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mER MHOEDRSREOGREHHELFIREAENESA RAHFERAEGRGAFALTEES, BHETH
FRE B FERN, 3 23X Ay A AL MAAAIL AR, K f e b A AT R k. R, &2
R @ EHRORECLTFHRZIAEEFTHETARL ABEURIRETFEANEMET. ATREFFARRTE
WM, AMERT BTG ENER, FRETFILGERAE RABMFRRET, ARG EOHZN
KA T HEEME, HARRDIREZMH KM FA R P A, LR BETF B4t —F AR ey R R L
#. AxRAEEZBREE, SRS Y F K A FRIR S F AN F IR A, RS T
BHFRGR LS MABRKEART, AEKELENGTRERNER LR HENN T &k, LA EBHF
e

AR FEL R BRELEMOGE TSR 8, KEDNDRST A IFE FREE, 4R T ik, B3 % 4K
Fo f LB 2B AN B SR AETESERELITHGRIEF T @, A BIZAUR K IR Ao 53769 5 52
AR, BMAME, BN R GIKELENE TSRO RENAL, HLFREREIHELABA TN TR Rk, LKD)
BFAE 8 e AR X KSR

(FRmE: FEAAFRWEFL  FER)

SRFRMX EREmERBEAET 7 FEIWMAE
B i FAE A AT
MXE AIH BE KRALE KEB HEE mny

(BB EE ST, YUK S SRR s, bt 100190)
(2015 4E 1 A 12 HYEl; 2015 4E 2 A 6 HIRIER )

SEHLERASTHREA WL 3R L L 7 S5 R RS T %, A2 RSk BT N1 B e HE T A
MIocHE. UTEER, JATR IR SRl = S IR TE BB R 4, 45 650 — PRI, R0 T
B~ W o 42 TR WO B 174 4 a8 BB 75 1 140 18 e - P AT A7 B8 P 4. 368 e 0 9 TG VIR A 1 B 7 6 T
e TR B TG, A2 O AT 1 1 VR B BN S, AT SEBIL 1 R TR SR e T B 9%
Az, Fet P s G A0S R R BT R, SR TR AR AL T 3d HUBE N AT S LT T
(1 B e 1 3/2 B0 15 R 70 5 B R P R K, o 700 R O 2. 36 o it o =) 4k P s ok v 5 5 9 i
Ik, AT LA A s 27 B, MR S A AR B 1 e A AT R RO SR TR PRI 3 B3 T B R S MR
P75 N R T PR T o N7 5 ME R X IAR J 1 /N A s HEE R XIS =AU IR T R — Bk 4R b, AT
B3 T XS PR ) BEEAIR B 73745 T 0 R il 5 < 2 JER A DX PR e 5, AT 2 SO AEME (0t 3. X 4 7 W R
SR TAETE, S FHUE W R TAETE. XU TAE B R BT AR RAE S 7 B T2 B T2 AU A
JERAR S5 T K R AR L 1 R e

KEIA: SRR RO, SREGE, AIES, FAEE
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S LR E K R, TG S
B T B s H R AR SR GE A, H i A
PR, 8 1F  RSE S DS 1 e S5 0TI 8T 0k K.
R, BRI BRASDIRE S T A O T
Jofth, A& A B AE H D Re, H DAL
SR S N e SR TR LN = AT N =2 S e
SERE, N R — AU TR R B 1 PRl i L
ANE] T A G2 AR B AR R R
LB AE H IR, £ T a T, wf
7857 R DI Re 4 1 SURe D 3 Ak 22 ) i )
FONC N A AN R e TR 1 S s DS TIR SEHIUE Th e
AL B e MLas sh SR 2 B B RS S, Nk
JE B AW EAR S B TIRE 4 T R
e LT AR AR SRR D0l Rk, R T
HESEHLNT 73 T IS5 0 FAEVE. B BIEES.
32 S 1 TR T R A A A A SR R K R 2 B i

1 B% 18 2 i 5% (scanning tunneling mi-
croscopy, STM) K H B A i 7 2 1) 5 =% 8] 73 H¥
R AnE B IE 1 (scanning tunneling spec-
troscopy, STS) W& 5 R TR, 51/
TR 1 FE KT RE, B T R Tt
W, EARZEIEE S 11, &J8BkHE
(metal phthalocyanine, MPc, M=Co, Fe, Mn, Sn
) KT LM HATEDWR G T BT R
MPc 7 T HZ 0 ik BUR T8 B EEA
JS S TR L AR 5 Hp o 4 i 5 1 3 0L e o7 i
B (WA 1 (a), 7T aittee B o Ty
Bt SHEARPOLERE TS, HBrai
MARSHEARP B EEOT R B2
T MPc 27 7 A X LA 5 A EE . fb 224k,
TE4r T T %, BN TG RS S oA &
75 RN A, BRI A K [ s bV 2 8T 78 /N
FIH STM 1E 8.3 7 /K- IF & 1 X MPe 284> T i
H AL 7288 B e A R RS, A T
—UOE bR, BN, R R K A
FUL R I, 38 I 53 B R i ST R B T e R
[ (1) CoPc 7>+ 5 B R Wi A, k& 7+ 1 5 e,
FE M 22351 B LR & (Kondo resonance) [ HE 19
BHERZFZEE LR AR, T 821 RN,
o e S0 1 A R O R R AR IR, AT

VR IR B E ) MinPe 43 BT % 248 (Kondo ef-
fect) 71w [ R 2% 5 0 B ATF 55 B o 083 4 F 90 4 K
B, 3R A [F) IR B AL B B FePe 731, Hm 3k
P U I R0 XS B 1) 30T g UL (Kondo temperature)
AT (8] g B IR K2 Berndt W 78 4 R 3R, T A
STM B ARt 0 Je 5 B e ikl 481453 SnPe 73 - Hpt
) Sn B A Ty T E AP 2 EaZ T, T
5 SnPe 70 TR HL T2 PL (B, 4175 MPce 35y
T TN B e H R R 2 A0, 8 ARERE
IS SN 73 1A B RS IO SRR IR, IR RL
LT,

I JUAER, FATVET XX L 25 2 0] JUT R | R4t
FIREFE, AT T — e s S . JRATR I AT Bl i
ST B/ R B B 759, S I BN B4R AR MinPe
G F LT A E VRS R E RORE ) T AR 00 it
b, SR 5 IR / B B & RT3 4% MnPe 73 TR e &
TH P R B A7 B % FFAE 1 (chirality) 112 3k it 1 %
ST HTFEMFENE D2 XS TR RET
MPc 53T W70 F HL 75 e i 722 F AU AR K
w57 TR SR A TR . SO A R AR
BEAT A AHAITEIR.

2 ERARFRFE

B S 5e R H — & 8 e 1S AR AR B
W STM & 4t 56 X (Unisoku). R EEARJESIEN
1 x 107!% mbar (1 bar = 10° Pa). J&i T ZiF
W PR Au(111) SR H R B R 1 Ik A S
IR K (%2500 °C) AL FE1FF]. MnPc 4> ¥ (Sigma-
Aldrich, 97% purity) £ i 3 FE 6 B v 4R 4l )5 36
AN T W ZE VRS I b, 78 8 e 2 s R A 2R
KRB (~330 °C) N, YU MnPc 4+
B Au(111) R R FFE . — 4% 2 (monolayer,
ML) #53 F Ui &, $8 MnPc 7+ % HEE 55 8
Au(111) Rf, JFH STM SRR IE. BRASR SRR A5,
Fr STM/STS Ml & AR (4.2 K80.4 K) Tt
7. STM EG 35 9 I oAk 25 Ji b v i) 2% (1) B9
FEME R AR A RAT, $ 38 O = I AE A L T
A1/ AV BRI B BOR B R AR 1.

BT % B2 IS (density functional theory,
DFT) 5 — YR # i+ B R A T Vienna Ab-initio
Simulation Package (VASP)fUf5. Perdew-Wang
1 A8 4 I I AE AL R % 4 115140 3 o B0 S T 93
S ERIT, SREENT A 400 eV; & i REH ==
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7 x 8MJRHE, EAEEIE N 20 A TEL MR YIS AR
H, BRERJR = IR T AR [ RE Ab, BB 2 AT
Al 2 3 AR G AL P e B0, BT 2 B AR
F A3 S0 0.01 eV /AL 25 & BT 10,
FUAE A T A IR X AT

3 MnPc 7 Au(111) & & R M 4 44 Fo
L # IR E

TEE TR Au(111) R TH 2 IURFIR I 22 x V3
T B S a0 AR 0.05 B )2 MnPe 43
F) Au(111) F1H J5, STM B % &8 MnPc /> 7 B
26 A Au(111) K HT % A (elbow) AL HE, Ff4r 8L b
P& 1 00 3777 (faced-center cubic, fec) HE Bk X 45 (I
B 1(b)), 5LERHRE— 0. A MoPc 21
SIAFIRLEN, 555 F 1 Dy RFRVE—2, U0

O TR T TR . AR O B
K, P Mn B FRIRWEE &S T FER X
S T Mn B 1 1 3d BUE 7 T 2 oK Re 2 Bk al, b
STM B 7 FLIL DTk B K IE B, 5 FePe, CoPe 5§
- [ 44 R T 14 W PR AT AR AR 16817191 DFT
TR AL MnPe 5 1 B A = A KRB BT
HAKRANS = 3/2. WHEAu(111) RE 5, o
THERMAEHRSE, 7 THBEFEERKE
BB, o FIIEBETI NS = 3/2. IR &
fE = N il A A A 30 Langmuir i, STM 256 &
LA MnPe 7> F 5S8R B¢+ 7 IR 45, (H 72—
e A3 F 0 AR BT S TR, 3R B Ay L R
WE AT 7 FH 4 @ AES100 Langmuir
JG, BT 7O R BT I R R, W (c)
PR,

1 (a) &BEKE S TEMBAL; (b) EUR TR RET MnPc 2T/ STM JE3R & (B AR T R PR EIg, SR
AFHONHRRE. LEREN Au(111) R fec XIR); (c) EJR TG MnPc 4751 STM 51 (&
NEG TR PR EG, Boxa T ORI, @A N Au(111) FIH hep XIK)

N T RSB MnPe 43 F H 0 B ST I SR B
7 R B T e B A B RS U, FRATIAE T — R A S,
A RIIX — ARG AR R T 7O Mo 87k
Wbt 7 —ANEJRFEER . e, ATRI MnPc
Oy T O R B RS R AR R BT ). G STM £FRTE
I () MnPe 73 HC b5t in 1 B ik (59, 4
2 V. RFEEL s), WR AN D B AU G
AL B, T DB R A 5 KRR
ST AR . IXEESEIG IR R B 7 el
QS R I - =1 e 1 =~ W o =1 = 1 e
HR, BRERRFRAE 4.2 K Rl AA X 1000 Lang-
muir Ji, STM 525 % B MnPc 2> T H O A5 9R 231
HSE SRS, 78 MnPe 2> 7 I L, 7] DUV 21 1
790.38 nm A 7 s B, X 5 A A (111) [ db i
ghpy— 3 022 X B % A SR T 5 MnPe
4> FIEAE AR 59, MnPc 4> 7 FR 0 AR S AN ] fig A2

FWHEASR ST FEHH. R, ERE, T
A7 Sk W B 4 Bt B, e e o P O R ik B 2D
1.28 V. iX it BAWR fff 4 5 MnPc 231 B A HAE 4%
SR, A A 2 W BT SR A EE B RO R B A
AR TSR . &E, RINEAR
FE R (80300 K) X # dh il N & A 8% &R 1
SERRH, MBEANEAN, RAEEFEMEE ST
120 K i MnPe 43 F 410 A 22 A8 1 1 24 38 N &R
T, R AR IR A 80 K, MnPc 43 T/ £
AW, XS0 45 W7 UE B, MnPc 43 7 H O
SRR R R A2 T M B I T —
ANEJETFHER. BTRA T SR 5 oA
) FFnid oy H-MnPc 41

SIS I8 K I MnPe 4y F 8 S & HE Au(111) &
22 x V3fEEMEKSEMME. ¥AM
B4 55, MnPc 2 7540 26 W BEHE fee X
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I, 1M 7N 1 % HE (hexagonal close-packing, hep) [X
B 58 AW A IR, B L (b) Bras. Bt
AR T )5, i MoPce 7 T % 2% % 1 H-MnPc %
T UBI, B AL B TR 1 AR, H R oA
H-MnPc 73705 B AE hep X35k, T fee X 3] 5€
EHAE DT, WE () fras. 78 AR
ORI, ZFh 4 (W, Cgo, nitronaphtalene, FePc,
TTF %) #B AR 56 W B 78 fee X 38 123201 I KX —
PR IA L5 Au(111) FR M fee X35 HE hep X 8 (1) HL
T T, BRI 4 - B W B e BE R, AT R B B
g, H2, MUk BRMBEA T MnPce 5 H-
MnPc 75 AR B0 e R A B RATH B 1
FF W, MnPc 5 H-MnPc 5 7 7E 3 K B8 2 B I 1)
BHEEAR: MnPcsr ¥ d,2 HUER B FIER, M
H-MnPc 73 F W JLFERA. 70 THUE X 2 K
8 3 5 LR A BAE AR, I AT g 2 BOA [F)
e FEYE BT 9. B AT, X — AR AT A
VBRI A S 2, b 7 RO\ B E A A
T,

R R o | @

I|
\ MnPe
0.4

i
]
]
1
1
1
* H-MnPc
[

I
1 HUE
L""““M\.M’u

dI/dV/(nA/V)

0.2 1

1
0.1 '.\ MnPc

+H2 'k;w_,,,_..ﬁ--w_‘,_

0.3 -W

0 T ¥ T T T ¥ T T T
—40 —20 0 20 40

e hiH /mV

4 MnPc/Au(111) fk & B j€ & Fa 11 ik
A RL B 4

SR T WAL § B MnPe 73 7 TS0 & 4248
fk, T H B4 T MnPe/Au(111) /& R [ B 145,
BAVE 4.2 K Rl E 7 MnPc Al H-MnPc 4> F 0
1 dI/dV ik, Wk 2 (a) i, T MnPe 707, H
dI/dV iSTE TR e MHE 2L B G BIR 55
AR ILTAR AL B, ATHEBT X A2 i T Mn & 711
S B s A R RE e (SRS Pl 3 YA
Xt H-MnPc, H dI/dV 375 9% K 66 B R
A FHE T 22 Ml 28, 156 IAE IR FE T 30 T 28
TR T RIS STM B4 i i e s ik v 456 S0 R 1 e
B, FIA3 215 E 4G MoPe 07— 81 d1/dV i, &
B EUG 7 IR T RG4S, R, Ffi 1@
b 5 T B /BB, SEPLT MnPe/Au(111) ¥ &
IR bl S AR BT E

(b)

0.64

11T

R S
o.z-b*v\,.ff_
‘b——-."\\’——T’

s RH /mV

E2  (a) BEAPBEN MnPc 4> F 90 dI/dV ¥ FI52m; (b) MnPc 7T Ht

dI/dV &EEsN It AR

T JR A0 ) M TR AR A A U R 4R 06 I L
A8 A0 J FAE TGS T 1) 2E 2 B85 2 (Zeeman split-
ting). N T ESE MnPc/Au(111) 1k & J&5 3k 735
TE 9 K RE P I 1 & B R AR AR il i L 4R e, 3K
AT & 7 MnPc 41 dI/dV i & i AN inkE %)
ARk, R TN E SR, R dL/dV iR E S
HEe, AL SR E 0.4 K, FEihn & BT
FE G B SR, WE T AR#% T MoPe 731
dI/dV ik, WK 2 (b) P, IEWFEAITRL, dI/dV

i 2R OK BB B & B RARRAEAE SR oK e g A R A=
TEERL i RIERIY T R AR 2L B B R ) B
BUE—3 1 —J7H, BT FRE Tl T
MnPc 7 F /1 dI/dV i, S23 kKB, $4 MnPc 4>
TE20 K £ A 476 Au(111) 2 1 RS B 6
R kAT STM UG AT AT /dV i &, (HE,
B MnPe 70 7 TR R EHESS #), RIEFE =R T
o r] DL AR s M AT AR RN AT /dV BEd 2. 5 H,
1 T MnPc 43 ¥ 8] 2 212 5 55 My da e 4E H, %t
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dI/dV HE i g2 v] DL Z e AN T, DR A (] S50 2%
PR AEREJZ MnPe 7y I E R dT/dV i 5 5
AT AL/ AV SR BE Rz, Rk, FATE
77 K FAE#JE MnPe 7y 0l & 7 dI/dV i,
RIILFOR ALY T RO FRIE P22 Mh 28, 10
W 30T S0 B AE MR FE I R T, MR &R T R UL
ICT 77 K. SLbr b, R (Fano) i # 4 & £
MnPc $150F & 1 & Wk g bR BT 45
MnPc/Au(111) ¥ R KT #EERTE T = 60 K, 57
7T K (0 A TR N I R AR R — B
TR AR B SR -5 B0 MnPe JE 3
I B RS AR Ak, FRATTFR AR T 5 T AR T B
AT G MnPc/Au(111) R RIS AT 73, BB
HARAJETE 2] H-MnPc 7E Au(111) 2 [ )58 € 4 7Y
RNERE TR T Mo B FI1E EJ7. B3 ()%l T

'tﬁ) ’

Mn of MnPc/Au(111)

T Tersoff-Hamann T AT H AL 1) MnPc £1 H-
MnPc %371 STM B4 281 J\rha] LA i, MnPc
SO M AN T T ERER K S
SCIS BT AR STM B8 — 2k, WEsk 7 STM EE 4+
RO B S SERDAF SR ) Min B -7 oK BE 4R Bt ik
F13diiE. 724 F 0 Mn BT 10 1E B Wt 1
—ANEE G, THEAIE STM B Bos, 771
AR T AXT T4 B SRR BTG, L san g R
— . THEAARNEE TS5 MnPe 7> 1 I gk
1.75 eV, 55258 vy 1 i i &5 i 5 it o 1) LU
ok BB KRB0 24, R SR T R A IR E S
b HAN, AR T MnPe 2P 1H S 8RR
3 B IR S A T AR TR R In T ~1 A, &
# Mn 8511 R i 5 5 R B B T2 ] A
HH 29555

Mn of H-MnPc/Au(111)

Ty
54 5 (c)
S=3/2 S=1
| ‘
£ 2
=} =1 | I |
Bl : II, 1|
= FI ) T Y
£ 04 I, 20 r TV 1] AT
1) ¥ 9] i ¥
o) [ [ ) 9 \' ﬁ [
a iy a | | |
& | I = I||I 1l "
b - ' —.
- dy. - dy
d,2 | | d,2
—5M —54
L L L} L] L T T
—4 -2 0 2 —4 —2 0 2
itk /eV g /eV

H adsorption

e

T

MnPc/Au(111)
Kondo ON

L

H-MnPc/Au(111)

Kondo OFF

H desorption by
e.g. pulse or heat

B3 (a) iFEERLG S IR AT S MnPc 41 STM E1E; (b), (c) tHEAA I &R+ 7 /5 MnPc
SrF 0 Mn BF daz, dy. M dZ HUBRIREEHE; (d) @ SR 7R /B 929 MnPe/Au(111) 6 &

I T A R S TR 2R 42 PR R 3R

BATTE BT EE 5 W AT S MnPe 71
TEERMAL. B3 (b), (¢) 2B ER T MnPc il
H-MnPc % T dg., d,. f1d2 =ANHUE K BT
BER. WATRI, RESDETWRMMAEMn ST E

DUk T AN, (H M & PR TR RS
AR, BRI, dys,y dy, F1d2 ZAMPUEEEER A
TARKSAE, HaEheh3/2m 1. Hik, Mn &
T E BERII8N IR T d HUE 1 B A
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BATFNE T IR JE T o exp(—1/pJ) 21 I
Hp AT 3R S T ISR G ST
5 R i e R e ms A H B ES. fEE1ER J W
N2 BUR BRI L T FIBEAR. a0 SR S50 A
ot BE 1 T T, RS B30 i RS, FEFRATT Y 5K
b SR RS2 MnPe/Au(111) 74 2 (13 Bk
RN K, A BAR W52 i T AR TR B S5 8 Mn
B 1R UG FE (RN, LA K AP T 4 AR TR
(100 PR B 3 DR T 23 W S R AL 5 A Ok
S53LERE ). B3 (d) s TR AR 7 B/
B, SZEL MnPe/Au(111) 14 2 F e 28 AU B RN AT
O s L

T T i H R R TR W B/ B T DL S B
MnPc/Au(111) 4 5 (193 i 250N A H e 2 10T 3
PR, WA SR R TS MoPe/Au(111) A &
(AR ZS 0 B B “1” Al <0” 2%, B84 FeATTmlt ar LAF)
F STM ¥ 583 T ¥ PN RE 1, 1E 550 T 7K TS BLE
BARAE. TATRE MoPc 2 7R S8 M 7E Au(111)
R 22 x /3 (B T HE A S B f 0 B0 A H
W H 4> T UURU R, il MnPc RIUF &5 5% A B
T 54 2 A ISR, MnPe 2> 1 LR M & 80N
PR A E A2 R RS, KRR E SR T R

- .
1 nm

TEAARIE, B MnPc 7 #8 P pE &U5 F
117 #6748 3 H-MnPc, R 70 7 # 4R 8 <07 IR
. UL, BT 4> 7 O LE STM BEIE 3 2 B
ARG, oK RER AL AT/ AV G AT TR AE, &
I R FL IR IE R 2K, & 4 (a) Brs. FIH STM
BEOR 45 R € 43 T I e ik o, £ G A H-MinPe
FeA2 9 MnPc, X R 7pTIRE M €07 Az g 17, B
SEPLT — LUAF (bit) 5 B <5 N AR X, X
CHEATE BB AR 70 2 IS SRR, H
POKBERAL AT /AV BHGAR 23R, X BT g 4t
PR H L. B4 (b) s T IATH STM RS
AKIVIB B, i OOR R 5 i T A UUR
Jei, BATA LA B 1K 70 TR R 3 <07 IRA, Ao
BB FTAEE. X T4 )2 MnPc 73 T7E Au(111) &
D5 HE T BRI BE 21, () T LA e 51 W B / 3t
B S MnPe/Au(111) 44 5 30 R08 A B e &
AT 45, R T AT BAE By K SE SR S R
176k B4 (c) b— 4 x 490 TRESINBIHEAT T35
FANH-MnPc 7> T HEFEEBR A, BT 7 E A
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SPECIAL ISSUE — Control of electronic states in surface low-dimensional structures

Tuning the spin, chirality, and adsorption site of
metal-phthalocyanine on Au(111) surface with hydrogen
atoms”
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Abstract

Metal-phthalocyanines (MPcs) and their derivates have attracted increasing interest in recent years, due to their
potential applications in molecular electronics, spintronics, sensors, and so on. To this end, it is essential to tune the
structural, electronic and spin properties of MPcs. Using the low-temperature scanning tunneling microscopy (LT-STM),
we demonstrate that the spin, chirality and adsorption site of MnPc on Au(111) surface can be tuned by hydrogen atoms.
STM experiments and density functional theory (DFT) calculations reveal that the preferential adsorption sites for the
MnPc molecules may switch from the fec regions to the hep regions on the Au(111) surface after a hydrogen atom is
adsorbed on top of the central Mn ion of each MnPc molecule. Moreover, the molecular spin decreases from S = 3/2 to
S = 1 and the molecule-substrate coupling is weakened after the adsorption of a hydrogen atom on a MnPc molecule,
leading to the quenching of Kondo effect at 4.2 K. However, the molecular spin and Kondo effect can be recovered
by local voltage pulse or sample heating. Adsorption of three hydrogen atoms on a MnPc molecule not merely lowers
the molecular symmetry from 4-to 2-fold, but also breaks down the mirror symmetry of the entire adsorbate complex
(molecule and surface), thus rendering it to become chiral without any realignment at the surface. Dehydrogenation of
the adsorbate by means of inelastic electron tunneling can also restore the mirror symmetry of the adsorbate complex.
STM experiments as well as DFT calculations show that the chirality is actually imprinted into the molecular electronic
system by the surface, i.e., the lowest unoccupied orbital is devoid of mirror symmetry. Our novel reversible spin and
hand control scheme can be easily realized at single-molecule level, thus opening up a new avenue to broader applications

based on the molecular electronic and spin states.

Keywords: scanning tunneling microscopy, metal-phthalocyanine, spin state, chirality
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