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Figure 1 (a), (b) Cold head of GM cryocooler (a) and PT cryocooler

®)Y; (¢), (d) cryogen-free MRI (c)® and PPMS (d)” developed by

closed-cycle cryocoolers.
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Figure 2 (a) Cryogen-free low-temperature magneto-optical
microscope; (b) cryogen-free low-temperature scanning probe
microscope”.
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Figure 3 Cryogen-free refrigeration with vibration isolation structure based on helium exchange gas (a) and flexible metal (b); (c) cryogen-free

refrigeration based on helium gas remote liquefaction system.
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BT Bk =AM BRI AR A R, ok
L10EPVRILH T A Z UHVIH B TR ESTM AR S, K
4R T — S A REMEN TR AUHV-STM, H &4
() FI(b)KFH T 3T 2 H A TR [&4(c)
K T 328 v YA 51 TG VR ST R DA A R YA
M Ea(dyim it 2tk 4 8 R AN SRR I & ik
HATRIATY A BT PR Y, BB R Mt
&8 S IMUHV-STM R G0N T SEBUER [ 1 Sk [ 2,
T WO R B AN SR, 1R I v AL 2 4t
I TCRASTMI kb | axX PSR tt, B SRS 1

(23 A R, 2 1P BN R TR R R S ASTM
ARG Aot Reiabs. BT 10EA R, BITHE
UHVHAE T ASTMA G A REE 45 A1 K pot
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B4 (a) BElbr bR FEF S A S LA UHV-STMP L (b) SEF 2004 SRI K potil /4 11,3 KA
UHV-STM; (c) 2T A B 1 JE A UHV-STM'® U (d) Btk ) ¥4 45 M) (K i A UHV-STM! )

Figure 4 (a) The world’s first cryogen-free UHV-STM based on helium exchange gas cooling structure [5,12]; (b) 1.3 K cryogen-free UHV-STM
based on helium exchange gas and 1 K pot cooling structure; (c) cryogen-free UHV-STM based on remote liquefaction'® [11]; (d) cryogen-free UHV-

STM based on flexible metal cooling structure [10].
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F 1 EEIRILHEEAUHV-STM R4 % 5ot fstatn

Table 1 Recent state-of-the-art cryogen-free UHV-STM systems and their key performance specifications

A A HAGIREE (K) i e R B AN
AL T 15 ~2 pm Z: ~0.06 pm/min - [5]
AT 16 ~1.5 pm XY: ~18 pm/h - [6]
ALHA T 1.4 ~0.7 pm - 9T (8]
e e e XY: ~26 pm/h (=Pl iy
v == - s
AXRHAEFB 13 1 pm Z: ~0.01 pm/min 4TR2T 5w
e b e L XY: ~50 pm/h
L AR M= BLA N 5 _

AZHATFN 1.2 2pm Z: ~0.08 pm/min 9
b e L XY: ~20 pm/h

25 Hp s BV VA - 5 _

EES 9 I'pm 7: ~0.014 pm/min 7

ALHATE 13 “HETB - 5T/IT (7]

ATV 5 ~2 pm XY: ~28 pm/h - 8) [9]
SRS XY: ~10 pm/h

A5 5 TR Y - 5 _

AL AL 2.8 1 pm Z: ~0.08 pm/min [11]

fe g vy B XY: ~100 pm/h, 3

S RAL 4 2 pm Z: 0.3 pm/min 10)

FHE&REA 1.5 ~0.3 pm XY: ~18 pm/h - [10]
U2 4.6 “JR B XY: ~41.6 pm/h 9T [13]

IR B (1) = B SAE T — J A A AR, —
VA i A D 1) ¥4 ) R TGV 2k b A Bt 2 B 1)
300 KM FAdm ot k. DRtk JE sk ik FH iV Th 3 5 K
(1) TG V2 PR A ) A L, — A i 1R o1 ¥4 T 2
3 W@50 K2 TF 540 W@45 K, {E134MA Bk fe i
FARZHL AR . BAh, 8IS TESNA bR ER3E
WE g EE B, 3 —PEeb 7ok E300 KEAE
PIFAGR G k. X SR AL A 1T A B (1 B AR
FEACEI60 KLATR, WA BRREEE10 KL, Miff#
REAHASTM AR G I Sk Be % i Thik #1]4-5 K
I 2R

32 ETFEXHREN13 KLRZUHV-STM

£ IR 2B T Z UHV-STM AR 4t
Ja, ASCAEFE HIAEE— 0k T B AR ISTM A&
g, AbrscBl/ T2 KINERAESHB TR, ARG
it e R B 3 A I I TR il Ve AL LA SR (1 A2
IR TIR, S5amBIATRRZEH, HERA
HAHLRENS £ R AP S, Il B AR A
BRI TR, Bt P3RS AR R A

Bo(a) e T IZ RGN EEE ., HE ARG LK
FEEFIRT G L, BmE s w36
&, kS R SR AL BOE VB A, DASRE Gl fA

Fes A SR BRSNS . ¥4 Sk AN TG VR S ¥4 R IR S T 7
THEZ RGN, ARG HiE R — 24 53 58 [ e e
HOH R CAMRRRR L, B AR HISC 4. RGUERH TH
B S REIPTHIAHL, HoAimE&1S Wa@d.2 K
MIRA T, AR 2 AR FR R, EhfES
BEARE R EW A H A, HHSE &M
1.5 W@4.2 KRk A WL T iR

El6(b) 7R T 5B 1.3 K TE i SR IR A 25 4.
HESH R TR ASTMAERL, %k 5 STMRMIGIE A
Z (AN AT A e, A B PRI
BN, TR 58 A 2 U A
&, PAENREASEE S TER AR b, E
b, A S A S 2 A R BN IR S
SRR BN T, A, A R A R
PR EWRE 2, FREEM R4k, (A LIka)E
AR BIHA R . Hi, fF - gdims %
1l ¥4 FTHT 2 R R B A8 K 1 T P A A 0 2 1.

5HE5R28iM4L, 1.3 KRSTMASH I T 1K pot
MR g, R b, oG B ) B A R
B4 SR AR 22 B B G IR A I 2 PR B, i
KELWAFNAI = ZAmm A ThE, FNFEm
IR (1) H A GRS I S A, HIREA I 28 R R 2
HRBCK I IRBN M. O TSP 2 v 2= 5 T FE

250009-8



INFETCAE. T ERLE: MBS )% RO

2025 F HS5E S

(b) —— Cryocooler -
~
O Helium
Supporting Rubber exchange
frame bellow O eas
A\a———
- o
Anchor >
plate
T lststage
interface
2nd stage
Outer -
shield * L~ interface
H
Turt
e Inner i "
shield t %
Scanner ) Lens &
_____ Lens motor
(e)

(a) .
Supporting
frame UHV-STM
| » interface
W & STM
Magnetic ST™M
b ~
manipulator Loadlock chamber N
I Chamber j» Heater
1 Leak
= f valve
pump Ton gun
\\ﬂ doser
Active | [
vibration rH ‘ i
isolation |
table u i X ¥
Ion
pump
(C) 06
0 ]
06 / 1
2 (d)
= x50
b S ST
s JOf ———
Z 5
3 —°
S
z ] 2
'E =20 I 1-2
Y| S —
Q0
& 40 /\/\/‘\ 2
< 80 /\\/__/\ i
£ 19
o
S 2
3 = o=
=60 =40 20 0 20 40 60
Sample bias (mV)

0 02040608 1.0
X (nm)

B 5 (a) HETEHSFANLRAUHV-STME MR 5 B (b) s bilid S g iR B (o) [ AEEHRIESACO
5T K Ag(LL0)ER ML/ VI () d/dVig ()M TdrP i d%), SEEIRE: 16 K; (d), (e) BACO% T d*/dV g
(d) S [ T 2R (e). B S40 0.2 nA@19 mV
Figure 5 (a) Schematic of the cryogen-free UHV-STM based on helium exchange gas [5]; (b) details of the helium exchange gas interface structure;
(c) I versus V curve (top), dZ/dV spectrum (middle), and dcrdr? spectrum (bottom) measured with a W tip on a single CO molecule and Ag(110)
substrate at 16 K; (d), (e) d*2/dV* microscopic image (d) and a line-cut (e) of the CO molecule. Setpoint: 0.2 nA@19 mV.
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AT RAAu(ITDATR, fRERE: 0.8 V. (e) Au(111)24 h2RMMR. () /M5 (0.2 pA) FHIAu(11) ZHRZ.
(2) BHRZIT R IR BE I WA AL 2k, fi k240 1 nA@1 v, DR 9E: 1.6 kHz

Figure 6 (a) Schematic of the cryogen-free UHV-STM based on helium exchange gas and 1 K pot. (b) Details of the helium exchange gas interface
and 1 K pot structure. (c) Base temperature curve of 1 K pot. (d) Time-dependent STM tunneling current with feedback off, the slope of the linear fit is
—2.35x107> nA/min. The measurement was performed with a W tip on Au(111) substrate, bias voltage: 0.8 V. (¢) 24 h STM imaging of the Au(111)
substrate. (f) STM imaging of Au(111) at minimum tunneling current (0.2 pA). (g) Time-dependent Z amplitude variation, setpoint: 1 nA@1 V,
measurement bandwidth: 1.6 kHz.
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Figure 7 (a) Schematic of the cryogen-free UHV-STM based on remote liquefactionw) [11]; (b) d*1/dV? spectrum measured with a CO-adsorbed
Pt-Ir tip on Ag(110) substrate; (c) d°//d/? image of a single CO molecule measured with a CO-adsorbed Pt-Ir tip; (d), (¢) constant-current STM image
(d) and constant-height (Af) NC-AFM image (e) of bilayer NaCl(100) on Au(111). STM setpoint: 300 pA@—1 V, NC-AFM ¢Plus oscillation

amplitude: 700 pm.
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Figure 8 (a) Schematic of cryogen-free UHV-STM based on flexible metal [10]; (b) frequency spectrum of integrated Z noise; (c) STS curve of a
Pb-coated W tip on Au(111) substrate. Setpoint: 100 pA@6 mV, temperature: 1.7 K.
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Low-temperature environment is essential to scanning tunneling microscopy (STM), because it not only reduces thermal
noise in experimental measurements for improving precision and stability, but also provides extreme experimental
conditions for strong-field superconducting magnets and so on. Furthermore, a low-temperature environment enables the
exploration of various novel quantum materials and their physical properties, such as topological effects and strong
electron correlations. Conventional low-temperature STMs rely on expensive liquid helium, significantly limiting the
running time and cost for continuous operations. While cryogen-free closed-cycle refrigeration technology allows for
continuous low-temperature operation without liquid helium consumption, atomic-resolved microscopic measurements
are challenging due to the appreciable vibration from the closed-cycle cryocoolers and the compatibility with ultrahigh
vacuum. This study reviews the latest development of vibration-isolated cryogen-free cooling techniques with their
working principles and applications in state-of-the-art STMs.

cryogen-free low-temperature vibration isolation technique, low-temperature scanning tunnelling microscope,
scanning probe microscopy, cutting-edge scientific instruments
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