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Fig. 1. Schematic of the research on the synthesis, charac-
terization and manipulation of the quantum states of sur-

face-supported single molecular structures.
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Fig. 2. (a) Structural formula of the CoPc. Hydrogen atoms 2 and 3 of one lobe were dissociated in the experiments. (b) Diagram of
the dehydrogenation induced by the STM current. (c¢) dI/dV spectra of CoPc and dehydrogenated CoPc (d-CoPc) at different tem-
peratures. (d) STM images showing the sequential tip-induced dehydrogenation of a CoPc on Au(111)1.
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Fig. 3. Synthetic strategy to produce chGNRs combining solution and on-surface synthesis: (a)—(d) Solution synthesis protocols for

producing molecular precursors 1, 2, 3, for the synthesis of 3, 1, w-chGNRs with different widths, and precursor 4 for 3, 2, 8-

chGNRs; (e) —(h) targeted chemical structures of chGNRs by using the four molecular precursors in (a) —(d), respectively;
(i)—(1) STM overview images of the chGNRs formed on a Au(111) surfacel®.

060701-4


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 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 060701

TEX FATHE A 08 PR R W fRldse o2
PR BB, e STM Xt o1t
FrROCWI IR, — e Ve | B | A
ARSI, RN T B 1R 9ER K, T Bk Jm
JRFIEA TR . S bR i T e T AR
& JE AT L i R R i T AR NaCl i
VB R AR B A6 IS, NaCl w5 1) J2 500mT LAAR 44 512
I A .

3.1 BEoTFHRELK

H AT X T 50 F L BUR C 9T 2 8H
PRI AR, — PR3 TR T, SR 40 i
L 42 X BRL 43 it o el G 4 DA i HL % ol 7,
Fi— PR STM A, FkE 28 Fifs 5000 T
ST ST STM Ay 5223 (8] 43 HEAE 77 LA K H:
TRF I AT UG By T E TR BE 7, R STM
B, FREMRA 5 TR Sk
JERIHLEE. Flan Svec BFFT /N 778 SR CO g
b STM 41435 R AT T #1858 ' T3 00 Fn i
Iy HERIET S A%, ¥ NC-AFM, STM K& ¥ 1
HECEEA LA, U GE T STM X CuPe 40 F
MHERN, (EHAL T Natol CLE 8l dkim
FEHAS CuPe 2 FRYAGE TR RERAS L. X sesL
A EBL T STM X T 5 F L BUR G
TR

HLBUR ML T — A EE AR N E Rk
It R BRI R R ST RO T RE R S T
KHETREREMMG, HAEROLEBHAR | a4/ ME
T, AR W R A A AT AT R S R . AR
STM Bigif 25 N B e 8OO RN E 4
P& TARFAENLS], AL 4G 437 B) = HE A K (7981
F5F- IR o 4 B A5 B T A B2, SR, A
LI AL SEAE T 220 EIEA TR, BHLAS T 584
BILTH A T L AL AN = AL AR 5. 2019 4F Chen
25 139 3@ A FE AR AT IS BRI NaCl i A A Al &
2, U TR 70 7, 456 STM 241
A ECE PR ECROBIR R (W 4(d)). T
VEAE RS FKSF E LI S B i R S,
FIHERR T BE AT X SR R v L 4 pIL i ) — L
M. Q, (1.81 eV HLRA) WEH Y5 BE 78 A [R] ) et i
B 3 AN A1, 2R R A P Hd
T 7 £ SN LA N SER A BEE M ik — 2
B, PRI R B 20 S R LR ——— 3 bk e i

FIBR 1A LA 2Z 18] B 5 4 5 B0 T A [ i
FE XN R OGS, B TXF IR PR R L]
LUK 2 G H A AU A 5 BT, 1 B
TULAE =AM PR A, RS S AR
FL IO R0 51 A PRI A R A B
B e = B, M1 A2 01
TR, LB T O T RS 78 Ag(100)
FHE L, R NaClEIREAE N BB &2, R A H]
STM HYEIrFHRINGE T, A3 T A 2 21 12 4
FEE BUBFIE 0 T-5E (A0 4(a)), JF HOPHE 1%Lk
O BEVR F08 5 R e R 5 H TR B8 SO LA
KRS A RO R R AL BY. B 7T AR
BOH B, AR B IEA 217, LIS
AEE 7 B AL 18R] LS AN ) HE A 7 XA 18
WA EAE AR S X7 B A i AR A s 1]
R ARERAE, R A5 B R SRR T
FL28 [R] A B e A A U RE B oL T R R B
Hh ] I P8 LS T IR B 58 (18] 4(b)). XA
A HE AT R AEISE, U Chen 25 BRI 72
THEE R TR 1RSI R, Tl
£ 5 A 0 7 Y B S T S A TR T
Bk b N TSR, AR50 T4 10 R R 58
DT BT R R, A B AR ST R
ST (1R 4(c)). IXWUER R 73T AL T2
WA, BIPCHE R —I 8 TR RRERE. 20
THHAR PR 1D THORER TR, MUk RE
ESUSUS Rk S N R R S R )
A&, HE A O TR AR AT LS. XL R R
T TARMS B M B R S 71 RUBE JRy 3%
EHOTHIAH AR 5350 HE AR SR 5Ok
TR SRR AR AT DU D 0 1 G IR A
TR T A L X — ST R R W] A
o3 B R AT AT — R O B TR
AR TR TCF M.

3.2 BOoTREEN

S STM i1 57 T R EURORE —Fh s
3R R BT AEA, (B AR L
VRS T 3 Ve PEUR e E B 70T RESR. 90~
IR T EO LA AR L, BE 20 i 7 A RE RN 2R
T H R R O AR R, XA STM
P 27 P G B R MR B B 2 AR o PR
X PHAT T X AN S I ERAIE (UNBERMIZE 5T

060701-5


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 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 060701

(a)

(b) STM images N=12
| N N=11
Ti 9 0
N N=
N
N

\ N\ /
I‘\I N
. hv
L]
]
n

3 ML NaCl Wavelength/nm
666.7 659.6 652.6 645.8

T T
Increasing number of ZnPc monomers, N
N=12 N=5

Scale bar: 1 nm

~
() ?‘ =4 Y
iz
0.47(4) gE 0 \ Ny
y g \l. y
_ z .
0.47(4 a2 I v /
/ I() Eﬁ I (\v A ’ 1.867 eV 1.874 eV
I B e . e
0.42(4) I )/‘\\‘\\“‘ e
= NYXX -
= 0.44(4) XN, .
é,;’ 0.49(4) 1.860 1.880 1.900 1.920
] - Photon energy/eV
§ 0.45(4) N
g
]
E 041 VL Photon images
&
5 et
3 0.47(4)
0.44(4) TN
0.40(4) v
0.38(4) ™
1
o L9900 = 035(3) N
T T T
—-10 -5 0 10

Time delay/ns

(d) - 1.2
\ 7 % ? 100 : ;
“". Ag tig _’;‘ NFNEN g é Lo -10—1 : /
\ y H =} 3 l |
y N N o B=] [ 1
W v i = 0870 !
I
ho e*é \2/ % a1 o, (0
- g < 0.6Fqg-3 L L
, > A —-1.6 —2.0 —24 —-28
mre  GGAINID 3
©:0:0:0:0 : £ o
00 o0o0cPoe®o =
NaCl@o@e@o@o@o @@ E g
- E o2 () (1)
3
Ag(100) s |xer | x5 ] = 0 AN
A 1.4 1.6 1.8 2.0 2.2 —14 —-16 —1.8 —=2.0 —2.2 —2.4 —2.6 —2.8
Photon energy/eV Bias voltage/V

K4 (a) B0 THEROLH STML R B & B (b) 215 12D K ZnPc 7> T 58 9 STMIE SR, AN [R) 70 75 ) L R STMIL %,
ZnPc BB AR 55 2 B 92308 TR B (c) A RHK B R 201 56 T & 41 B9 Z 9 AR SC R B0 & 4521 B, (d) STMiE S 9 32 T %0t
AN EEL, A S TSR R AL AT S T O H R TR SRS HoPe 43 T B L BUR OGS HE R T Q, W RY IH — L fh B L FE ARG 58
M ZR AL, %) B 1 7 4 1] o 9,

Fig. 4. (a) Schematic of STML from ZnPc molecular chains®. (b) STM images of ZnPc molecular chains of up to 12 monomers,

typical STML spectrum of different molecular chains, experimental photon images for the superradiant states of the ZnPc chains®!.

(¢) Second-order correlation functions g(2) () for different ZnPc chains®. (d) Schematic of the STM-induced single-molecule emission.

A top view of the molecular structure is given on the right. Electroluminescence spectra from a single HyPc molecule at different bias

voltages. Normalized bias-dependent intensity of the @, peak at a constant current, with the logarithmic plot shown in the inset[®3.
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Fig. 5. (a) Schematic of the experimental of Sub-nanometre-resolved single-molecule TEPL®;

age (left) and TEPL photon image (right) of a single ZnPc molecule [¥7;

the photon image in b (right)®;

(a) H488 3R B R G ST 5 (b) ZnPC 43T 19 STM & (£2) FE T (7))
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(5 (d) STM-PL 2571 7 [ 56): (e) HyoPc 43 Tk Rk STM [, STM & (Z5) v i) [ Bl (i 7 1) J2 Y 1l i 4 i 1 42 11

(b) simultaneously recorded STM im-
(c) photon intensity profile for the dashed white line AB in

(d) schematic depiction of STM-PL measurement®/; (e) a magnified STM image of a HyPc mo-

lecule, and the measurement tip positions for the spectra shown in STM image (left)are indicated with circles whose color matches

that of the corresponding spectrum!/®,
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Fig. 6. STM images of (a) MnPc and (b) H-MnPc on Au(111); (c) sequential variations of dI/d V spectra recorded at the center of a
MnPc molecule induced by the adsorption and desorption of a H atom; (d) magnetic-field evolution of the Kondo feature of

MnPcl101,
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Fig. 7. (a) dI/dV spectra recorded at the lobe and center of a ThPc, molecule on Au(111). Inset: STM image of TbPc, molecules in
the assembled structure. (b) Schematic illustrations and STM images of TbPc, molecules with § = 45° and 6 = 30°. (c) dI/dV spec-

tra acquired at a TbPc, molecule before and after the application of a tip pulsel'0?.
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Fig. 8. (a) Chemical structure model and STM map of two molecules after co-deposition of HyPc and Al. The top-left and bottom-

right molecules of the STM image are HyPc and AlPc, respectively. (b) Spectra taken with the tip placed above a lobe of AlPc
(black dots), the Al center of AlPc (blue), and a lobe of HyPc (yellow). (¢) STM topograph of ClAlPc. (d) dI/dV spectra of a lobe

of CIAIPc. Blue: Cl-up, green: Cl-down!!9].

CIAIPc 1 T 4 43 %0 38 #0 9l 0UEE o5 4 . A It
AlPc 78 Au(111) by A e a] Ll CLE 5
AL PR /4 BRI . R b R IR T
LU A R A B RGPS TR L, BIE i B e
FRRET (A LAY AL A C1) SEEXH 4T RE2E F
THEAS 1) PG G 4%

4.3 BEZERE

2017 4, Ormaza &5 197 3@ 5 78 STM 4 J& &t
I3 RN 1A TR S, M T &R AR
I F-a B AR T BRI S, R DL LA o)
T AR T4, U I BEIE X B4l X 2 4
HB Z A B BT sy, 5o+ WA IE S = 1 Al
MR R S = 1/2. 76 0] B A R I & WA H
(R S AR B E B HLEITE IS AR T X
PRI, FF38 2 B — 1 SR AR A 2 Bk 107,

i, Xing 4 108 R 2SR it gy 17
PRS- RRIE 4, FEARIR T 38 A A7 B b R T R A
PR BRI R G, SEBL T e R A A
L6 S T= R el TSI BRI B OO = Y () S E e S
Nb £ XM fi7E Au(111) B8 FePc 43P

FRTRIFS T (] 9(a) AT 9(b)). WIESH E&, EA
LRI 15°HYIERE M 22, TE I8 W AR R AR
PSR (d2/d V) 3, #9811 FePc 7E 9 K TH
FRFIE HH R R, 50 i T HE RN S 2. AH
b2 F, #95 T FePc F B H 1 2% K 1 B 0 —
XX FR 5 B A ARFAE, 328 5 B Refie ok B FHEs R
FhEZERE (B 9(c)). FIHES: Nb £t 78 W b
£ Au(111) LAY FePc 43 F, dI/dVigExs T Ef]
TEPORBES T ARA 14> U BIGERR, I ARERRIT N
F Nb 20 s B REBR. RIS BR T 4 SR42ft i
HAME T REBRRFIESS, 150 & i Sl b W B4R
W R A, XM Nb 214y dI/d V ik
PR FIEE (K 9(d)). it STM FHRHAH 1 4
FePC 7 F 5, ¥ohE 2245 145 H N Nb £F4R-4
ZAK-FePe- 24K (Bl 9 e) #7254 Nb £14R-FePc-
Y AR- AR EE R (1 9(F)), B S REB B T
F L Yu-Shiba-Rusinov FIFFE (B 9(f)), X 25
FHIRETE A eSS Nb £ S EAEH
BURUREAE. 25T 3R, R R G S A e — oA Ak
P T EA 5 %, T DA B3 T 285 rh S A T
) FL G (108,

060701-10


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 % 3R Acta Phys. Sin. Vol. 71, No. 6 (2022) 060701

Config. I Config. II (e) g
Kondo
2.3 2.3 .T'E 2o
E 1
2
)
2
R O ¥ B
= = o —-10 =5 0 5 10
Ja T Sample bias/mV
SC-insulator-FePc-Au
1 nm
0

Y

‘W-unsulator-FePc-Au

© (9  SCgap 0 %
= YSR
Step feature feature <

® " eature Ji g
= B / g 1
g g s | g
: Config. T ; Config. 1 =
5 , 5 i T 40 mK
8 Kondo dip 3 | S 0k L L L L
= > | Kondeo dip -10 -5 0 5 10
> = 1 Sample bias/mV
o] . el . i

Config. 1T Contfig. 11 SC-FePc-insulator-Au

40 mK 40 mK

B

9 (a) Ml (b) A IMILH FePc 4>+ STM EIE, 70 5 B R 7S T B “38 SO AHRT TS TEISF D iess 15° 5 (c) Mt ik
B W S AEAS B LA L FePe 430 1 B ARAR Y dI/d Vi, WoR 43T 2 Mg B0 i RS 0 AR (d) 3 5 5 Nb HR7EFg A T A1 1T
FePc 4> F FAR13 B dI/d Vil%; (e) Nb-ZiZk K-FePc-Au [k i 454514 L LR dI/d Vs, B8 T Kondo H#1EIE; (f) Nb-FePc-4i
Grik-Au BRI LS5 M, LI R LR dI/d Vi, BoR T 2 M EIBR P YSR 25 108

Fig. 9. (a) and (b) Typical STM images of configuration I and II FePc molecules, respectively, showing the “cross” of configuration II
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rotates with respect to the molecular center by 15° compared with configuration I; (c) dI/dV spectra obtained on configuration I
and II FePc molecules by a normal W tip, showing strikingly different electron states for the two configurations of the molecule;
(d) dI/dV spectra obtained on configuration I and II FePc molecules by a superconducting Nb tip; (e) typical dI/dV spectra in a
Nb-insulator-FePc-Au tunneling junction, showing a Kondo dip; (f) typical dI/dV spectra in a Nb-FePc-insulator-Au tunneling

junction, showing two in-gap YSR states(!*%,
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Fig. 10. Topological states in in-line edge-extended AGNR heterostructure superlattices: (a) The chemical structure and nc-AFM

image; (b) the calculated band structure; (c) the local density of states (LDOS) maps of an in-line edge-extended AGNR hetero-

structure superlatticel!22,
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Fig. 11. Topological states in a 7-9 AGNR superlattice: (a) The chemical structure and high-resolution STM image; (b) the calcu-

lated band structure; (c) the LDOS maps and corresponding experimental d//d V diagram of a 7-9 AGNR, superlatticel!??.
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Fig. 12. (a) DFT theoretical simulation of three graphene nanojunctions. (b), (¢) Kondo resonances over the bright regions of Type 1
and Type 2 junctions, respectively. The zero-bias peaks are mostly detected over four PC rings of Type 1 junctions and over three
Z7Z rings of Type 2 junctions. (d) Double-peak features around zero bias over Type 3 junctions. (e¢) STM image of two junctions
with extra H atoms. (f) STM image after the removal of extra H atoms induced by electrons. (g), (h) The PC; and ZZ, regions of
the dI/dV spectrum before (black) and after (blue) the dehydrogenation process. The inset in (g) shows the current during the de-

hydrogenation process 124,
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Fig. 13. (a), (b) High-resolution STM images of N = 16 oTSC (a) and c¢TSC (b); (c¢) dI/d V spectra acquired on every unit of the N =

16 oTSC (a) and cTSC (b); (d

the oTSC and their absence in the ¢TSC; (e) For oTSC with N = 2-16, the spin excitation energy calculated from the ED of the

BLBQ modell'?3],

=

the valence bond solid spin state for N = 6 oTSC and ¢TSC, accounting for S = 1/2 edge states in
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Fig. 14. (a) dI/dV spectra taken at the positions marked by colored numbers in the inset current image. (b) The magnetic ex-

change interaction J as a function of the distance between two carbon atoms with the strongest spin density in each unit. Inset: spin

density distribution of six different f-NG dimers. All dimers exhibit a singlet ground state. Blue and red isosurfaces denote spin up

and spin down density. (¢) Experimental observed four configurations of f-NG dimers named as C1-C4. Left, nc-AFM frequency

shift image; middle, constant-height current image; right, simulated STM image. (d) dI/dV spectra taken at the positions marked

in ()20,
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SPECIAL TOPIC—Manipulation and applications of solid-state single quantum systems
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Abstract

Single molecular systems are typical quantum confinement systems, which have rich electronic states,
photon states and spin states due to their discrete energy levels, localized orbitals and diverse chemical
structures. The states determined by quantum mechanics in these molecular systems make it possible to serve
as great physical entities for future quantum information technology. The detection and manipulation of
quantum states on a single molecule scale are beneficial to the bottom-up construction of quantum devices.
Owing to the highly limited spatial localization of single molecular systems, it is difficult to accurately address
and manipulate them with conventional macroscopic characterization methods. Scanning tunneling microscope
(STM) is such a powerful tool that it can achieve high-resolution real-space imaging as well as spectroscopic
investigation, with the ability to in-situ manipulating the individual atoms or molecules. It can also work jointly
with various near-field or external field characterization techniques, making it a most important technique for
precisely detecting and manipulating quantum properties at a single molecule level. In this paper, we review
recent research progress of quantum states of surface-supported single molecules and relevant structures based
on scanning tunneling microscopy. We start from the methods for the synthesis of molecular structures with
desired quantum states, and then we review the recent advances in the local spin states for single molecular
systems and the optical properties of single molecules serving as a single-photon source. An emerging family of
molecular nanographene systems showing intriguing topological properties and magnetic properties is also
reviewed. In the last part, we summarize the research progress made recently and prospect the future

development of the quantum states at a single molecular level.

Keywords: scanning tunneling microscope, single molecule, quantum states, spin, single-photon source,

topological states
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