cyan), the helium is sealed by two-stage rubber bellow (black); (¢) schematic of the STM scanning

head. The laser is focused on the STM by two lenses and the optical signal is collected from the STM by means of a APD or a spec-

trometer.
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Fig. 6. (a) Atomic-resolution image of graphite surface, the sample temperature is 16.8 K; (b) dI/dV spectrum of graphite surface;
(¢) I/ V spectrum, dI/d V spectrum and IETS spectrum of CO molecules!'s.
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Fig. 7. (a) Schematic diagram of the LT-STM system of Japanese UNISOKU company; (b) schematic of PT refrigerator (cryocooler)

and SPM scanner, the area enclosed by the cooling stages, PTFE bellows and cryostat is filled with helium, while the SPM cham-

ber is maintained in ultra-high vacuum condition!"?!.
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Fig. 8. (a) Schematic diagram of the overall system design of the dry SPM equipment?”. 1-scroll pump, 2-helium tank, 3-helium

pipeline, 4-cryogen-free superconducting magnet, 5-supporting frame, 6-PT refrigerator, 7-cryostat, 8-STM chamber, 9-argon ion

beam bombardment, 10-MBE chamber, 11-MBE evaporation sources, 12-load-lock chamber, 13-transfer rod, 14-active air damping.

(b) Schematic diagram of the refrigeration system (left) and scanner (right), 1-PT cryocooler, 2-vibration-isolated bellows, 3-cryo-

stat interface, 4-helium gas, 5-LHe, 6-needle valve, 7-the preamplifier of AFM, 8-thermal shield, 9-scanning head, 10-superconduct-

ing magnet, 11-pumping pipe, 12-heater-1, 13-exhaust valve, 14-1 K-pot, 15-heater-2, 16-spring, 17-socket, 18-copper plate for eddy

current damping.
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Fig. 9. SP-STM and MExFM images of the HCP island skyrmion superlattice formed by Fe atoms on the Ir(111) surfacel?.

$50 mm KF50 quick
1 ;
(b) sample space ;g;é flange

Pulse MY 1 =
tube / | ;&* B

e
& ﬁ\ = NN
cryocooler } [ﬂ_\ﬁ
I
B i

)
"iq;it

&
i

Variable
temperature
insert

Magnet
coil

Shield —_|

$495 mm

10 # % Dry-LT-SPM B #5 R Y 8 T T 20 T # 4
G5 ) B A A A 78 1] P
Fig. 10. Structure and cross-sectional view of the 8 T dry

superconducting magnet used in Dry-LT-SPM equipment/?!.
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Fig. 11. Cryogen-free STM design based on cryogen-free
superconducting magnets?!: (a) Diagram of the STM probe

configuration; (b) diagram of the STM scanner.
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K 12 NbSe, B9 5T 70 B A BN 5 ) 18] 45 2
Fig. 12. Atomic-resolution STM image of NbSe, with sweeping magnetic field?!l.
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Fig. 13. (a) Shuttle-style STM head and UHV plug cross-section; (b) UHV plug cross-section, not to scalel??.
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Fig. 14. (a) Atomic resolution of the HOPG surface at 4.6 K; (b) Landau levels of HOPG at 20 K with 5 T magnetic field applied®?.
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Fig. 15. Dry-LT-STM system with refrigerator on top of SPM chamber.
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Fig. 16. Schematic diagram of the LT-STM system with the dry refrigerator and SPM chamber separated!23.
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Fig. 17. Three-dimensional model of the cryogen-free LT-
STM system based on the remote liquefaction schemel®3.
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Fig. 18. Imaging and tunneling spectrum performance characterization of the Dry-LT-SPMP: (a) Herringbone reconstruction of the

Au(111) surface; (b) atomic resolution of the Au(111) surface; (c) line profile of gold atoms along the red line shown in panel (b);
(d) dI/dV spectra of FCC and HCP sites on Au(111) surface; (e) large-scale STM image of the Ag(110) surface; (f) atomic-resolved
STM image of the Ag(110) surface; (g) line profile of Ag atoms along the red line shown in panel (f); (h) dI/dV spectrum of

Ag(110) surface.
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Fig. 19. Spectroscopic imaging performance of the SPM system based on the remote liquefaction schemel?”: (a) CO molecules are
deposited on the Ag(110) surface; (b) can be picked up by the probe; (¢) high-quality IETS spectra can be obtained; (d)—(f) tunnel-
ling current spectrum, STS spectrum and IETS spectroscopy images on CO molecules with setpoint of 110 pA and 9.6 mV.
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Abstract

Since the beginning of the 21st century, scanning probe microscopy (SPM) has played an increasingly
important role in investigating the micro- and nanoscale surface characterization, physical property
measurement, and micro/nano fabrication. To provide a more stable operating environment and higher energy
resolution for SPM, researchers have developed low-temperature scanning probe microscopy (LT-SPM) systems
that operate under the conditions of ultra-high vacuum and low temperature. Currently, most of LT-SPM
systems have achieved temperatures around 4.2 K by supplying liquid helium-4 (‘He) to continuous flow
cryostats or low-temperature Dewars. However, due to the low natural abundance of “He and its increasing
demand, the significant increase in the price of liquid helium has seriously affected the normal operation of “He-
based low temperature equipment. To solve this problem, dry (cryogen-free) refrigeration technology has
emerged as a promising alternative to the next-generation low-temperature systems. In this context, the
integration of dry refrigeration technology with SPM to construct Dry-LT-SPM systems has become a key
research focus in the field of scanning probe instruments.

This paper mainly discusses several reported closed-cycle Dry-LT-SPM systems, focusing on aspects such as
system design, refrigeration schemes, vibration reduction methods, and overall performance. Finally, this paper
summarizes the current challenges and problems faced by Dry-LT-SPM systems and explores potential future
developments in this field.

Keywords: cryogen-free, low temperature, scanning probe microscopy, vibration
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