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Fig. 1. Four types of low-dimension material manipulation by STM: (a) Tip-induced local electrical field; (b) controlled tip

approach/retract; (c) tip-induced non-destructive geometry manipulation; (d) tip-induced kirigami or lithography.
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Fig. 2. STM tip pulse induced phase transition on surface of low-dimension materials®>"7%™ : (a) Topographical image of the
multi-domain metallic phase, where the inset is a zoomed-in view of the charge density wave in the metallic phase; (b) linecut from
metallic phase to insulating phase; (¢) pulse-induced two different phase in 2H-NbSe,; (d) pulse-induced reversible phase transition
in InySes; (e) switching of antiferromagnetic (blue region) and ferromagnetic (orange region) areas with electric field pulses on Fe is-

lands grown on Cu(111), the red circle marks the tip pulse position.
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Fig. 3. Dehydrogenation and local spin manipulation by applying STM pulsel'*~16: (a) Topography of MnPc before and after dehyd-
ration; (b) dI/dV spectrum of MnPc molecule before and after dehydration; (¢) STM images of —2H, —4H, —-6H and —8H MnPc¢ mo-
lecules, respectively; (d) corresponding dI/dV spectra of —2H, —4H, —6H and -8H MnPc¢ molecules, showing different Kondo reson-

ance feature. The red curve is a fitting to the experiment data.
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Fig. 4. Band structure and lattice reconstruction manipulated by applying STM pulse in low-dimension materials?*%: (a) Typical
STM images of four different TBGs. The AA, AB, BA, and domain wall regions are marked in the figure of TBG with 0.87° twist
angle; (b) STM image of a 1.13° TBG showing the reconstructed structure before and after applying a pulse of 3 V for 0.1 s;
(c), (d) typical dI/dV spectrum taken at the same position marked by solid dots of AA stacking area in (b); (e) triangular domain

formed after a tip pulse applied on the silicene surface.
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Fig. 5. Manipulating defect states in the graphene/BN heterostructure and PdSe, surface by local electrical field induced by STM tip/?390):

(a) A dI/dV map acquired on graphene/BN surface exhibiting various defects; (b) dI/dV maps of the same region in (a) after the

first tip pulse (Vy =5V, ¢t = 10 s ), red arrows mark the disappearance of defects, blue arrows mark the appearance of defects, and

green arrows mark dot defects that have changed the sign of their charge; (¢) dI/dV map after the second tip pulse with similar

parameter, the tip pulse is applied at the center of the region; (d) STM image of atomic defect in PdSe,; (¢) STM image of the same
region at -2 V, 50 pA; (f) STM image of the same region at 1 V, 50 pA.

b8 ST I 2 (& 5(c)). 7t n ko B
A 71 FL A P SR 57 AT ] T2 A0 R e rp v T ERIR
TR | S5 AR DU AS A K o Pl P 028 . WP 4
T3 e o T J2 A BRI T e e A, T A B 1) =)
ARG T TS

Nguyen 25 0 S B 448 e 10 et FE (L, B
R STM R4 SR i i 37, PIA 839\ PdSe,
1Y Se BT, PdSe, T8 FBEHLS AT Se 5
THREEBAER TR TR (-2 V, 50 pA) B TIREHA
5 RN (K 5(e), A IRIE). M, PdSe, #
1 FHIE FLE (1 'V, 50 pA) #EAT 4 1 H 5 251
RV FIY Se IR FHREATIH R (B 5(1), B ).
B T PdSe, HRYBEEFT M AT Ti0, H Y O HlEE T
320l 0192 IR % STM FR BT 4 e i A5 4 77 =X
B T BB vT I P 9K A AR S o .

3.5 IAERREMBEEEF S

TE—LEHREE RURAEATRHMA ZR b, B 4R 0
Jr B AR U, FTRE STM HREF Y Jey el ik o i
Yk e 55 . 2021 4F | Repicky % 17 38 53 [ e bk
k. (spin-polarized, SP) STM 7EFEfEAR MnGe 7
JEEF T E UL 2 46 Hh B ESUFE (topological spin
texture), J BT i koo R R SEER T SR THTRE AT
Skl R TR IERETE Y (K 6(a)) PO

RNy 2 VL FFEEIS T 0.5 s BYBK M )5,
T LA 2 P AR A, Hh B BB (dlis-
clination defect), [RIFFREM:F 10> (core center) &

&6 STM #REH A ik i HL KX MnGe(111) SR 1A H BE 4L
BRI (a)—(d) XHCH B SR 0 bk o e TS
F SP-STM [, K Z [t ik s . B (c) MEL (d) o
£ Bl AR 10 Hh UK B9 1o 55 B0 8% B FNEEK 1 B AR iC )
— sz, LT BT R F 3

Fig. 6. Manipulation of surface spin texture of MnGe(111)
via STM pulses!'”: (a) —(d) SP-STM images of the target
spin texture in different configurations. Between each im-
age, pulses were applied with the STM tip. The red circle in
(c) and (d) indicates a disclination defect that is generated,
moved and annihilated. The blue dot represents the same
atomically registered fixed point in the images to resolve

movements of the target core.
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A8 (K 6 Pl Csibra). S T ESE A Bk
U, SCRECT RS SRBE T, I B0 bk vh
LA AT SRR TR PP (1 6(b)—(d)).

4 EHEH-HFLELREREKE
AR 4 1

4.1 EEFEHSREMBNBFRESREE

TR FRE SRR, PRET SR T ] (R FE Y
U LSNP ] R S5 2020 4F, Zhu 5599
T FeTeq 555€0.45 (FTS) RT3 85 #REHRE
(] P i 2 AR S R AT 5Y T S AP R REAL (Majo-
rana zero mode, MZM) H F{E A9 AL, WELE] T
AR S & BISITI R, MZM B
TV 5 RIE Andreev R [E 2F 190 M ERE il
TR R AERR SR, AR AR T REBR LA N, B
Bf R 1) % 28 76 88 A i R T RS T 128 X
(Andreev i), TEBRER 5 FE 5 R AT R 28 2308 ilida
FE S 22 540 FE XA s by b, 27 o A2
B T 23R 0 A HL -2 SO RR AR, U] P A R
FIRUEE 22 & Andreev JEHRBE %, TE AR 22/ h 2
FALH G 07 FESCg T R T KR B T RE S A
FA) R0 3 T T ALk, [ A R T, SR SR R
LR AT T P S e it 3R T, ARG Sl s
IR ZEH S Gy (B 7(a)). 76 F IREREH A R, )
i dI/d Vi KARER SR S AR = R (K 7(b)

dI/dV/(2e2h-1)
0.8

dI/dV/(2e2-h—1)
=)
~

- &,
Fe (Te, Se) 26y,

FE 7(c)). TEER TR, FReERA KA 5F
KWk FH Ko, H dI/dV iS5l Kk S aEIr
JRE B LR Y BT 1) L5 SRR, B R AR S
LIRL N T RERLHR AL T OGRS IR TE S . AL Z T,
HAMWIAE TR T2, dI/dV i SFREE AT A
FIESFREEI AR, AL G, 3L 40 T 2 K (1)
dI/dV HL F(H 5 B ZE AR G o T 1Y SC R AT A
F-EZH (0.64 + 0.04) G, (B 7(d)).

4.2 EERRESHEFRIESHEEER

TEARZE AR R THT 14 BN Jit ¥ 50 431 W F A
R, BASREYER T /575 0 Ry U SRR
AR A A A4 2 THT 4 5 A A IR 4 k. sdid
RSB RS R e EL TR, RO PR Bt
T/ FRIVERDT, TSR /- ST ]
) S AGRH FL A T 2.

- 3 T ) 0 M 2 Jo o T B BE B TR R
Yu-Shiba-Rusinov (YSR) & P8, 7N [A] (1) 2 # AH B
VE PSR BE 252 MR 3R B AS SIORAS . YR Ze i
SJREIR A B I N, HEZ N T A ERES; 2458
R EA R HAGRIN, LA S RETEAR B A A
B WERL T 9. Farinacci 55 90 7E Pb(111) & i %
FFAIIR YR (FeP) 31 Hul il 45T i STM #4845,
SEBL TR REAE 53 5 FUE S S IS 1) 52 e AH EAE
SR JSE ) IR X T A O R RE A - T R T 4
Meservey-Tedrow-Fulde (MTF) 250 s £80 H JiE

(c) Z-offset /A
0 2.1 2.7 3.1 3.4

—~

dI/dV/(2e%h-1) & Energy/meV
o
[0 d]

G, =0.64 Gy

@ £ =0 meV

B 7 R ERET RS A R AR A RSB R R S A AN 98 (a) B R R O B S SR Y STM R A,
2.0 T, 78 mK T dI/d Va5 4i [ (b) bs 28 S [ RARET T R =4, s /R T (-5.0, 0.2) meV RER B P AR,
(c) F (b) B —4eR (s R, e VU (-1.5, 1.5) meV; (d) FWEAKEILE, B S FEE1E0 (0.64 £ 0.04)G,

Fig. 7. Experimental observation of zero-bias conductance plateau in MZM through precisely controling of the tip-sample coupling!®3):

(a) A schematic of variable tunnel conductance by tip-approaching. Inset: A zero-bias dI/dV map under 2.0 T and 78 mK. (b) A

three-dimensional plot of tunnel coupling dependent measurement. Only the data points in the energy range of (-5.0, 0.2) meV are

shown. (¢) A color-scale plot of (b) within the energy range of (-1.5, 1.5) meV. (d) A horizontal line-cut at the zero-bias. The con-

ductance plateau equals to (0.64 + 0.04) G,.

128102-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022)

128102

W ARAE R R AT i (100, S8 | R b bg o o 3
TR R, RIVATINAS R 2 4h vh A ER ki Za Xt
8. JLF LI I, Eltschka 25 10U F B8 S 454 1
FE N, #E Cu(111) KA Co B RS HER
ISR T R38R fh LS 1) 246 {1

X T 2R SRR R, T 8
Bt i T L IRD R, ORG I AR X S R R v A AR
FH, SEUAN [ 38 % 25 8] A4 T 300 % . Fan 45 1020
STM R4 Z W AR T FTS M Y Fe 245+,
P Fe i 5 R Z M A 3SH AN TR, SCBLT
YSR &5 MZM [B] g rl it As . AR dI/d Vi, I
TEUUBAE FTS FR1a 857 1T LAST A —Fif
EAFEREZ AL MZM F5AE, 55— N BE s
YA REEES, 5 ALY YSR R4 —E3L.
FFRBLYSR RS K Fe i 7, i & 4 71
PRET 5 Fe i3 B 7 I REIEE, 7] LLELSE Fe

JRF 58 IR B A EAER (& 8(a)). ZEAHEN
NG (0 T) F50L T, YSR 25 B 3 51 AR 1) 2
REJT A . AP fERR A Fe R XS] YSR
SR TR, 2REE AR 5677
R LAFERRNE, SRJT B, 2 A RE R BRI
IePRIG, 55 Jm MG BREFARSE N PR & I M REik
HAFEFZ (K 8(b)). 75 6 T i T, BEEHETT
JE, 5 1 ZEEIE (K 8(b) FIEl 8(c) LI (A7 K Fir
18) AL, 5 2 DERRIER AR B (K 8(c)),
PR B A H0 R, & BRI SR T B
450 24 YSR & (9 8(d)). Hr g 1 AN AEIE 1
INRJRAL T FAIAS S0 YSR REZS, 7R/ T
SYEFRL O 2 N RRUE IR BRI IT AN BE AN g 35 5%
4 (F3k 6 T), FFa MZM RyPER, Fisig b s
() FTS (K210 Fe 2% 5t 1Y 58 ek B A F 3 5 S 5
YSR [1] MZM Rk As —F 103,

(a) ()50 g High (950
g
@ & g ‘
il ©° g7 s 5
3 R 3 g =< = g
2 =R 8 o S z
2 ; & 30 8 % & 30 g e
< E 3 ¥ 3 7 2 =
S 20 = 2 20 e E
() > =3 | = 2
Jex‘_ i ) IO o B = S
= @ © © O 10 10
© © 0
0.13 Low 0.13
T e O © O 1 1

1.4[ 3.0 -H—-I .
- 1.2 . = 25§ . % -§
2 10 16nA £ 20 11nA E 2.0 T;
> 150A S 15 §
= 0.8F 12nA z =
= y i 1.5 , 1.0 g
= 0.6 9nA N nA 3 - S
8nA
§ 0.4 I 3 1.0 gt g 05
< moR 3 9 nA =
0.2 mo 05 g 0=
2nA A <
0 - : 1nA 0 H i 1nA | |
—-10-5 0 5 10 —-10 -5 0 5 10 —10 -5 0 5 10

Sample bias/mV Sample bias/mV Sample bias/mV

P8 WA T R R A R BE R S R SR LA T, B 2 UK S Z AL 0 5 AR 102004 (a) FTS RN Fe J7 1 1Y
JERH R ER; (b) 0 T#Y T RFE AN ZREET BT IERE ML, 2 EF LARC YSR S EAR IR E; () 5
[ (b) 26U, #3578 6 T; (d) 6 T G 58 28R T FRRZF i SRR S IRE 981K (e) 76 FePe 43T EFIEIREF R ER; () T
JE Nb 48415280 T R3] TRV AS i dI/d VI A I () 6 Nb 4T SCBLAY 1070 i) 1) A58 48 [, (h) e 2 184 hn s 20 B 2 3 22
N FePc 43 FH 0 dI/d VR 46 iR {8 &

Fig. 8. Transition between distinct excitation states induced by changing exchange interaction through controling of tip-sample dis-
tance [19219%4: (a) Schematic of approaching tip on a Fe atom of FTS surface; (b) tunnel-barrier conductance plot on approaching tip
on a type-II Fe adatom under 0 T, the red arrow indicates the position of an accidental near degeneracy of the YSR states; (c) a
similar plot to panel (b) with a magnetic field of 6 T; (d) tunnel-barrier conductance plot on withdrawing tip on a type-II Fe ad-
atom under 6 T; (e) schematic of approaching tip on a FePc molecule; (f) approaching Nb tip induced transition from type-I FePc
to type-II FePc; (g) approaching Nb tip induced transition from type-II FePc to type-I FePc; (h) a color-scale plot of dI/dV spec-
tra of center of the FePc molecule under a combined process of increasing and decreasing tunnel barrier values, respectively.
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W T ARAEAT A E I B B AR R BN
SRR Z RO S AT @ R R PR S
i HE ELF]BE HEAT ] 3307 . Xing 55 10U 7E Au(111)
R IGEFEL T+ (FePe) LT 8 SREr, Th
ST Kondo HAR R 2 AR S By 7% 2 Z A1 Y
Al R SLER & B, FePc 4 T-1E Au(111) i b
FEALE 2 PG AR 22 15° R MAR AL, — 243l
SHREEAT DOV |4 3P BR 28 (inelastic electronic
tunneling, IET) &0 1, 53— B Kondo 24
WL O T RRIRAECR, IR RS RE R R, BT
FKH TS Nb 545 10l 851 IR, 7501t b
J7 A IV RS 20 TR 2 B, W] DL
S — 2y T NG 28 (B A B R e (8] 8(f)
K 8(g)). HATEAG T, - FERET RESE IR 125
AR AT R DL 2K FePe 23 1 A0, #REFT
JEZRRZ A 9 nA i, H Kondo MR R IR
AR TET 3, HAEHRIE R 20 nA (5 # b 4
FEAVEE; BERETH G 2 RE 27 L s/ 9 nA I, IET
T A8 S Kondo HHRIE 4RFAE, HIEZ K H K

(a) ’ ‘ PTip "V

. onmBT— 1.

(c) 0.4
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~
>
o0
=
[
=]
=

0.2

Bandgap/eV

0.1

Energy/eV

L —r—w
0.5 0.7 0.9 . 1.3 1.5
Electric field/(V-nm~1)

P9 AT TR RS 5 A BRSO 3 00

B, IR A ERES), K 8(h) JER TiX
— A A

4.3 FERHSIANGEER

— LR R IR M 2 B R I 5 | AR
H, A 47 00107) G 41, e 3o 9 5 R RE o A
[ 3R] LS B3 4 DAk R s~ 2 P MR AZ 1Y
FEHEEE. Collins 45 108 & T DU 1 7 — 4 b
Y2 1A NagBi il 19 PR BT S5 i 2 L] R 42
AMHAZE (K 9(a)). T2 EIEEREHRE Al BE R S5 R0
MRS, BV R 7 Hh i FL 350 NagBi #4b
FHAS ORI 2 RUZ NagBi H, [l Jey 3o e 4
B (P EERED), HFMEBUEUD, #1127 1.1 Vonm !
TN, RIS R VIERE,
SRJG FEHTFTIF 20 90 meV I HERR (B 9(b)). H 2
NagBi (B 52 L IR AT 0 AH ). SR FIRUZ
NagBi AERZ 2 Rl g S5 12, RERTG R 370
RIS IEAIEFTIF 1A T Stark 800 7™ AE 1)
FrHDF i RERS (108,

(b)

dI/dV/arb. units

C'=1.02 nm
(1.18 V. nm~—1)

1B =1.07 nm
(1.12 V nm~1)

Normalized dI/dV/arb. units

A =1.45nm
(0.83 V. nm~1)

—-0.2 0 0.2 0.4
Bias/V

—0.4

(a) Si(111) M _FJZ AR NagBi | IEEREH R B 75 B (b) A RREFE

iR B T AUZ NagBi 1A Ay di/d Vi, Hod A, B, O4 % B ¥R 41 = 2 (B 358 )% ) o4 1.45 nm (0.83 V-nm!), 1.07 nm
(1.12 V.am '), 1.02 nm (1.18 V-nm 1); (¢) M dI/d V 5 15 5 (97485 B 56 T e 37 A9 oR 8, 21 €5 0 T8 Fn S8 6 = A 40 4% 3 B30 2 A U2

NayBi

Fig. 9. Electrical potential induced by controling distance between tip and sample %: (a) Schematic of manipulation electrical field

by approaching tip on few layer NasBi on Si(111); (b) dI/dV spectra taken on bilayer (BL) NasBi at different tip--sample separa-

tions (electric fields) as labelled on the figure, where A, B and C correspond to tip heights (electric fields) of 1.45 nm (0.83 V-nm 1),

1.07 nm (1.12 V-nm ') and 1.02 nm (1.18 V-nm 1), respectively; (c) bandgap extracted from dI/dV spectra as a function of electric
field for monolayer ML (ML, red squares) and BL (black triangles) NasBi.
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HAHEAE 55, Kondo HEHR AN & AH B M 57 19 ;
224 Co i F B AHSEIE, ACHuAH BAEHE®, &
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KGR, TR SIS B M SE B T X WU 22 o
Kondo U0 (845, Huang 45 119 [ FH AL T
THRER, 1o S RET BRI REYE R (8 10(d)),
BN T SR R L PR YSR U S
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AR, T HEREHERREE B R (electron
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W B E 2 T8 ) 43 e 32 Bk T H Ry Bl
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A AERE L T I ASXTFR ) B i T % 28 L 3 Y A BE Y
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I7E Fe J8 7 1 F IEEREN 25 5. 1245 R 368 Ne
Ay FABMRY STM HR4ET T FH -0 g A kA
ENIE) 2 3e

B TR A S FIER, i@ D e
B IR RE A 43 45 T S A EAEH, Crzap
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Fig. 10. Manipulation of exchange interaction by precisely controling the distance between magnetic tip and single magnetic atom109-112.115];
(a) Schematic experiment set-up: one cobalt atom on the tip and one on the surface; (b) spectra taken with a tip with a cobalt
atom on top of a second cobalt atom on the surface show the two resonances superimposed; (c) spectra as a function of tip-sample
distance in the tunnelling and point-contact regimes; (d) schematic of approaching a YSR-tip on a magnetic atom on superconduct-
ing surface; (e) the dependence of the direct Shiba-Shiba current peak area on the normal-state conductance; (f) the total Zeeman
energy of a single Ti atom under a magnetic tip as a function of the tip-Ti distance; (g) ac magnetic field as a function of tip-Ti dis-

tance.
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Fig. 11. Sensing and manipulation of spin in a magnetic molecule through precisely approaching the STM tip!"'%!11120]: (a) dI/dV
spectra in the tunnel (bottom panel) and contact (top panel) regimes for several z; (b) schematic of approaching a Nc-coated tip;
(¢), (d) intensity (c) and waterfall plot (d) of d2I/dV? spectra acquired with the tip positioned above a Fe atom; (e) d*I/d V2 spec-
tra acquired with the tip approaching above a Co atom of the island; (f) variation of STM-IET spectra with different tip-sample

distance.
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(b)

B 12 STM VH | JERs F oy — 4E A k510128 (a) STM SEH GNI [ AT 5 J5E 4% ; (b) STM A SC AV 78 Au(111) i LA 5
s T2 BB 5 (c) STM g% BUZ A #0711 1 T-NbSe, &; (d) STM “F-F WUZ A1 A4 119 1 T-NbSe, &
Fig. 12. Translation and rotation of two-dimensional materials through STM manipulation!546-128]: (a) STM tip-manipulated GNI

rotation; (b) STM tip-manipulated floating graphene flake rotation on Au(111); (c) rotation of 17-NbSe, island by STM; (d) trans-
lation of 17-NbSe, island by STM.
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Fig. 13. Lifting low-dimensional materials by a STM tipP*>72: (a) Scheme of the chain molecule pulling by STM; (b) current as a
function of tip height for different experiments; (c) overview STM image after polymerization on Au(111) surface; (d) tunneling cur-
rent as a function of the tip height; (e) three-dimensional representations of an atomically resolved monolayer graphene at different

tip-sample distance; (f) model explaining the mechanical behavior of the graphene; (g) lattice constant change in graphene induced
by strain.
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Fig. 14. Reversable folding of graphene nanoisland by STM manipulation!’: (a) Schematic and experiment results of GNI folding;
(b) series of STM images showing repeatable folding and unfolding of a single GNI along different directions; (¢) schematic of moiré

pattern of different twisted angles; (d), (¢) STM images showing structural configurations of two chiral tubular structures acquired

by folding the same GNI along different directions.
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Fig. 15. Specific nanostructures patterned by precise STM lithography*561: (a) 3D STM image of a 10-nm-wide and 120-nm-long
graphene nanoribbon; (b) an 8-nm-wide 30° GNR bent junction connecting an armchair and a zigzag ribbon; (¢) STM image of a 5-
nm-wide graphene nanoribbon with armchair edge orientation; (d) STM image of a 6.5-nm-wide ribbon with edges of precisely zig-
zag orientation; (e) STM image of H:Si(100) surface after STM hydrogen lithography; (f) a device fabricated based on STM hydro-
gen lithography.
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Research progress of surface atomic manipulation and
physical property regulation of low-dimensional structures”
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Abstract

Atomic manipulation technique with scanning tunneling microscopy (STM) has been used to control the
structural and physical properties of materials at an atomic level. Recently, this technique has been extended to
modifying the physical properties of low-dimensional materials. Unlike conventional single atom lateral
manipulation, the STM manipulation technique in the study of low-dimensional materials has additional
manipulation modes and focuses on the modification of physical properties. In this review paper, we introduce
the recent experimental progress of tuning the physical properties of low-dimensional materials through STM
atomic manipulation technique. There are mainly four manipulation modes: 1) tip-induced local electric field;
2) controlled tip approach or retract; 3) tip-induced non-destructive geometry manipulation; 4) tip-induced
kirigami and lithography. Through using these manipulation modes, the STM tip effectively introduces the
attractive force or repulsive force, local electronic field or magnetic field and local strain, which results in the
atomically precise modification of physical properties including charge density wave, Kondo effect, inelastic

tunneling effect, Majorana bound states, and edge states.

Keywords: scanning tunneling microscopy, atomic manipulation, low-dimensional materials, physical

properties modification
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