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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 ==

076802-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 64, No. 7 (2015) 076802

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”

Xiao Wen-De! Liu Li-Wei Yang Kai Zhang Li-Zhi Song Bo-Qun
Du Shi-Xuan Gao Hong-Jun'

(Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

( Received 12 January 2015; revised manuscript received 6 February 2015 )

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

PACS: 68.37.Ef, 73.61.Ph, 73.22.-{, 71.27.+a DOI: 10.7498/aps.64.076802
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* [E 5 SR AR B UERI (EHES: 2011CB921400). [F K H AR H 4 (LS 11074236, 21473174, 51132007) F b [E £} 2
B I 1 S S RHE L 10 (B 25) (kS KICX2-EW-J02, XDB01020100) %% B 1) i .
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TC A 7 53 1 HL 28 R Pl 1 o A o R 42 e R A
RSB A EE B AL+ A IR.

FE A TURE 78 v, AR R 2R 2 TR AR Ah
BB T 0 7 E TS ME TRiEiTN
R A S IR (R = AN vl s §
(cobalt(IT)octaethylporphyrin, CoOEP) 7> ¥ 1E N
WFFER R 3K — 3 HI PR B A A o O B R 1Y R
AN SR T, LBC AR A A AN B R T A )\ A
CHEFER. FATHOBE TR, i 4% o T EAR S
() L FE T DAA RCH i 42 201 1) L3 S A0 e
THiaAr . |5k, BATKIGE L By Tk s
FR 77 92 AT DAAT RO A TG A A/ L F 0 e v s 2 Y
B IF SR . AR LSNP RS, 4y
TR R AESOR T T R B ASR AT R
(RIAEAL,, 32T N LA o H 34 VAR 1 2R ) 30 g
RORE. SR 22 50 45 AN B TF SRR B, 2 A
{11 CoOEP 731 H Lol IR 55 Au Aof Ji f0 R 85 2
WEFE AR A R A AR Ak, DRk, AT — A 1
PSR A0 30T T 2K 1) 7 AR AR AR VA 25 T O3 T
TE A 5 4ef i B B BB o 2 B0 AR AR T 425
T TR BRI A SR A R, FRATTR AR B B
A Co SRR CoOEP SRR C3 X AR = T4k
5 ARAT T AH AR ) L O R T 4
0.4 A, FIIXLE 2,56 by F 47 [0 A0 B A o 5 3%
v, AEE % R A AR N A B2 2. M
SR, FEIX 8 2,58 & i) B 2 3 ) 2% K T DA
£ 0—0.8 eV Z AJHr H B — A 35 1 LR 0. B
73 PRI BE 7 1% 3 W I — 3B i e AR e 22 A5 [ R
R LR Ve g ok, T MR ) IR 1 S B 5 0 ) ST
Hougg ) i g B 218 1 5 S EEFINN IR IE ) C—C
B g R AT, FRATNNEX L L
M T SR = S B TR N SR A A ) A B
2F DX I N LSS AR B IR R B 2 DX, TS L AE
PRI B J7 BT IR 7 AR 5. JRATTHY IX LE At
T 45 SR 2 W D B B 1R B3 vh 20 T A TR R S
TS A s i = 2R

2 LR

S U6 2 A I il vy R 4 4 B A B B (L T-
UHV-STM, Omicron GmbH) H #4171, A8 & 5%
YEFFLE 3 x 107 Torr (1 Torr = 1.33322 x 102 Pa).
0058 NS ) R e el R S JE ) W AT 2R (good-
fellow), Z W #HRAEFMATE NS K EHE T HRE
iy DU R s 1. AR P K Au #RGRAE =

BERMPIR &M, RS EHHERENT KV
FIE G F R i, FEE 300 °CIB K, DA B35 1% A1
JE TP Au(111) K TH. 4HIH IR B 1K CoOEP
TRy &K (Sigma-Aldrich, 261 97%) & S fE# = H
7 R A LA ) IR R, SRR T FA R R TR E
TEXT I SR & M8 1, 15 31 5 7 78 55 B 20°4 0.02 B
JZ ()2 58 R 5 5% HE 5 Bl R S R ) A
i, ARG RE SR RS B . 7R STM B AN
dI/dV sy S (STS) B, F il B 4ERF7E 5 K.
STM EHE a0 T 45 2, STS i 18 i B AH
KARTNINEE N 5 mV . A2 H 500 Hz B (5 5
133, CoOEP 4171 il H 55 1) BY B 2 @ ik g 4 o
BT T LM 3.5 V BIRE S Sk SE B,
X—J7 ik A I T 2 Rl o 1 R R Ak 2
SEBYE I8 O T AR AT B AR SR A5 R, B’
IR PR T Au(111) R () CoOEP F12: B 3L 5 1)
CoOEP it 7 5 — M FRH T 5. FRATH slab 524
K JEX R AR, ZE T 3)E AuJi 7 AT,
FAAR P BT 5 07 5 3RAT 2 /T AU R BT R H
1 —H .

3 HR5T®
3.1 SFHOERFIEREN AR

Kl 1 (a) #1 (b) & 7~ T CoOEP 43 ¥ UL 1 3l &
I STM K%,  CoOEP 43 1 ) 45 ¥ 7w 75 - I
B 1 (c), H 018 Co Jif - i Fie 4o 48 FR s i 25 Py
(N JR 7 F g, n kR A £ 8 A HL R 14 8 A 2
FLRTHUAR, SCH S T K5y T Ak B iR R T
2y WIkRiE N Cp, Ce M Ca. 24 CoOEP 43 1 UL R
B Au(111) R 5, AL CoOEP 4 T RELE il
TR — AR e 2 A, (B F 2 —EB 4 AN
CoOEP 73 F#iA £ Au(111) Xl £ (K 1 (a)). H
AN CoOEP 43 ¥ i [7] T W Bt 78 Au(111) B H) 5£
T 455 A1 9 B J2: fee THT . BT CoOEP 4 1 F
B Cyy R PR, T E M 5 1 Au(111) 2K [ fee [X 35
HREBEEE B AuJE TR EA Cop SRS
F B HE AR, SRR PE AN IERE 5 3 CoOEP 43 T 7
Au(111) REA ARG EC . B 1(b) %G T84
CoOEP 7 TR 5 HE, XM ERHAE Loy
TFHMEA B R 8 N 5 AL, X LK BT CoOEP
I FI8A ., XU B CoOEP 43 1 72 7K ~F I b
B Au(111) K, 1 CoOEP 4TI 8 A £ N 8
Au(111) i _EArEsk.
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K1 (a) VL A B Au(111) 3 1 [ CoOEP 4 T i STM J i & (31 5 2
+1.2 V, 0.4 nA); (b) £/ CoOEP 4> F M STM JEFi & (H# S %: —09 V,
0.4 nA, B F: 3 nm x 3 nm); (c) CoOEP 4> FH4sitnE Kl

B2 i B 7R Tl I 4 F 59 3k i 3% CoOEP
Ay F BT R RO G R E BY H Z R, WROB A
Au(111) FTH 1 CoOEP 43T A5 M I 21T i %N,
WIE 2 (e) F G a Fron. o dI/dV i 2% K LA
F50 mV A A E — AN iR A BN 240 mV [ LR
g, AT N IX — LRI I T 0 Co J51 1 d2
MIE S &R IR A, S5IRET Au(111) R
HilkE (CoPc) 20 TR L. H1F CoOEP 4 1-4hH
8L, T H L EEA H 7 A2 B Au(111)
R, BT LML 5B 7 5 At Co JE 1 [ AH BAE H
KB T MM BEERE, SIAREAR ETX.
FESZIG R AT STM £14R7E CoOEP 41 HI
BN +3.5 VR T ik DL D) S 4 B A
T A A5 Au(111) B8 X Bl R A 12 i % ik
M7V AT REAEAS R R 1 C—C BB C—H B
2. [FIB T CoOEP 4 T #E R & K m 8 HAHAR 2,
B BE B AR AT, P DL — Rk h AT AAS 1R s —
AN B2 (a)—(d) g5 H TN 3 U Bk R S
STM 5%, 72K 2 (d) B34 L FATT AT LA 3,
PI#| )5 1) CoOEP 43 741 Bl i )\~ 5% sl 2 & 436
T8 2%, AT LU RA CoOEP 43T 3 ol 4= 30 B 0 It
. R B IR W 2, B4 STM EIME E R %
TSR RETE B i, BRI BRATTIA g SR A 5t 25 1D S
J2 F T AN R AN 25 e R e SR ) R, 2R —
PEJE PR 525 OB T Au(111) T 1) 23N
Ca—Cp (1 (c) 8K N1.52 A, 17 ZFE A np ik
WA Cp—Cp i K N 1.48 A, R CA—Cp
B Cp—Cp B ER S W R, Xt —PRIET
S R S e 22 R IR B 2(e) AT TED)
R IER R 0 Co T dT/dV iR ARk,

B2 (f) e Co JEF IR M = FE AR AL, AT LU 2],
RS V) B R, H0 Co JR T d2 5L
5 &/ R b i B0 %, F807 d2 B
T8 5 4 J8 Ao I 19 2 A J8 55 P T B 1) L R B 77 Ui iR
AR A FUANKEFR, I H 2 T8 1 g PR 0t 52 4 D)
P2 JE I LR E. DN T IR IR 2 — AT S
PRV T AN A FAh R 255 B0 BRI 24 e S
P, FARX —FLPREHEAT T AR S5, B 2 (g)
ST AENRE TR AL/ AV ik, BATEAFR
FEE T PR T L R VR A5 P V2 2R T Sk UL 15 B L AR
T E, WE 2 (h) Fros. BATATLUE 2, B B
5 K 3G N335 K, ix — LR e 8 B 2 39 m, 1X
530 R SN AR AR A . R o 2 A 5 B
TR AR 4K il 28 7T DAAS B A R 03 R IR T 18

I = 2y/(nksT)? + 2(kgTk)2, (1)

Horp IORUETE, kp APUR2E 2 H AL PLE MRS H
Jii 8L 5 CoOEP 431 A0 Co JR -7 IR IR Tk
7182 K. A AW XA F Au(111) ZR 1 EAYH5 A
AE ) CoOEP 4 F il T FIAE BT 3%, 7558935 7
TR AT/ AV B H R R B3 1 3 7R AL
N, H TR 565 5 fec F 1 BB S 2T —
B, RWBTEE 7 O RE S S FAERTHN
W B o B TG B SR R

N T G R R SR 4 SR, FRAT 40 R SE Y
CoOEP 75 1 it 22 )\~ H 2 J5 1) CoOEP 4y 1t
1T 78— PR JF BT AR, B34 TR
TG AR, BRI ZE R R 2R, CoOEP
I3 FH 0 Co JR IR B 7E Au(111) By 25467 1
(hollow sites), H. 73 #MH ) )\A> ZFE 2 A [ 5157
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2, 5 1R STM St 45 AT &, 1 it ds
H1 3L J5 1Y) d-CoOEP 7> 15 52 41 If) CoOEP 73 14
be, ol Co J8 TR A A 17 £9°0.15 A, i
THIEEAETY), FT A i C 8T AT B, AT
T B CoOEP [ AN A iy H 25 . 1X 5 52 56 0

13 1) T SUAG RN R WL v P AR AR B oy — 8. AR
TAT R T H 4 LR, B BB ME Au(111) R
i ) CoOEP 4311t Co J& T IR/ 0.5 pg, 1
i 2% B 3 J5 9 d-CoOEP 43 1 H Co Ji 1~ G 4R 2
0.6 up, H IR E N,

7 ()
6 4
5 =
n
&=
1@ <_{m 5 ]
~ 2.5 38
. - 8
E M 2.0 T 3
= 4 >
el & T
o S 1.5 < Vi S
® © a b c d ~ 24 /
ﬁ} 1 L 1 L o J' \ .,‘
o 40 : Jax
5 (h) L Pl
> 30
: O '—m‘/\/"‘\\,
° E _'_._——.’./ 0
S 20 1
= 35 K
Lt
= 10 T T T T T T T
o S —100 0 100
T T T T T ., N
—0.2 0 0.2 - 20 30 FESMRE /mV
i A /K

KEl2  (a)—(d) STM #H4Rif T i B B 72 (TE B i «x 0 A 00 B AR T +3.5 V Bk, ke 3] Jy 100
ms, BMEHE#HSHIY): +1.2 V, 0.4 nA, 2.5 nm x 2.5 nm); (e) 7E (a)—(d) F:0» Co JEF EMES RN dI/dV &
(—50 mV ZEHJIEIZHIERAE A T SR R R BRI, R IT RS K S R BL); (F) 7E (a)—(d) > Co JR T LK
FEAR AL (g) o T i F %5 1) CoOEP 43 A Uoilt L IR IE B IR 2 M 5 K TH3 35 K (7R {1k (RII i A (1Rl i A i AT
9); (h) ASIRHELEE T RS Rk 8 FHVE VA 1A 45 B 0 96 12 DA Badlad (1) sRIA A3 BIR L (A4t Tk ~ 82 K)

NANNNININ/

3

TSt ™ e,

(a) (b)

3 (a) MR Au(111) FIHH4 CoOEP 43 T I A AUR B IE (H DML, T EZm
HAE); (b) Ui H 25 1 d-CoOEP 731 W M AR & ) (LRI, T 2 MRLAE)

CoPc LI A B E PR, 78 CoPc i A 41
T, WSS FETEGE 7 TR TR, HA
A 2, B H R B 9 CoPe 4 T 176 Au(111) R TH %

M3 S R B I 25 R IRAT AT LR B, BAR
[ B A& 73 7 B A A5 30 e S L HE B, R H A
Ji 1] CoOEP 5 1 # 2 1 Fr it 78 :d i) Bt S0 11 )=
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A LA, TSR A9 CoPe ity Co R 5 R il AR A2
1.03 pg, 73 FRAGRREAAEIL O Co BT I
FE TR 7 0.8 A FrLhdvts Co J57Abik kv
(9 HH IR T Co J R O IR, i P ) 2 0
A 1T T 5 A TR 0 ] B e S e ). T
B, TR T Au(111) REH) CoOEP 77 B AR
EENU IR v S E RSB SURIES BN 3 vl e S iR
JEHIY AR KA RRIEAE, it Co R 5 Au
PR EE SN 1 0.15 A, T S b 20 00 90 2135 7 2
L. 25 HE 3] Co JR7 1) Ja A 22 PR B8 9 R R A2 B 2
A4, T BB LT SIS AT D RE A AR AR O
R R, I I I 5 () HH BN T
PRI 25 TR 5 oy 1 BEAAR A BBl et JE D P B
Jy g CoOEP 43— it F RS Al Ja 1) 19 Jie FiL 1
AT A 2 5, TR A — A i B A LR R e
VAR R SR L 50 119200 PRAT S A R 2N T )
SR A A R B) TR A, S FL T AR AR Y,
R T 3 8 R0 2 5 BRI P % 5 Jm ok s 5 B 1) 9
ORI B H B B A i 0 220, 5 A <
JoE R SR 53, R PR R Ao ISR T B A1
Ok 208 e A 7 T TR R B R DR, o D R TR
THHREESE SR THEG, Z2hosERT
(B eis ik 546 SRR G, X0 TRk
AT A 5 Co B AHE, DR mT BA TR A4 B 5
U R R I G B e 0 R IR X —
1A % [(19.20],
H= ZQC;,C@‘U + Z tiyjcgacw
io (ig);o
+ Uncotncol (2)

ool R A e o (e R ) [
TFRAERR, ncos 1 Co B TM IR, &5 NG
THIERE, U R1E Co BT LR CHERAE; ¢4
RBRBRAERE T teos (Co BT /STMA), too
(Co Ji T/ Au ), tcoy (Co/4h T HE), iy (M 1A
BEER), ty aw (45 T/ AR, to (BH5R/5> T ).
P — BURUHE 4R, JIE A 1 ) B 5 2
350 6 B R S R T (V. 7ETRATTAOSEB8 T, 4Tk
115252 51 4 1 FEL 10 R, 5236075 50 4 00 2
S — S A B S5 A 9 Co JEL T
Av 6 2160 40 A P A e, T 0 46 e 4
BT, Co J5UT FIgtJe b T AR FI AR M, 49 T2
TR/ 2 S RS A T PR A e . Tk
1V, ORI 2 AR A D T FR B e i 2

R NI A AR BOR AL, R FRAT TA g e A A
JRZ IR RIBRERIE PTG ) a0 KAE T 225 2028, IR
AN Z 1B (AR G ¢ BEE PR IR U2 WNE IR
Wi o, XA DR R IE R g T AR RN [ 7 A A
T8 AL, AT U] 58 PERE SEIR AT 2 M d B
TE SEAR 23 R O R AR . 3% B 5 3RAT T2 HT BTt
CoPcfE Au LA M SEI AR 2, X B Co Ji 7
TR T AR R AE W R AL, T CoPe £ Au _E LA
WG NS R IKE ZEZ) 1 g, HEAE CoPe
it S 56 PR R R A R A RAR I R, R
A 40T R AR A 2 AR RN, TTX L
CoOEP Jiit FF 3 ) S50 v/ 78 S80NE D H B 5 — A

3.2 S FEARETFSMEEERAEE

FEIX — 8 7 AR R fE R — 7> Tk R
53 ¥ B0 55 (10 FH LA P2 dn o] S5 38 B2 0 43 7 N R 3R
(RS T N, ER—AFER T, AT LA
FIRR T HAN 4 B CoOEP 43 1 4b, 38 WL 1A
CoOEP 73 T MR B AK, Wi 4 (a) . fEAF
WL 52X LA SR AR 1 4 i P T RGN, AT IIX
SO SR AR b 5 oAt 7 AH AR 1) LR AR AT AR AR T
S5, BN, B4 (b) F(c) FTzn () Co SRR AT O3 X
FRVE I — SR AR = S Ak rhm] LLBH 5 31 73 1 2 (8]
X3 2 2R B Em R L. Bl4(d) &
RS 7T — DR, HiE—1Cy =AM —A
Co - BRARN Fl, 830 1) () %6 30 26 B A1 0T LU 2]
XFF MR EZELIN0.4 AL T A SR
FEZ)2 A, DRIRIX AN i 1 25 06 T 2R TH B ) CoOEP
T RUE T FEIR. BATFEE R TA
S STM EHE b 1) /& FE 22 K5 T4 1 S LA
f FE R AR AN % FEAN A S BUN R = fE 22, 18
it —2 VE|2 V2 AIA [F s )33, AR IAE
FE N 51 2 (8 LR oAt 2. 3 vy, v
ZEAF0.3—0.45 A Z 18]S B s i B AT AN [F], A1 otk v
DAHERR 7% FE 2B R M s FE 22 7, 1) DL W
S0 HORL I 3 X — v B 2RI T A TR &
SRS AR, RIS TR 2R T2 R T
[ AH ELAE AR . RATEIR R, R ER % RS
(1) = SRR 4y -2 0] LA ) e FE AR AN, X A i
—IUE T RS R ORI TR E M2

B 731 (A ELAE B2 s .
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Mg #E S /nm

4 (a) Au(111) RE W) CoOEP ¥4y FMLRA (FHHS 5 +1.2 V, 0.4 nA, R~}
50 nm x 50 nm); (b), (c) 43514 Co MFRIERI CoOEP B Cs XM CoOEP =21k,
HATFZ AN ZEWE R THMZE BE#HSE: 0.3V, 0.4 nA, BB R 3.6 nm x 3.6 nm);
(d) = MEEH—A C3 ZRMM—4 Co Z R CoOEP FLERAM STM BIE (F#iZ4: —0.3 V,
0.4 nA, BMERS: 3.5 nm x 3.5 nm); (e) Wi (d) B R T7 ) 0 = BERR IR 2R, W] LA 3y 7 [4)

ZEN A 2 EFm T4 04 A

HE— 25 0 49 il B I B A A U 48 T AR A
AR S AR A 20 5, X SR R AR 1
oy T 46 B CFE A, FRATT R I 41 4 B 3 1
0—0.8 VZIAE I 1 — A+ 7 B35 1 LR e
K5 (a) JE7R T — CoOEP /N BAK, 7] LLE & H
AN Cy MR =R A M. E5Mb)AHT
SAAFN BN OHE FRARRR AL/ AV R RS
W ORMATLAERIM E 1 23 B AT/ dV isHE
0—0.8 V Z ]2 5¢ 4 P H A AR A SRR A7 4E; 1
ME2 MEEERGN =REZRKLE LN
dl/dV i BT B B SRR, (UG (1 58 B
MIENE 3, HRVEZ R A M =R riE i 2 b
(1) dI/dV i )t BT AR 5 R BT i L PR 01X 3R B
LR UG 6 5 53 5] 2R 2 R 1 i 25 1 5. (A2
5 T8 VO AR AR T HEB B — R B 4 7 R S T
fania M R AE s ZU AR L XA G
(1), JEFATT I HIE A A AR IE.

F B H AT AR IR AT ALE Z A 0 T IR T

A IEAT R ESARA LR AT RE, — 2 5 H Al
T EUR TR AR AAR AR, 0 s A B R Bk
BEA U0 TR B R AT RS A
JRARAL, NTTeR 22 T R 7 &% =015
T e FLAR 18] ) S Ak AR 5 K R AR, S TR
B A MEIZ AT . T A, CoOEP
T ANEI T R, LEE AR P A
1, Fir ELAE A SCRT 7R B CoOEP % 5 44 v 73 [A) A
H AR 9IR 85 MyE 48 /g, 3K — ] Rk AT LAREHE
By XA R, MR ERATAT BLE B, e L
Ak [¥] CoOEP 731 HUHLIE B 2 AN HoAth 2 AR LR AR
KA, 737 1 B b e 2> T H0E (HOMO) A
AR &7 48 23 7 3L3E (LUMO) 14 fig 5 iy B 4 7
AR K AW R 22, R W CoOEP 73 1% A K AEATE
e 2 e e, AL, BRATTIA D9 s 0 21
BEIRIE K HBL, RA TR H T L3k g
FEMW R TS TER SR, B4 L3k f R
U] 5200 73 5 1) JR sk L - s 1 e 7 3 ke IX

076803-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 64, No. 7 (2015) 076803

SEPRUE R 3E— 2B o0 b, TRATR IR, 7R3 &2 HE% 1
dI/dV i, X — LRI R H 2 W R I ga, T
Hixeelg 2 (a2 S mEE R, Wkl s (c) Fos. FAT1H
ZA TS AT LA1S B LA R Dy 137 £ 8 mV.
X — 2 U ()R 41 45 K4 /S TT g A PR 55 TR) PR (1) HL - R
P FEU, HUER AT > FIRShRE VG Bl 2 P
DR, FRATTIA X — i ) LR VG AR AT g A2 F 20 711
o7 AT B RE 70 PL JRA1% A 7 3 3 CoOEP
4R s A R R 2, (H SCRk %A H NiOEP % 2 i
2R 12 NiOEP Bt A b (¥ Cp—Cp ## (Cp Ay nh bk
ANEERE C R R T, Cp N CEEBRR T) HIH 4
PR FRE R AL T 10001150 cn ! B Y, B
B 124—143 meV, HEFINi J5iT5 Co JE T IHJREF
FEMIE, HiX—4RahE 4T OEP 4 Fl 2 Hd
JRFEmR /N, CoOEP 5 NiOEP ) Cp—Cp #1#
AR T RE LA — A, FTDUE BIX — R E(E
W5 AT S 6 ) 81 g e (] B 23 755 45

dI/dV i /arb.units

0 0.2 04 0.6 0.8

FESREE /) V
3004 |
.*g ) %
E HHG PR
£ 200
@
-
2
S
o
P
51004 W TTw
0 4 HOMO LUMO
T T T T T T T T T
2 -1 0 1 2
FEAh R/ V

El5  (a) —AMHBA Cs MR =RAHHI) CoOEP
ANEE FERIBE: 03V, 04 nA, FERT: 6 nm x
3.8 nm); (b) 7 (a) FAZE 1583 EMEHRK dI/dV
W (P fEALE 2 A B 3(45 T a1 L JE) 0 i ) 2
Kifi - 0—0.8 V Z A HBL— AN HT 2L R 04); () Mo
B dI/dV iR HiIX —H R B A 45 6] B 2 Wk 41 45
¥y, WEIFEE A 137 £ 8 mV

ML 23 BT AT i, FRATRT BAgs H — AN
N B R TR R AR IX — LR e (1 B th oy 1
IR TTHRE. &6 (a) & — 4> CoOEP 7 41
STM I E R . EH BT, 0 T HERN T &

JEAT AR 2 54 IR BB A HAREH, f£50
5 & @A R Z B R 5 22, th R 2 % 2
&R MRS T ERZEGIA—ABR4)ZE, &
WHEAL I, B4 22 {15 70+ 5 4 AR & 55,
TR AR R, ERXFE R, BT 15
Ao A B 98 55 150 75 B 28 LT 1E 2 1 b 45 B BN )
TN AT 4> 23 Ak TR 7R HOIRES, WA R
P -IRR A, WISTE dT/dV i 3 iR 1
DR A SRR i 28], AERATRI L6, X —
BT H BI04 Y S A S SR [2)
1 NiAL & &R A - CuPe 43 1E 1
JFERR AR FEMEPL AN EROEE
B AL 2336 T 2004 A, X — = B I 2o As
WA AR 2 A K b sk 55 JR) 381 - 5 e IS TR R 5 R
45 50 7 J5 S0 2 DU S 5 ok, IE KPS 2F HL T
P57 15 BRI T), AT H 30 m) U000 F % - 745 B
TR, FEIX — BRI R UG R R0 R TR T RE T
AT OB B ) PR 1 Re B R 1P 5 Cp—Cp
PR RE =TS, 6 (b) A H T — i —4K
M Redon BB, BrRETIEND TR & 1l
RO TR A —RBRe gL, SAJE T BT
B ES 1 EAFT R, 8170 0 3 h M o B R — 3R
EAeg b, MWIAE AT/ AV i w2 g8 & 1a) BE N
AE;, 2 AR,

S I — R R AT DR G () fg R FL AR Ve 1) L B
DA 22 W RE A S5 44, ARATY SRAFAE — 26 0] JUA F7 IR
NIRE. o — A5 B 0] R 43 =) 0 ) A ek
§5 72 75 TV L % 1 45 B IR TR) DA A= <2 56 A i) 2]
RFLPRIGE 2 B 2 N B o0 R ) X 3 b, A
A REATI AR L 73 B B (R 0IE A A AR it
(R4 HE AT IR, D% T 1XAN o] EFRAT TN — AR
B REMIARE A, 75.0—0.8 'V HIRE i 1B Y [ 4 4
TIHA BEWNHUEREY, i LUMO $UE A T
+1.6 V, DRHAE I i i Y0 Bl N () HE A B 2 8
1) RE B I 4+ HoAh XA LUMO #uE i . 58
bR b, FRATE B B T A A () CuPe 73 1
WHEEEZEN S THES P RHSTFRARFEIBIX
W5 H IR A A& R A e A A ). fEda s
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SPECIAL ISSUE — Control of electronic states in surface low-dimensional structures

Controlling the electronic states and transport
properties of single cobalt(Il)octaethylporphyrin
molecule adsorbed on Au(111) surface”

Li Jing-Cheng"? Zhao Ai-DiV"  Wang Bing"

1) (Hefei National Laboratory for Physical Sciences at Microscale, University of Science and Technology of China,
Hefei 230026, China)
2) (Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

( Received 12 January 2015; revised manuscript received 24 January 2015 )

Abstract

We demonstrate that the molecular ligands play important roles in controlling the electronic states and electron
transport properties of single cobalt (II) octaethylporphyrin (CoOEP) molecule adsorbed on Au(111) surface by using
low-temperature scanning tunneling microscopy and spectroscopy. Single CoOOEP molecule adsorbed on Au(111) surface
has eight methyl groups pointing out of the surface plane. A peak located at —50 mV in dI/dV spectrum measured on
the Co atom of CoOEP is identified as a d-orbital mediated resonance. We find that the methyl groups in CoOEP can
be removed in a stepwise manner, and finally lead to a fully-demethylized CoOEP. The d-orbital mediated resonance
gradually evolves into a sharp Kondo resonance located right at Fermi level in the demethylization process. Both
experimental and theoretical results indicate that the chemical environment and magnetic moment of the central Co
atom change slightly in the fully-demethylized CoOEP: the Co atom is slightly lifted by 0.15 A and the magnetic
moment increases from 0.5 up to 0.6 ug. The emergence of Kondo effect is qualitatively explained with a simple model
by consideringthe change in the tunneling parameters of the ligands upon demethylization. We also show that the
transport properties of the CoOEP can be dramatically controlled by weak intramolecular van der Waals interaction. In
CoOEP closely-packed dimers and trimers where CoOEP molecules are introduced close enough to each other, the ethyl
groups in the neighboring area are found to be strongly lifted by 0.4 A. More surprisingly, a pronounced resonance shows
up at 0—0.8 V in the dI/dV spectra of the lifted ethyl groups. High resolution spectra show that the new resonance
consists of multiple peaks with equal spacing of 137 = 8 mV. The spacing energy coincides with the vibrational energy
of stretching mode of C—C bond between ethyl group and the brim carbon atom of the porphyrin ring. Therefore the
newly-emerged resonance is attributed to the vibronic states originating from the intramolecular C—C bond stretching
mode excited by tunneling electrons. A model considering the local formation of a barrier between the lifted part of the
molecule and the substrate is employed to explain the experimental observations. Our findings show that the electron
transport properties in single molecules can be intensely tuned by controlling the chemical properties of the molecular

ligands.

Keywords: scanning tunneling microscopy, single molecule, Kondo effect, vibronic states
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SPECIAL ISSUE — Control of electronic states in surface low-dimensional structures

Linear magnetoresistance in topological insulator
(Bi0_5Sb0.5)2T63 thin films”

Guan Tong Teng Jing! Wu Ke-Hui Li Yong-Qing

(Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China)

( Received 6 January 2015; revised manuscript received 11 February 2015 )

Abstract
Linear magnetoresistance (LMR) observed in a topological insulator (Biop.5Sbo.5)2Tes thin film is systematically
studied. LMR exists in very large ranges of temperature and magnetic field. It shows no trend toward saturation in
the magnetic field of up to 18 T nor temperature dependence. LMR can be changed effectively by tuning the chemical
potential through gate voltage. LMR shows a largest value when the chemical potential approaches to the Dirac point.

These phenomena indicate that charge inhomogeneity is the origin of the LMR in this material.

Keywords: topological insulators, thin film, linear magnetoresistance
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SPECIAL ISSUE — Control of electronic states in surface low-dimensional structures

Progress of surface plasmon research based on
time-dependent density functional theory”
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Abstract

Localized surface plasmon (LSP) of nanoparticles has become one of the world’s research hotspots due to its novel
optical properties. Based on the time-dependent density functional theory (TDDFT), this paper studies the physical
nature of plasmon excitation which is modulated in metal clusters and graphene nanostructures. Compared with the
plasmon in the macroscopic material, the plasmon in nanostructures has some different properties due to the effects
of the size and the dimensional confinement. In lower-energy resonance zone, the spectral band is greatly broadened,
and the photoabsorption strength line splits. Because of the electromagnetic coupling between the nano-monomers,
aggregated nanostructures exhibit different optical properties. For plasmon regulation and control, these results provide

a solid theoretical guidance.

Keywords: surface plasmon, clusters, time-dependent density functional theory
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£ REREENNE TR

F8BT EfEZzE IR LS AR ERY
B FeEf R "

BED WHRED BT

L HRE

EFEXY HEXY KREAV

1) (FEBEABAR R E R FADESRE, S8 230029)
2) (BEFSHESH TG, BT 30076)

(201541 A 19 HUEFl; 2015 4 2 A 3 HURBIE R )

BT RSV R S R AWM RTII. 2 7B LR S 4 )8 AR st 5T 4544
Y. AR AR T 71 B3 (AFM). [F2D 4R 51 % B 7 B il (SRPES) AT 12 X 56 2 W ISORS 4 285 44 1%
(NEXAFS) 2, WF70 T H (9, 9- ¢34 JF 28 ) (FSBT) # B 1R H T 5 40 7 BUR Je H 5 AL HLR IR Bk
SRR ) S5 R AR A, S5 R, FERR K T F8BT B AW Z (T, = 130 °C) 26+ T X F8BT #1718
2K, R B I RS () R TS 2, Sk F8BT A FHUAI 2079 49°, 9, 9- —3FHEZj BT (F8) 5 2R MEMK HL
JG (BT) JUFAER—Fifi. 7E Al/F8BT FtJERG 2, Al F8BT Hiif) C, Nl S By R AEANRIFR FE 14k
N, FEFEAN AR 85 FEUE (LUMO) &% A k. ALY FSBT #HT n 24454451 #2 F8BT g 25
mh RN, A 4 B o o 8, BE 2 0 B A N B LUMOA-1 Hp. S8 I 25 540 o7 251 S e hr
B R A AR, 2] T B ) AL/FSBT St Ae gk 4.

HRIE: FSBT, RILH, [ @I T A,

PACS: 73.40.—c, 73.40.Ns, 68.55.J—, 68.47.Mn

15 =

BT HRIREWH &t 2w RS
RIE M (PLEDs). % &%) K BH fg Hith (PSCs)
2 NABAREW & 5 THl & E5=RAK
JiREE — BBV R, GHEE T RH A B iz 5%
U2 FERR AR 2 LR SR, (9, 9-
57 3 R ) (poly (9, 9-di-n-octylfluorene-alt-
benzothiadiazole), f&jic y FSBT) (H 45/ W1 1 (a)
FiR) BT RASA R T AR 2 M DL S ) % 2
4 PLED Fr/@ BRI S fe, 280 T T2 KiE S M
F B0 phAh, FSBT I 1E N iE 12 b i 24
JI 44 T 6 K B R R 78] R FSBT
Bl FH SR i 4% - B A WL AR A, TR H SR TR

I XS BSOS A 25 R 1

DOI: 10.7498 /aps.64.077304

I 4TS5 R B FLRN 4 e b S A ELAE
WA Z .

o 0 5 G 4 S AT R RT IR K A B R ) £
PLEDs f1 PSCs H #H Z i F2, W 745 REK W, xR
G DEATIR Ko R H AR TS N i, P&
YA PR, MR MBS AF e P~ 130, Donley %
NHFFE T 3B K ATA A%t FSBT #IE (2, A I RE
Al 22 0 B B AL B AR R B (T,) AN S AL IR (Thn)
IR KE, TN T RE RS FE 3G, [ R TR 3 A K
AT AR, AN, B K RS S A AR T S 21 B
TR 2 (A5 R T (RS P8 o D) R Sl i 4ok
HAL i 1 1) O R ol i B AR T R S W B Ak
MR EATIR K.

T3 [ B m) B2 s ma AR D e B A0 3R
RIEB RSP SH 0] [ S5 AR 2

* EZRK HAR ARG EWE (S 21173200, 21473178) I 5 5 SR 70K R 1HR) (HLHE S 2013CB834605) % B iR .
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BB g TAE B aEN . SRR T -
TN o B A FE 7101 (R 3RS FSBT M 43 1B
EROE RSP s AL

ok 2 B T AE AR, DG HL AR e JE A S
JLHE IR A W) 2 6] BT T B 1) ST ) T 232 1 i 1) 1
PP S e EEMEA 0L fln, & ek
DURBE R b 2 RSN Y 8, B S5 REY
KA A5 IR ST R BUR G 5 T 451 1)
IR, AF T34 ERe 3R &, I PRACESAR 1 A
H P02 i G R AR S B LB R A P T g
SRPOERAMN L, X4 RE FEE A
I A BRI A, T AE 286 W k6 A8 1Y
RICRCR R B 1824201 Fung 55 A AEHF 78 Ca(Cs,
Yb)/F8BT Ft 1 JE it 2 H, )& Ca, Cs M Yb 3
EHFSBT N AIS )b, 1 H Cs 5 F8BT M. F
il LT A BRES, AR A R A R R
WEZ F s B A I AFAE P28 A — T, &R Ui
JEXREMB RN T SRS RAOCR b
¥ 4> T H0E (LUMO) 2 T 8w 25 th P12 IRk
AF LUMO A8 22 AL Sebra HLas ik
FH B 4 J8 FEL R, B4T 2% AL/FSBT 1 Ji T 45 #4 2 H
B 91k, AR WATATHRIE.

AW G 0k FEAE A AL B A T R
F8BT A Fx &, FIFHJEF 71 Wi (AFM) kW
SE I N I IR A & ) F8BT IR e HAE
I T B3 4 A0 iR 260 R AT IR K B R T TR SR
AARAE B, A P AT 0 X 2 R ISR 4 45
Fi% (TEY-NEXAFS) 5 %A [RS8 A FE T kA
A K AW A4k, I TR F8BT IR
gy HA). R H RS O L AR (SRPES) Al
4 WL PR AT I X SR AR SORS 4 25 F 1 (PEY -
NEXAFS) J& 7 W i 4> J& Al7E F8BT & M |- Il #1
T RR AL 2 SRR L S5 R AR AR, BRAT T SR e
S HEAT S, AT g B 47 3 A S s 2 1 P I 4
J& /A VLA TS5 5 MR I N TEBC R IR M
s LA AR P it B B K B

2.1 Hmbl&S5REERKIE

S BT R A (0 FSBT % & W) FF i W B Sigma
Aldrich, 4y £ 4 10000—20000. K ¥ fift T &A%
s W E N 5 mg/mL (1) FSBT % W e i 75 76 4%
7100 nm & I EE A B, £ )R BEZ9 55 100 nm

FSBT {# JIE5, JiE i 2% £F 42200 r/min % 3# T Jig ik
60 s. TEfE T BARBE G2 0N T B A i 1 5 LA
i £ 4 () FSB'T W B A ity i IR AR N 28 R Gy,
DAE 4 75 R SR T O S R B A A, R
71 R84485 (DI Multimode V SPM) 1 FSBT # i
AN AR K AR AL B R T RS, B 7 IR R
FEXTR TSR A2 . GBI rh ) A 5 AR
FEMRREZ) T h B L, ARG RS AR 2

=i

2.2 [RIZHESCEFREIEFIUIE X 52k
WS LR LR AT SETR

I 2 8 5 ' FL T i 1 AT 3 XS 2 R AR 4T
SERTE S50 IPE BV R P AR AT S8 O (NSRRC)
24 A1SREGUE b5 . 1% S0 vl 7 4 I R 2R i
TG, 6T R R 55U EN 101600 eV, #E
B YER (E/AE) IFT 10000. %'t 948 i 28 1% i
PR FE N 90%, k5 M~ FAT T /K P1. SLie il
BAFEPORBFE S EKE o E =3, BF
ST 3 x 1078, 5 x 1071912 x 10719 mbar
(1 bar = 10° Pa). 7 [F]5 &5 £AE |, FSBT
HIE B SR I FEFHIB KR 75 °CHYEHF
10 min, LAZBRAE & A AT BR TR A 1A SR R TH S
g, ZZBE A RIE R ALZEEE KT 99.999%) M Alfa
Aesar A 7 W15, w8 i H A K B FSBT
IR, 78 R R IE I A T SRR T (QCM)
WM. R TIRMRRMERBUEE, C 1s f1 S 2p ik
REE N 340 eV R FHEEUK, N 1s 358 A 500
eV BRI ER G e, ik F e 29 40 eV I
[FPER GO . T W REMT ) T #uk
2, FERERL BRI —5 V. SREed R, 8 A
TEE Au FERR G Au 4 TSR 2R T RE R
ITREHE. C 1s A1 S 2p it B R fiA it 52 B XPS Peak
A1 BRAF5E R, 7E$0F% Shirley A 5, H Gaussian
PREGHATIE

NEXAFS 25635 4 7 7= 40 (TEY) F135 4
HLF 7240 (PEY) B R . W 70 FSBT 2 7 HL Al
i, AR 70 °C IR K 10 min 5 HARR EHE =
B, EH TEY B0, Wik o X 26 N5 /A JE (0°,
20°, 35°, 50° F170°), FRAFW U U 5im b5 A i 2 [R) 1)
R &R, SRJF I8 Stohr 77 AR K3k AT i it 55
RIS A, R PEY B NEXAFS
I 97 2545 Al B M 2 J5 FSBT ¥ i o, 1~ &5 #4) A8 £k
PEY % TEY #8305 N4k R 8, A B T3 % 7 f#
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ALXS FSBT v Ji 3 [ HEL T &5 I ) 52 1. NEXAFS
T 4 A P WinXAS 3.1 8, % F v 7 ik %
A

3 GRGIS

3.1 FEFSBTRELEM, IR ADFE
R

3.1.1 Rl it td-Fred

THEF8BT 7314 C, N, SHIH MU T E (4
Bl 1 (a) ftn), T 3RECRTH R 80 215 5, B
TR A I e B[R] P R A OCAE UK IR AL, Sk
56 rh e B T R B AR (O BT AR AIRE R R R A ) N
55° fE RN A (W 1 () R FTR). B 1 (b),
(c), (d) /AR T C 1s, N 1s, S 2p SRPES i 4.

Y A N
J[C\ SN SN /C]L
c—C c—cC cC—C n

/7 \

o N N

N ~
CgHis CgHas S

Wfh: C, R Co B4 Cy

(a)

N 1s (©)
0.6
hv =500 eV
.*g hu/
= 0.4 e~
=]
2 % o
5 55
~
=i FsBy
0.2 -
Si
0 p

402 400 398 396 394
4ithe/eV

T FSBT 7 FH 1 C oo & B A = F A R L 230
5E, o3 =R F B R L R C 1s Wk
AR E T Cr, Cy Ml C3 ZFIAFL AL C
g, Hodr, Cy 7T 285.1 eV AL, AJIHJE Ny ek
FIMIAT C, Cy f1 T 285.5 eV Ab, AT )& N FS 1 BT
KIS E R AT C, WAL T 286.6 eV AL 1) Ca M JE
FORBEM R 5 NAZEEN CIH 7. Feng% A
AR E X PSHT C 1s 45 R ALBR R, JEMAI C It
EHEGRELIEM CREO0.4 eV 90 st g
BRARIE R 5 N RA MM C e &R BN T
286.5—286.8 eV Z [1] B0 fy kit A7 0l & I 45 31 =
ANC 1s TIESRE LA N 1T - 16 : 2, 4558 5 FSBT
S FEERARE A, THE FSBT RN 1s F1S 2p
3 AT 399.9 €V A1165.9 eV AL, 5 C 1s &%
P CH R B EBANE, N5 STEFSBT 4 745 #4 h
R C=N—S —Fh&it), KRN H B L5 4.

16

C 1s _ (b)

hv =340 eV

9 /arb. units

289 288 287 286 285 284 283 282

sENAGE
45 ERE eV

0.94 S2p (@
hv = 340 eV

0.6 1

SR /arb. units

0 1

169 168 167 166 165 164

4 1=
45 ERE eV

1 (a) FSBT 4 T4HUR I OFbRih Cr, o, Ca IAEINRE); (b), (c), (d) 451 4iH% FSBT C 1s, N 1s, S
2p ith; (b) HOH C 1s BT T AMEALTER,; (c) PRI ROk o T ST 11, RS ARSI AL 7 ST (B IE A

X ¥ Vi F8BT B 7 1 A0 — YA 1k 32
B, DG T REE 9 40 oV R ER S 6 ik
Ui, SRR T 5 (a) 1 (b) . HHULTT 19 2, i

FSBT HILhR £ 4.48 eV, H i (A RELL (HOS)
B T % K B 4 (Ep) LA F 1.32 oV, B F 3% (IP) N
5.80 eV, HICHRHGE 45— P71, HEH FSBT
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IR (Eg) N 2.40 eV P12 AT H LR AR R 4
AR (LUS) NETRED (Eyvac) LA 3.40 eV. 1
PR ARE ), J5 3 FSBT it h, 1—4 eV JEH
DA A e 0 1 S Dy ST 2 3 b 1 B 3 m L ) Dk, i
412 eV 05 [ P A 0 JU) 95 - o L4 ) Bk

3.1.2 EZ@AREG AFM A 7

2 (a), (b) Ml (c) 733 7R 1 F8BT i HEAEIR
KET K370 °CHI120 °C B K HFEBAIME R
I AFM B FRAT%E UK T F8BT 3 10 % Ak I
JE (T = 130 °C) FIPIANREE (70 °C F1120°C) KA
FL F8BT R L SAE A [FIE KA BT AR 1015 .
R e A A A B, 3B KB 70°C 2 )5, FSBT
VHE B P 2 THHELRRE B AL 0.22 nm 386 01 1 0.28 nm. 11
Bk F]120°C, RAHAE G K E]1.21 nm, JHHIER

5.0 nm

©2.0 pm

0.5
1.0
1.5

() 2.0 pm

KR FER (I B AT Ty) 7T 51 S F8BT ) 3 T HL K
FE BR3P X R RN IR K b B B R R A
Y5y T Bz 2 B HE, 33 5 SR A ) AR TH Y
#i. Roige & NS KRR, BAEWIRKEFEF,
A W3R TDHLRE B2 A8 0 £ [0 et R B 5 P9 35840 1
(145 fm Ak, 5809 8% 18] 1) A B2 XCRIAR ELAE F,
B0 T A P B ek R L R B, AT
BT R TEREYR &L 2 556, Lee A
WFIE 7 IR O TG R AR SR B,
g5 LR, BN RRE (1 3% TH AT LA 0 R AR RN 2R A
WiE Y 2 )2 A TR AR 389 KB RO N T 1 X
fa 350, DR, T AT GE SR K AT fd FSBT 3& &
() 45 i, JE38 0 B B A FSBT F i b AR, AT —
EREE FIREE T FSBT MR AEM R WER

K2 i FSBT MBHE KAT G AFM 1% (a) RiBK; (b) 70 °CiIBK; (c) 120 °C Bk

3.1.3 EABEAETZRLL X HERBMAF
b 4 A1

B3 (a) F1 (b) 2 A 7R T AEAS [F]N S 6 1 £
JE (0°, 20°, 35°, 50° F170°) N FSBT {# ik C ) K i
FIN [ K34 WA 7 =g . 76 C 1 K IRk
P 285.0 eV F1287.5 eV Ab % U6 T 43 51 U K] F
C lsfn* (C=C) REFEMN C 1s [ o* (C—H)
RAEEFIEERE PO 7E292.6 eV A1302.0 eV H
B A 58 0 ) 4 A R F C s o* (C—C) = 8
HUE M ERE BT AN K 3 Ui o, 397.2
eV, 398.4 eV H1401.0 eV Ak F W Az e £4 Y5 - 4% g s
(BT) EN 1s i it (C=N—8) REEHUIE 1IERIT 2%,
AT 406.5 eV, 409.3 eV AL iE I AT B A N 1s
7] o* (C=N-—S) KEBEFIE ERIT P3]) BAR [ 4 1
SE RIS AR TR G @ ALK 43 Fo 7=l NEXAFS 5
W3 . BB AT BAG H, 76 C RN (1 K a4
W e e 0 iR S5 N SR A PR S KT RS R, G5
JE AN S0 M B ARG SC R 0 R T3 () F ()

OEGHSEEN
N T SRELFSBT 80 45 # B 1 (1 15 &, FI

U1 () Stohr J7 FE X 52 56 B 3k 4T 52 B0 A
A

I(a, B)

= A{%P[l + %(3 sina — 1)(3cos? B — 1)]

n %(1 — P) sin26},
o, TR RBPUERIGRE, o RN A, B
SEAL A (RN BT 20 7P 1 I BRIE AR B 5 4 iS5
LIRS A). WAL T P09, AR—A 55
bm S 06 175 0 % A HE B 100 B 5 R DAL €8 0 il
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Abstract

The surface morphology and molecular orientation of m-conjugated polymers, along with the chemical interaction
and electronic structure at the interface between metals and these polymers, strongly affect the performance of the
polymer-based organic electronic and optoelectronic devices. In this study, atomic force microscopy (AFM), synchrotron
radiation photoemission spectroscopy (SRPES), and near edge X-ray absorption fine structure (NEXAFS) have been
used to in situ investigate the morphology, structure, and molecular orientation of spin-coated poly(9,9-dioctylfluorene-
co-benzothiodiazole) (F8BT) films and their interaction with the vapor-deposited Al metal. F8BT films were prepared
by spin-coating the F8BT chloroform solution onto clean gold-coated silicon wafer surfaces. The room temperature
spin-coated F8BT film is rather flat, while mild annealing treatments (120 °C) below the glass transition temperature
(Ty = 130 °C) lead to an apparent increase of surface roughness of F8BT film, which is helpful to effectively increase the
contact areas between metals and F8BT. After 70 °C annealing in vacuum, the aromatic rings of F8BT preferentially
stand more edge-on, making an average tilt angle of approximately 49° with the substrate, while the 9,9-dioctylfluorene
unit (F8) and the benzothiodiazole unit (BT) nearly lie in the same plane. Upon vapor-depositing Al metal onto F8BT
at room temperature, strong chemical interactions occur between Al and F8BT, as evidenced by the distinct changes of
the S 2p, N 1s and C 1s spectra. Al reacts with S atoms more strongly than with N and C atoms in F8BT. In addition,
obvious structural changes in valence band of F8BT are also observed during the Al deposition. Furthermore, Al dopes
electrons into F8BT, leading to downward band bending, formation of interfacial dipole at the Al/F8BT interface,
and partial occupation of lowest unoccupied molecular orbits (LUMO). However, no doping-induced gap states can be
observed during the formation of Al/F8BT interface. Through the investigation of the core-level and valence band spectra
evolution of F8BT together with the shifts of secondary electron cutoff during Al deposition, an energy level alignment
diagram at the Al/F8BT interface is derived. The information gained through this study will help better understand
the correlation between the interface structures of metal electrodes on semiconducting, T-conjugated polymer materials
and the performances of real polymer-based electronic and optoelectronic devices, which will in turn help develop the

more efficient polymer-based organic devices.
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SPECIAL ISSUE — Control of electronic states in surface low-dimensional structures

Graphene/h-BN Moiré superlattice’

Lu Xiao-Bo! Zhang Guang-Yu"?f

1) (Beijing National Laboratory for Condensed Matter Physics and Institute of Physics Chinese Academy of Sciences,
Beijing 100190, China)
2) (Collaborative Innovation Center of Quantum Matter, Beijing 100190, China)

( Received 19 January 2015; revised manuscript received 5 February 2015 )

Abstract

Graphene Moiré superlattice, a unique 2D periodical structure originated from the interaction between graphene
and its supporting substrate h-BN, has attracted great interest recently. Employing epitaxial graphene on h-BN single
crystals, we have investigated systematically the physical properties related to the Moiré superlattice. From transport
measurements, we can observe the superlattice Dirac points at both electron side and hole side. Similar to the Dirac
point, the superlattice Dirac points have insulator behaviors. Under the action of magnetic field, the quantum Hall
effects both in monolayer and bilayer graphenes are observed. Also, the Moiré superlattice can lead to the formation of
self-similar mini-bands from the Landau fan diagram. According to the infrared optical spectroscopy measurements, the
transitions between different Landau levels are characterized by massive Dirac fermions and thus reveal a band-gap of
~ 38 meV. Moreover, without magnetic fields, an optical conductivity peak related to the Moiré superlattice appears.
We use three spinor potential components to explain the optical conductivity peak and demonstrate that the pseudospin-
mixing component plays a dominant role in the spinor potential. In addition, the spinor potential depends sensitively
on the gate voltage, indicating that the electron—electron interactions play an important part in the renormalization of

the spinor potential.

Keywords: graphene, Moiré superlattice, band gap, pseudospin
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kDI A LE D

1) (AERCR A 5 707 TREERE, AERUREGORA AR TG, ERT 100871)
2) (ALt LB M ER A 5 TR AR, JEat 100871)

(201541 3 12 HU&Hl; 2015 4 2 A 13 HIZ R &k )

A 2B A -8 T BB T P S5 5 45 R T 3 4 A R 0 )

ety G5 M A2 B V2 KT, AR T AR

AR, R P25 A AVEAE IR A 805 70 9 A 9 AN 55 LT 95 R IO R, B Rh(111) A Te(111) b 48 A 580
NTTRACH 5 R S A K. 8 I T B T R S AT 0 B TE R X I P AR R T SR R T R BEAT
FORBL: A B0 AN 7 BALTIG A T B AR TR R 2 ) S PR 4 4, T AR TR A B 2 SR WE X 7R Bl ot
A, A S AN TT R IR 1 S5 A R SETE BRI DL T 2 RN B, 2 Sein s R S H Iz M ELR TH AR
FRAT €5 PRI T Ak 1A SR04 AN N T3 A 23 o LA 48 AN AR PR R 540, 8 7 PR A s A 7 A v

BRI

REEIA): A SR, N7 RALH, TP SR B R, SRR TE

PACS: 81.05.ue, 68.37.Ef, 73.22.Pr, 73.21.Cd

1 58 =

A1 SR — R sp? Al Bk 5 T A R LA
R ARSI 4R E AR T A SR E IR
NEABESNBRTIIER, MAFEEREET
— AR TR ARz A D8 R, A AR
At — Fh 2 BRI - B AR, AT I A S8 0
FR) 7 R A By 2= AR RE & AT T Il ) B Pk
% 7S J7 BAGHI & — Fhof SR B gh i 2R, B
~5.9 eV BT B, BT S8 05 78 77 BALTI Y &
M H B ZE B R A 1.6%, BV T B TN B AT R
[H] P 5% J5i 45 7 (hexagonal boron nitride-graphene,
h-BN-G), Jf H £ 7 57 57 1H 4 5 304 2k 00 i 1 1t
B, Blan, w5 BRET S WLk UL e T S

DOI: 10.7498 /aps.64.078101

TEME N1 2010 4, Ajayan 2H B R E R
2 S A YT (chemical vapor deposition, CVD)
T35, ¥ W e A0 Joe Jie A2 R B SRR R & D =
h-BN-G 5/ 45 #4 U1 it i 42 FR e R o e fr)
i a] DA% h-BN-G 75 45 14 7 2208 A 7S 5 4L
MER T B b, A 6 & E N 40% N, AT IT
18.19 meV {7 R, BEE 4K T2, FHDE
ZIBA B AR I 2 78 77 BACH J5 AN 82 0, fE
1 3R13 9.2 h-BN-G R 4514, A 884 AN 7 AL
Bl 10 5 DX TR DR RO #8RT DLSE 2o 56 21 T 2 kAT 4%
i, /NRSFIA E 100 nm. X AL h-BN-G 575
SN LR B A B R B2 5 AT N TR T A
i 12,13]

B AR CVD 77 vl % #. 2 h-BN-G 5 i 45
M E & HEH Be, (5 751 45 1) BT B 1 i B 30

« B X BREBIEES LS, 51222201, 51290272, 11304053, 51121091) At [H K B £ 32 #4+ % (b #k = 2011CB921903,
2012CB921404, 2012CB933404, 2011CB93300, 2013CB932603) % B 1R
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TR TMEAA LT, X—4RHRR
RAPIZEE R VF 2 B AR, 5 dn: A S0 A0
INTTBACTN 15 02 IR T R Ic ik 4, R )3k
UEP R TSRS 7R EitHE 2 e S UR IR £ VRIS
LRI TR IR 43 7 T A A S0 H 1~ 25 K 32 75 T
AW Gan o7 52 &5, i B (ultrahigh vacuum,
UHV)-3 i B& iE & 5 55 /49 f % 18 35 (scanning
tunneling microscopy/spectroscopy, STM/STS) 1
JEE AL o} 1) 6 P 25 5 2 PR R O 6 e A o) 2 i) R )
A kig s =17 UHV-STM 14 & B2 F A1 L AE
K JE R 2 0T 4R B AR RIS, IR PR X SRR
JREAA = — & UHV H 1 CVD A K] 5] A\ BIRETIR
AR EW D (411076 mbar, 1 bar=10° Pa), 1fij
w1 Cro 2 T X i 058 R0 A 800 <A 1) PR o e
BH5, I ToVE RAS R IR X RS ot & 1 A 5
A5 7N 7 AR, 5 B2 5 00 A 5 A ) U AR
WS B BE 7 LA B AR A 22 AR BE 0 U5 1) Bt 40 R 2R IR,
41 Ru, Rh, Ir, Pt 4%; —SZ Py STM ZOR A SR i
7218, 08 ) 22 TE M AR A B 2
K, PR 0 R B < A VB IR AE UHV 1R &R
HFEALAE K h-BN-G B i 45 i, AR SCFEEN AR
UHV-CVD B 7%, RAW S AR R (EK
VB ) S 0 AR JE A E A EAL IR Y, 2 IR
R), Jr PIAESRAH BAE 3K Rh(111) FH55AH HAEH]
FEJR Tr(111) bl & B 5 2 19 h-BN-G [ N 57
g4, P STM /STS 45 4 8 3% B 14 (density
functional theory, DFT) 115, Bt 5t 47 s 46 F /S 7
BACTNAEA A 15 28 1 F I 46 J8 B8 B i) AR KRR
T 1 o 45 AL R AT B DA B B 4 1D 1 iR 1 &6
FEJRIT HL - 5 g 2 119171,

58I RN 7S T7 B ACH 1) A2 K STM /ST (1)
FAE Y FE 18 [E Omicron A & 4= #) UHV-STM %
GUHHRHT. ZRGUEFE— AR S AT R
Az KT — AR i 20 AT Jis R AT R O IR A F R, P
EARREZ YN x 10710 mbar. 47 82477 &
AT TEFE S ) & s I A KRR R e
TR 4 S5 R THE 32 800—1000 K, A A 7]
P A B AN E s O () BUINFE I e % (2)
FIANBI R, BT x 1071° mbar F)
5 x 1077 mbar, KK (8% 15 min, KHSIE, B

FIREE 1 x 10710 mbar, )5 {# & B3R IRE
ANAZ 30 min J& BRI R A BRI N B AL
f A K AT DL R D AR KB NIRRT A K
B[R] SR SEB. R 5 58 iR A AR K I AR s i i
PEAL SAAT 02 2 0 b R Ak, BEAT IR A7 494, segt
FTAd F I STM. £F4R A2 Pt-Ir #1428, STM EI{& #5 2&
TR A28, R BGOR TR = iR,
By T4 W MG R AE TTK FA3, STS 45 A7 77K
Fifs.

3 ¥EEhBN-GEHANRREHEA
9 EL T 52 FE A MY Rh(111) &R E
B AT R 2

3.1 h-BN-G BRI R R RHLIIE

UHV #1 Rh(111) FF 8847 R0 7S 07 SAL T i AR
Ko 53 CAT AR R aE (521, B F Rh(111) 5 A
S5 0 AN J7 BB 22 1B PR R 2R T AR R JE R A
ORI 5 L T 1B AR, B2 B SRR RS T R
AT 57 52 0L 75 TR ) JBE /R Sf SU AN v 1) T R AR,
WME 1 (a), (b) B, ANJ7 B BE IR % 402
F (13 x 13)B-N/(12x12)Rh(111) 4 fi 4% KB ATEL,
FEIR I HAZ 9 3.2 nm. A7 S0 1) BE IR % U BT
(12x12)C-C/(11x 11)Rh(111) f) 5+ S lic Fr 5, B
RFEAZ 9 3.0 nm. XA EHE STM EIA 11
AR R, R M I BE IR 2 SCR BN = AT I 4
FE, XA RF Rh(111) XA 855 K58 735 2% 51 i
fHE AR E SR P B 1(a), (b) hHGEL
X R PR STV Wl 8 1) % W v FE 4 B B, B2 N T
AT AN A 5206 1) BE 7K J IR AR 23 A 4979 0.17 nm
F10.16 nm, FeH LS T A BE AN HLF S (R AR
Bl 1(c), (d) " DFTiHHEEHL T Rh(111) EATTR
TR S 4% A 264 B EAR, 43 30l o T 9 2R 2
90.124 nm A1 0.118 nm (W 1 (e) Frax). AHITL K
JEE SR RS AR N BE 7R JE HHE T RE 2 Rh(111) BN 5 A
PRBIIRN A 55 475 BE 0 F Dy B0 S THT N R o 45 R O A7
HFAE

R PE K (B2 (a), B EK TR
BACHN, JEPFE A KA S0, 75 Rh(111) i AT LA
13382 h-BN-G g5, 76 0K 1 ), A
SR AN N T BACT B AT AN R ) STM A B2, R B 2
S5 O 445 K] PR AT DAY BT b 4y 9 A R IX . 1] 2 (b),
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(c) Ah-BN-G 57 Jii 5 84 1) K R~ STM I, M
H] LA H, S0 R 7S 5 A B R I X 3 5 mT DA
PSR G, ARG RG], AP
TH] A A0 58065 0 7S 7 A 11 B8 IR 2% S0 2R 5 7 1)
— 5 (K 2 (b) ) R LR ETL TR, B TR
P L AL EE R AN EAE K AL, 2 (d) 2Pt
B SN a B B, wTRVE A SRS AN TR
AHIIE 120 5 Kb 52 337 WA P e 55 X310, T VR 5 AH ) 7
A, X555 24 )R Ru(0001) LXK h-BCoN B A

e

A 45 SRR AR T g D161 it iy )
FEo BT B, A0 s 0 AN 7 AL B A TR R PR e P
AURH ) (T YRR, W] 2 (e) P, 31X ANJBE IR R
EAEWT A SR A E AL AL TR R NI EIB T
BRI FR) T PAY P 5 o 46 .

A S8 05 AN 7 WAL BE % £E Rh(111) 2R i
U B R T A R4, BR T I E Rh(111) b
F v EE AT PR AR RO UL RC 22 Ak, #4022 A PR 3R

i E——— g 12
#iES /nm
Fooo1.4F
g
N
i
2 1.2
El’s
11 ‘
s 0 3 6
#iES /nm

K1 (a), (b) Rh(111) ERT5 RACBAI 8206 05 170 #F STM B USRI R 268 (c), (d) BgTH A3
B Rh(111) LAT7RACTIAA 8808 ) B R BE; () #E (c), () BIrp ELET7 1i i v BB AR b 26

(a) He KT RAL

&
£
® ey

&
Az Ko ‘@

EWEE /am

0 15 3
PHEES /nm

2 (a)h-BN-G .2 1 FH 254 KREE; (b), (¢) Rh(111) = h-BN-G SREMIAR T STM E; (d) A
SR AIN T A B S RSO (e) (d) BIFR A (R 2o brie 77 T R W s JE 2R I, s BRI A N T 4L
P I 2 57 T 2 LR AR AT YRR AN R = (AR R (b) 15 nm; (c) 15 nm; (d) 5 nm)
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A W] BE A Y RCIH N A5 R R O B TR B
FIF DFT XA (12 x 12)C-C/(11 x 11)Rh(111),
(13x13)B-N/(12x12)Rh(111) Al £ F J& 3% K h-
BN-G/Rh(111) & RBEAT T dame it &, Xt
T h-BN-G 451, N 1 it 5, 20 A 580
5575 BALTN 2 18] () @l ks 22 5, BX (13x13)h-BN-
G/(12x12)Rh(111) fEARM. A RhE T 5 B
HMEIN T BACH - SR IR~ 3 S5 A R T AR R

B E(layer) + E(sub) — E(layer+sub)
b = 3

n

Hrr E(layer). E(sub). E(layer+sub) 73 A4t I
B R SR EIR . UL ZE RIS REE, nft
i e v DR T

DFT i 5 85 R TR, 52 806 7S 77 24k
BITE Rh(111) 25K B 1P 45 G 589 28 0.36 eV
A1 0.37 eV. MiAT h-BN-G HITH P 5 454, 454
BEMI R /INSZAR 22 R 2R IR, L dn A S0 7S 7
ABI I [X /N RIS [X 3 S i p e 4. @l Xt 2
Fhf T A h-BN-G 53 57 45 #4646 N-C 45 14 A
WA, B-CHRTRLIA A, $hF R AL R, 4R BT
RANR A IO R M DFT R 45 R BoR: KR
) h-BN-G 7 51 45 #4 [V 2 45 5 e K T 0.39 V.

Rh(111)

B3 (b) I T ALY 1 h-BN-G B4 A
S LI 7N 7 B X1 S R A5 A P s S
BB 0.41 eV 7N 5 BT B A7 58 0 1 [X (1) 7 ot
GERIIF I A5 A RSN 0.46 V. LT LLE Y, 158
I R0 7S 77 AR T BT P9 1 SR 2 55 5T 485 44 EU T
FESLIEX AAE N ERe. Wi, M
FEK RS REE M ARG, PP A KT
W e AR I SR 0 B A A TR S AR K AL
T DX (1 300 ST R J2 S IR 254, T AN A T J 9 S
IASAE IEFZ W [X . S50 1 25 A AT IX — B 25
PR, W 3 (c) Bior, 158 DA KA SR
SR R T N O AT X I R K (AR
LRAE PN N A SRR X). B3 (d), (e) N (c) B Xt
AbIZE A THOR B, o] LAE A 880 5 78 O B A %
Py FAE B IR R R0 iR R # S A B 1.

3.2 h-BN-GEEHEAFREMFEIAF
LRI

Xt A SR I AN 7 A B AL R L T A S

JREEH, H & 52 R — A H R ) S R

AT TR, B S 5 N T BALI 2 DA

3 (a)DFT iH5 M4 806 N7 BALH h-BN-G 7R 455 8E; (b) PR h-BN-G 75 Z5 K RIS
SLRIZE A RE, 4 BlARid v BNQG Fil G@BN; (c) KR~F STM EME Bon A s 015 T 76 /5 7 AL &I aa 2 K
(d), (e) A (c) ERIZEBORE (72 (c) 10 nm; (d) 2 nm; (e) 1 nm)
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U T T SR G R R TR R R, R
PIRE B R AIRA? h-BN-G 55 45 4 R 7] 1
120 G T8 R SR AN [ P B B, A, R A
14 54 h-BN-G 5735 450 BA 2 B m PR E et it
;& & [8,23—25] .

W 20 FB 4 S Y LUR L ER I  v  R
Bl FAR SR T4y W STM G #EAT 0 . B4 (a),
(b) 72 M B4 1) £k TR B R 57, MOBCK ] (b)
R TR R LAE Y, R T R R R N T R
) BT A0 N 722 B 5 A SR I C J5 7 A
K4 (c), (d) oA T EED 5, BAERRATTR
Wl R —F R 7 50 S CJE 7 AHE. A
ifi, T STMARA TR DI, BT A GE
BRINERL 2 N-C R AIL 2 B-CHAL E 4 (e),
(£) o7 7 B UG B3 AR T B3 A7 (1 X3
JBOR P 4 () ol LUE A S 45 A0 7S 7 EAG I 9 4
DX 3 5 Gt 8, Hoad FAb TE VR A Y A 1 HH R
B 1 R FH 193 3% 1) STIML B Sk 34 W B4 100 )
FAYHL, — PR RS G R TR R R A A

I R 7S 77 AL 1) BE JR 2% U % B 5 ) 5 1 51
J7 1) 22 TA) F 26 R N B P R 28 8. X & I
RNIEARNE Z A 880 BRI 5 7 s R &
J5 1) 5 BEOR 2 S0 R B U7 Al — B R,
REEIR S SUH — /N R &7 M 5 PR R 7 AT,
T4 BT R A Y R B R SR U — AR
BTSRRI EE, AP R
SERFR AL A X — A B R FRATTN 100 4
100 nm x 100 nm K X7 HH, FF5 %
WA I R K B, Giit 25 IR B oR: B8 7Y
RFHA = 78% : 22% (Kl 4(g)). X—45 R UiHA:
PP AR AR R A T AR G B, DEFT i &
MEER T T AL AT h-BN-G 1IF25E
P, WiE 4 (h) s, XFTERAMEREERB, N, C
JRF 1) h-BN-G B R &R, B-C #5145 434 7 N-C %5
Vi 28 300 SRRk T e L 3 S ey SR IR 5 e
50.45 €V, 0.41 eV £10.39 eV. B-C E{ N-C 447
HFNRER AT LER GV, 5L s RARR.

(h)

.89 eV

SRR

(&) mgemgsit

B4 (a), (b) BeTRA TR A STM [; (o), (d) EHEPHELT (o), (6) B IR KT KR
HIa 5 (g) ARG EARSIe B SEiT; (h) DFT 5T B-C Haik 8, N-C 4k BUAN T AL 5
4itfe. bR () 2 nm; (b) 1 nm; (¢) 2 nm; (d) 500 pm (e) 1 nm; (f) 500 pm
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4 2 EWBN-GHEH AR REHAE
B THAERNIAL) WA

4.1 AREEEITh-BN-G BEEHNEET
Al

T 4 J8 L i 5 A SR AR SR AR ELAE F AR R,
SRIC LT 15 2 E B T X TS AR iR ), s
o A SR I I R 5 R PR AR s . i, Co(0001) F
SR KL 8 s AT RS B —4.5 eV (BRI B K g A
T 4.5 eV), I 55548 & A T LR KR e
MRER] 2.5 eV 1200, st 2 AT T s AR EAE A 0
Ru(0001) /A4, Horod LR e 2R, 8@
W AEE R R T AR IS, A SRR o SR B
HEMpHBPT B Rh(111) A 8% 1

(h)

HLF-RE T 45 A I B 7T 4R 2D, fH Rh(111) 5 Ru(0001)
Xof A SR AR RS, SR 0 I AR IR Ry 25 1
A AREH T Rh(111) (9 d H8 748 44 VB F T 2508 330
2, 1K T 48 h-BN-G 57 it ST Ak h-BN X T4
SR B T S R R TR A R A R Pk . Rk, Sk —
A5 T4 43K E K h-BN-C R R 450, X R
AAEh-BN-G 55 ST 1 HL 25 R R 2 A& R
UE S

4.2 h-BN-G/Ir(111) Bys#lE &

Tr A& — bk A BB R /S D7 AL 1 45 2
ARSI R, Mo PO TRk A B T A R
SR Ir(111) B A f 8240 A 7S 75 A B 2 5 00 A
fIEFR FRL T AT 28 4 51, IR0k, BRATTIE % Tr(110) fE
EE R A K h-BN-G [ 7 454, 75 B 4% 0 A
R TS A E M R A5, I — B0
ST SR T SRS B

~
Y h-BN
; m
; i
0 2.5 5.0 i

g /nm
0.243) G

= W
=]
=
m 0.1 h-BN
=
# 3

ok . SEBRZ :

2 4 6
PHEES /nm

K5 (a)—(c) Ir(111) A7 S840 O BE R 26 SUMUR T 20 ) STM IEHE; (d)—(e) Tr(111) E/RT5 EALI AR IR 2R 2L
RT3 B0 STM S (g), (h) Tr(111) b7 S84 7S T ZUH B B8 1 o A% 4 DA77 38 B DA R SRR AR ) B i
VL (1), () BRI UL P R TR I FISI 45 S 0 L (STM EHEAIER 6 151 10T A7) (W (a)
8 nm; (b) 2.5 nm; (¢) 1.5 nm; (d) 15 nm; (e) 3 nm; (f) 2 nm)
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N T AET(111) b X 7y 28 0 A AL T X P
Fb kL, FAT R BE H UHV-CVD [ 24 K 73k, 1
Ir(111) b3 50 ) & 7 5 2 A 806 o8 07 B A
Wi S (a), (b) P, fASs&AE(11) B2
L JE 12929 2.5 nm [ BEIR 5 80 R T 90 %
KI5 (c) 7T LUE th, FEZR A 912 BT (10x10)C-
C/(9x9)Ir(111) B & SR BT TR K, ArAH L 51
AL 5 () Fin. 5 Rh(111) FA S IEA R (B
WTHE S R SEER 45 R & 5 (i), () fw), Ir(111)
R SR B R R SR SUE AR AR /DN, T AR FE 2
90.02 nm. 5 H Al 4 8 B R E ) A S0 A B
U Rh(111) (0.16 nm) 9], Ru(0001)(0.15 nm) )
Ir(111) b A 820 1 1 N R AR AR T )L P — 43

(a) SRR

S AL

B T Ir(111) EroS A E A, w5 (d),
(e) Fiow, HBE/RJEH1%179 3.2 nm. K5 (f) 1 STM
JE 725 W BRI AL B 5 (h) SR, BB JR 4k SUIITE IR
JEH T (13x13)B-N/(12x12)Ir(111) f & 2 Bic Fit
.M Ir(111) ERA SN, Te(111) ST B AL
{1 BE IR 2 SUHITH AR 275 0.14 nm (BRIB T 45
RN LIG 25 Ay AL 5 (1), (). A SR AT AL
FEIr(111) B MR IEBR 7 57, X 5 Rh(111)
IR SR AN N 7 EAGHI B A AL T A AR A
SRONTE]. BRI, THD R AR 22 S OK (80 /ST A
B =1:7) I b B 7 2R R R B AE Ir(111) %
THIBIF 4 P P2 THD P S O 65 ) J O BRATT R — PR R
{1 [ 7.

(d) SR AEAM

y

Bl6 WP AEKEMEREZEh-BN-G/Ir(111) Bi45H  (a)GQh-BN Fit &5 A K R Bl (b) Ir(111) bV 24 S0
I STM EME (21 iz X UBCR K B 7 3 B )5 (o) EAMER ST BAL IS T B i) G@h-BN 5 i 45#4; (d)h-BNQG
SRR RE R (e) Ir(111) EEHZESTr EALII STM EHE (72 F M 8% X BUBCR I J5 743 9 E)); () TAh A 22
%5 1 h-BNQG 54515 (g), (h) 755 BAGTIE A SR X0 SR KB A TR STM I, (i) s A AL il P e
a7 R B (37 (b) 7 nm; (c) 8 nm; (e) 15 nm; (f) 10 nm; (g) 10 nm; and (h) 3 nm)

FRATIFN F 5 10 SCAE [R5 25 AR KR 7 Tr(111)
FE E#I% T HZE h-BN-G N SRR EEH. K6 (a)
NFBERKIENRAE R E R B EKS LR
BRASIEWEIX B OB RS R I (111) R 1H 3K
ST BACEIE B/ 77 AL LA SR 4 (G@hb-
BN) FJ i 4544, STM B4 (K16 (b)) Bor T 2
VR 3 S N S WA b N IR SR Y P N R L)
ANEXTFRVE— 2. E6(b) AN M Ni%EE XK

JE 753 B, 7 2 T £ T SRR A R A i A% )
W7 I O Sk T ) AN A SR 0 W (X 3 2% 1 7
), W LR B #FAT, B s 0 s X 0 2 DLAE
B2k, X2 A ST X (> 50 4N) A2
1B BEAT G it Bow, PR M &R S L
T HERA s RSl )E, ARG
RN AR LA, BT A 230 A A P K0 A
B3, RmEA KRS, EREEZRLLZ
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I O, AR A T RS 1 A LA B, WO SR A I X
%2 DVER G R 4 10 B0, — R 2 B R A R R
AR, A BRI G R 2 R T Y R
KT HFRMLL, Hikfes EEfze Pl 2
WPHEER AN T B, WE 6 (c) Fin, Ak
FNS T BALT 43 B 529 2.5 nm A1 3.2 nm [ &
IR TR, I B S0 DX 3 & AR /N 175 75 B AL
X3, Xt SRR T A AR A, o
52, A M5 75 7 G AL I I [X 30 5 Al 7 T,
H A 38 0 8 X AT DR 5 — AR KR T ) 7S 4 .
XU EE 0 EAGHI I AR KR 2 SR I SR I
Wi X 7= A 2 i Bl 5 0 S 0 T TR AR, SR 0
PR S W] o 1A R 2%, 9 5 75 07 BACI PF
BRI T R, Te(111) BB A K
A LA 204 1) h-BN-G 37 J5 45 1 vh il 15 3 57 () 7
. [RIRE, SR T 25 A Ky I A K O T B3R 15
SR L N O BALH (h-BNQG) I 57 R 458 (0

EEWEG (). STMEG ERIr(111) R E
NI EACBEIX 2 =AATE (K16 (o), XERTA
AT f A ) = E SRR PEAR — 3. 6 (e) 22 T M
X BOR 1 S 12 HR B, R R4 3 1 5 2
A LA BT SIT B 2 7N G A B [ R 0 1 A 4
WP PHER B IEE K515 3 h-BNQG 5 i 4514
(B 6 (f), HEE—LT 7N J7 BAL I ¥ = £ % w5
DR ZN P ER IR, 1 1t — 20 B S O s (X
FHIOTE BV, FRAT T B2 2 75 77 EUA ) AN 55 0
XA 2T a6 A K I HTAEIRES, Wl 6 (g), (h) B,
7N 77 EACTIRAG 1) 95 7S 300 T A 58 07 W DX 0 % R %
A, T BRGNS X T AR I 5 7N O BAG I EE R
SO A — 2, BRI TR 1S 7 BAG I 9 oK s () 45
. MR35 STM K 6 (h) 7T LAE H, 75 7 BAL T
P i M T A S0 R S AN, T B 145 R S B
G, HAKBEAURZE WA 6 (i) Bis.

K7  h-BN-GRREMIUARMIRA  (a), (b) LG RG A E K h-BN-G B ; (c), (d) 53— AR 2E
I (o), (f) ShFHBLAL Y, (g) DFT B B-C 4 th BUA1 N-C 4 5 3L S gh e 7 B A T M B AR (7R (2) 3 nmy (b)

1.2 nm; (c) 2.5 nm; (d) 1.2 nm; (e) 4 nm; (f) 1.5 nm)

N T BE— B IRATE Tr(111) b W25 4 Kk A3 11
h-BN-G 5 Jii &5 # 3 LA 1 B il FUE 8z, BATTEEAS
[7] ke % A K B S Joi 45 44 TR, BE AL 3G X 100 A M
22 H & 100 nmx 100 nm Y6 [l 9 (930 28 45
R EIR LT BT A 18R X 3 538 R 5 R A,
K7 (a), (c) s, B 7h, A4l 7 (a), (c) KK

KB, AP B TR 53 9% R0 AH R ) S 1 B2 T DA
B E RN I AR, AP Gk a A, ORI —
A2 20 nm FIEE TR B 5, Wil 7 (e), (f) Fios.
T STM EUE T 1% 73 4l v A i 5 & N—C %
Pk i B—CRdEse, JA A DET 1A 7 7
et 70 ()40 UG AL 30 A Te(111) 2R _E A R R AR
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SR 7 (g) B, PR AR 4 Y30 535 m] AR E A7
&, 3 H B-CH A 80 7 5 Ir(111) /EH 77 54,

gi LR, BT Ir(111) 5 4ME 2 2 18] 1 55 41
AR, {5154 S IE N7 BAIIAE % AL R R A
KARKFL B 52 H B fops 0 Bk i e U B 0 25
SE T PR A1), AT B i DA B 40 1 2R3 57 (>99%)
BRI RPN, X455 Rh(111) b 78% K4
Vi SR A AR X ) (91,

4.3 h-BN-G BRATHIBEFEH

AAIE h-BN-G 7 J57 45 54 oA 5805 (1 0 H 7 25 )
TS 527N T BAGT FL 725/ R RS A 2 h-BN-G L2
R E B R BT Ie(111) 5 A7 8804 A
NIT BRI 5 T 452 E M, h-BN-G/Ir(111) #
IWHREEIFEN, — TR LR T 2ERx L2
SRR TERRmN. B8 KK AI/dV i
[ EETRALE (1 'V, 20 pA) G Bt [FI /2R
B R B In—ANIESZEE S (5 mV, 952 Hz),
$5¢ Jei 38 3 B A RO A PR H A A — RS I A5 B
N TR I Te (111) X6 A 8806 RS T AL )
P B2 E R, 150 Ex In(111) 3 2 40 2806
MR ZNT7 BACH 73 i dr/dV il &, K8 (a) #2&
Ir(111) B A S35 1 STM UG FIAH B ff d T/ dV il
2. £ —0.6—0.6 eV LN, A EERH dL/dV il
28 5 IUARAE AT S50 K b e HE RS ELBK A o s AL
BE0 eV AL, P Tr(111) XF 7 889% J L 45 41k
. B8 (b) £&Ir(111) LK EAM K STM E{%
AR AT/ dV #iZR, dT/dV ih2k 2858 B
YL ARFFAE (£95 eV), BE/NTEIR{E 5.9 eV.
176k /N BT B8 A2 H T 2% i 6 2% 5T 2 FL T A5 1 5 T
Bk, (B7E —2—2 eV VUl N A PRI,
AT IE AN 2 M AT D S BT S I 45 ) v 7S 7 AR A
S M LT S5 R TR .

BATIEH— A B A Y T B T K h-
BN-G 5 Jii &5 04 X35, 75 3 BT A1 808 A 7S 7 AL
T 1 B 2k b o A AE —0.8—0.8 eV YE [l Y
fdr/dv . B9 (a) fasid i SO Ry d1/dvV
2R WL 9 (). A, B, C £143 BN A7 88975 [X 3%
o ST A A=A L, A SRR 23
FER KR T HESE R, KR v R ABAE O 1, R
BB 2308, T A S AT/ dV S5 98
K, 43 C A BIEME AR R, B4 LA

BRIEoR: B Clmdr/dv s K105 )5, 2
W5 A, B R R A SRS S (HE
HRMZ, A EMIWEX N, g S ERD R
BSIIRCDN, HTAS I 9 B TR S, X AT REIA R T
/N RS 0 28 7 P B 2850 7 5 50 A 28 0 W X e
AR R R szm B2 D, B, F 2 5% B

£ —0.8—0.8 eV [ P, Z X3k p) dI/dV 2k
BAHHEMETFE B, MR T S A
(0 5 7 BRI AE . 2584 DA s 45 SR T LA HH 45 i
f£ GQh-BN 7B £ v, A 884 A S 05 AL 2
TRIFE S AR BT, A IR, &
i, Lijeroth B3 417 Tr(111) %€ | 1] 4 () h-BN-G
SR A LB Au JE TR E, 35S R
SERE SRR R VE R 0, 3RA3 TR BE IR SR 803

dI/dv

R 0.4
FES IR/ V

dr/dv

2 0 2 4
FeESHRIE/ V

8  (a) Ir(111) b A7 41 STM E/& LL K AH X R

dI/dV #h#; (b) Ir(111) BB R STM B 1% LA

KX L) dI/dV #iZk (R R: (a) 6nm; (b) 9 nm)

dr/dv

P/ v

9 (a) G@h-BN i 45141 Rk STM Kl; (b) %R T
(a) B ARER & s dI/dV & B (R (a) 10 nm)
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Wi (B A T F e 5. BE SR, h-BN-G 7 i 45
R BR B 1A TR B 2000 A B K RE M I 2 HH B S T
JRIBIT LT 2, X5 A0 SR A R R AR R 2
FARE . X AT W P, S S 45 A0 3 Ak 1 A
W BIVE RO A 528 5 AL )5 2 52w, DR G A
h-BN-G 5 R 454 o, /N5 AUl L4 35 1) 8 20
FAAE, — 7 TATH T A SR i R RE R B g, 1
150 S50 B 7 U8 AT 29— DT, Hh A 3R
AEACH ) IR 5 o 48 4, ORI T A 5
W W X300 5 10 fE 7 WO, DA DR e 1) 8L 53
GZS

5 %

TRATAE R A7 28 0 H A 5 i 7 15 2 A F i &
JE Rh(111) F1 5§ B F 5 2 /E A (19 2 K Ir(111) b
FI P 45 2 K i i) 4% h-BN-G 5 5 45 #, 351
STM/STS W 78 Fo A KR E AL 7 25 4. BT K
B, 335243 K Rh(111) A 85 AN 5 B AL LR
A AT P RSAR, 2R R R G IR T N R 5 45
FRA R 2% A, A S 0 AL ) T AE S B )2 S T BB
(30 2 Rz AR K, AN B2 B AR UG Y (78%) M =
BB TR, X — KRR K4
REDFT M ESE R — 2. MAESHTFHB AR
Ir(111) b, A SRJE RIS T7 AT AT S 1) T 9
R, AEFE AT AT DA AR B AR AR ) 25 R pf
HRIRHN RGN, HTH P EKP T REA S
I 57N 7 BACT ) TR G i 28k, HAE B
PRI G Z M, BT DU UG AL 15 DLE i B AR
NI T B 5 BB 5 (> 99%). TEHF A T AL,
SRR T BTN A B 0 R T A,
B I A I S PR O 3 R I ARAE 1
T8, TCIR A MG FIAFAE. X — TAEX B AR
h-BN-G 7R 45 M I A KA J5 450 T 454
DA B A5 35 R S A 2 Il R B B 3L

SE
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SPECIAL ISSUE — Control of electronic states in surface low-dimensional structures

Scanning tunneling microscopy study of in-plane
graphene-hexagonal boron nitride heterostructures®

Liu Meng—Xil) Zhang Yan—Fengl)m Liu Zhong—Fanl)i

1) (Center for Nanochemistry, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, China)

2) (Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China)
( Received 12 January 2015; revised manuscript received 13 February 2015 )

Abstract

In-plane heterostructure of hexagonal boron nitride and graphene (h-BN-G) has become a research focus of graphene
due to its predicted fascinating properties such as bandgap opening and magnetism, which hence has ignited the attempt
of experimentally growing such in-plane two-dimensional (2D) hybrid materials. Many previous researches demonstrated
the synthesis of such heterostructures on Cu foils via chemical vapor deposition (CVD) process. The obtained 2D
hybrid materials would offer a possibility for fabricating atomically thin electronic devices. However, many fundamental
issues are still unclear, including the in-plane atomic continuity, the edge type, and the electronic properties at the
boundary of hybridized h-BN and graphene domain. To clarify these issues, we report the syntheses of h-BN-G monolayer
heterostructures on strongly coupled Rh(111) substrate and weakly coupled Ir(111) substrate via a two-step growth
process in an ultrahigh vacuum (UHV) system, respectively. With the aid of scanning tunneling microscopy (STM), it is
revealed that graphene and h-BN could be linked together seamlessly on an atomic scale at the linking boundaries. More
importantly, we find that the atomically sharp zigzag-type boundaries dominate the patching interface between graphene
and h-BN as demonstrated by atomic-scale STM images. To understand the physical origin of the atomic linking of the h-
BN-G heterostructures, we also perform density functional theory (DFT) calculations, including geometry optimizations
and binding energy calculations for different kinds of linking interfaces. The calculated results reconfirm that graphene
prefers to grow on the h-BN domain edges and form zigzag linking boundaries. Besides the atomic structures on the
linking interfaces, the electronic characteristics are also of particular importance. It is worth noting that the substrates
coupled strongly with graphene by m-d orbital hybridization (such as Rh(111) and Ru(0001)), lead to downward shift of
graphene T-bands away from the Fermi level, or decay of the intrinsic electronic structure of graphene. In this regard,
the influence of h-BN on the electronic property of graphene is hard to identify on such h-BN-G heterostructures. The
weakly coupled Ir(111) is chosen to be a perfect substrate to investigate the interface electronic properties of h-BN-G
heterostructure due to the absence of substrate electronic doping effect. Scanning tunneling spectroscopy studies indicate
that the graphene and h-BN tend to exhibit their own intrinsic electronic features near the linking boundaries on Ir(111).
Therefore, the present work offers a deep insight into the h-BN-G boundary structures and the effect of adlayer-substrate

coupling both geometrically and electronically.

Keywords: graphene, hexagonal boron nitride, in-plane heterostructure, scanning tunneling microscopy
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(TEA%%, SrTiOs MG 7R & BRI R T 442)

EiE N LaTiOs B H IExC 450 (B 1), 2SR
& Pbum M fE NS H EIAREFN S HAS
By f] B ST T S5 R 1 SrTiOs 5 My n i . W5 6
J& RS\ THI A TiO6 20 1 = 4k M 25, L2 [543 531
B La M1 SrdH78. B 1 (b) M1 (c) 43745 H LaTiOs Al
SrTi03(110) T % [001] A1 [110] 5 AN J7 4] (1t 4% 1] 45
MR BB, RS 85/ SrTiOs AH b, LaTiOs
A0\ THI A 45 M A7AE (001) THI P9 R e E (1€ 1 (b) 72 )
FE [001) Sh B [ 1 (c) 22 1], ARAREE )\ THIA )
Jie#% n] L Glazer £55 a~b~ct de ik PO, Kk
£ LaTiO3(110) 5 it S E M b, pH T di i 2R T 51
L P AR AN 23 B TiOg J\ T F e %, 38 23 %)
FOMTA} = A R AR F, AT R 4 B A 5 N
TR T H 2 MIHL L. A SCHE SrTiOs(110) #f
J& b, iR 48 La R T FE R (2 x 16) FUEE )
FHIH, FFH R F 4> T R AME (MBE) 7507 La-
TiO3(110) HME. 7EA KR, FRAT LA A s S
e s TATH (RHEED) 58 B 4F 52 [ i3
S La, Ti & @A RIERTTIT R, 4eRFEKE
T EEAE AR AR M S B T 74 BH S 1 Ak 2 it B

F e IR B AL 1, 363 BT T LaTiO5(110)
i A R T OO 4 M 5 1 2 20

2 SIS

Ao JEC Ah BRI AR K AE B 1Ry 1 (UHVY) KR
%I 58 (LT-STM) F1 MBE (4 R4
#AT. Hoh MBE A K 1k % 3¢ RHEED. fikfig
HL 3~ 17 41X (LEED) MU 2 1 I 5t 4G, A i 1 4
A E]1 x 1071° mbar (1 bar = 10° Pa). 4K
Je FIRE A B AR N STM. I8 4R (R R B 25U T
5 x 10~ mbar) ZEAT M.

2.1 SrTiO3(110) #fEALIE

SEEG PR FH B SrTi03(110) 5 fi 4o KM [ &
RERF MR AR 2 7 . FE SO SRTIIE, R
F1/NT0.3°. SrTiO3(110) Ao J& £ 3 P R A % 8
P AL S AR N UHV A, K AT &2 1 I
S (WS RERE 1 keV, WSS HEUR 13 A, WS 1] 10
min) Al UHV &8 Kk (1000°C, £11 h), w15 2
BRI SrTi05(110)-(4 x 1) EAFRME. FEM BT
7 RIS 22 0 A, 2 TR P 5E I fis A R 21 A0 R X
bili=o

2.2 EEEK

TEH IR R T LaTiOs Akase 21 il 51 2% 5
133 A E ) Lag TigO7 AH. BRI AE A S IG
HR A BUR AR (T 5 x 1076 mbar) B4
HATAER, TR IR EE4EHRF7E 900 °C. 42 & La Al Ti 4
5l H CREATEC 2 &) 42 7= ¥ =il 4 T AP AR K
ROV E 43 3R 1350 °C A1 1570 °C, #ish /M T
0.1°. &)@ TifEKEZnl i@ SrTiOs(110) K i
A IR AR A AT R Wb o2 (9], £9°5°0.25 ML/min
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1 ML = 4.46 x 10'* atoms/cm?|. Frf & @IRMRI]
(R 2 FH 20 3 rEATL SR Bl a1 B E B4

2.3 SHEIERME

VHE JIEE 1) % T 45 44 B UHLV JEA (1 STMTE = i
TN, STM SR I HL AL 2 T ot ) 24 1) 485 4 2R O
FER L AR AR R B AT 340, T ) A SE &5 7
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3.2 XRDMELER
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RHEED fE [110] J5 [n] W82 2 ) 2 B AT H R ERF &
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I 45 KR 1S TN, e AT B A S HEB 1 [ 5 A
Hk, FF HIEFE [001] 77 n) 530 B I 5 B HE A ()RR
fiE, XFBF RHEED 7£ [001] J7 [7] WL 82 ][] “2x ” fiT
SR . (ER AR “x 167 4 2 8], 5% /IS E A
I3 A FEAHY [110]) 77 ) A XS 55 [0 5 () A TF
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STM Blg, A G (F Sk hras HAR AR « x 167 4 S I3 s 1E [001] 77 ) B A AL B A3 (d) TiOe /A
[001] J7 Ia] H R} K L 51 AE A (110) T P A B0 TR Al 5 STML MR A EL; (e) A5 4RTT S5 M k) ABO3(110) %
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oy HH ST P VAR e S VR P R FL B R R VOB ER R T PR A AR AL R R
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[Ti]/[La] bt A5 TH w5 IF <25 437 569 B o5 0 35 A8 58 T
[Ti]/[La] e B AR <2 47 S A8 55, 1X 3 — 25 i
B STM WL %% 21 1) “2x 7 J& # >k 5 T 3% T 2K 50\ T
EE P HES. B5(d) 45 H T IR R T 9
STM FE 1% M1 LaTiO3(110) T pa 51 54 ek 420 )\ T 44
He 2 45 # % & B, #y[001) J7 1), STM B #5022 £
IR\ TR 0 2 T R o 432 2 T 110 o 4R
FH [ HH T 936 B8 J5E P52 I, 3 T ot A 2 4505 B2 3 Sr-
TiO3(110) 4 J&]. 1M #¥ [110] J7 Al L BLIK “x 167 &
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i % B2, HDAE (ABO)*T A E R gl A 24
T /ICHE, B AE (O2)* Tk L f 3R T R 2
F/oeHe, W5 (e) s, X SrTiO 2 # 1k 4 Sr-
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0 3 3 A 5 S5 R DA AR M 2R T AR AR
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3d HL 7 18] 1) O AH HLAE ) 3 BOH: (110) 2 1 B 4%
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4 % B

A SCHRIE T R LaTiOs(110) # ik 1) MBE
A K R RS B g ) 7 vk, FRATTAE SrTiO3(110) 44
JiE B4 T (2 x 16) A M E, B R
RHEED 17 5 51 X6 BH 25 - 94 52 A2 A4 1 R o 1
R ST B SRS 4 8 2 R IR IR R )
T ik, SEBLT R R R 08 2 AR K DL KON P
b 2T B RS B 3% ). LaTiOs(110) 78 ik 2 1 5 55
R — R AR E, REFF (2 x 16) E. 4G
STM [ 15 73 H 2 RAE LA J W 2 T 1 B g D 32 90
1, FATHRE H LaTiO; i 3d HL [ SR ZU 1) FE &
He 7R RE R A AU InfR e . RSO — PR
N FUER SR A 3 THTAER S 225 440 PR A A S5 P
PRAE T HARY & ORI AN R R RS R
JFR A1 SE 97 AR BT R 4 O TG H A R R
RE S FRR B I ZE0E T SRa A,
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SPECIAL ISSUE — Control of electronic states in surface low-dimensional structures

Precise control of LaTiO3(110) film growth by molecular
beam epitaxy and surface termination of the polar film*
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Abstract

Transition metal oxides exhibit abundant physical properties due to the electronic interactions between charge,
orbit and spin degrees of freedom. Lanthanum titanate, LaTiOs, a typical strongly correlated electron material, shows
Mott-type metal-insulator and antiferromagnetic transitions at low temperature. And these interesting behaviors can
be tuned by adjusting the occupation of the tog orbit of Ti**, or introducing symmetry breaking or lattice strain
into the heterointerfaces. Especially on LaTiO3(110) surface, the anisotropic structure as well as the surface polarity
allows the flexible control of artificial low-dimensional structure. However, the instability induced by surface polarity
hinders the growth of high-quality LaTiO3(110) film. Here we show that by keeping the growing surface reconstructed
in the molecular beam epitaxy (MBE) process, the surface polarity can be effectively compensated for, allowing the
high-quality layer-by-layer film growth. Moreover, the intensity of reflective high-energy electron diffraction (RHEED)
pattern sensitively changes with the surface cation concentration. Therefore the relative deposition rates of La and
Ti sources can be monitored and further be precisely calibrated in situ and in real-time. We first prepare the (2 X
16) reconstruction on SrTiO3(110) surface by depositing La and Ti (2 ML for each) metals. Further increasing the Ti
concentration on (2 x 16), i. e., the [Ti]/[La] ratio, results in the significant decrease of RHEED “1 x ” intensity and

”

the increase of “2 x ” intensity. And the change of RHEED intensity is quantitatively reversible through reducing the
[Ti]/[La] ratio by the same amount. We set the evaporation rate of Ti source to be slightly higher than that of La for
the MBE film growth. And the shutter state of Ti source is controlled to be open or close, which is determined by the
change of RHEED intensity. Precise cation stoichiometry is achieved in the LaTiO3(110) film. X-ray diffraction confirms
the single crystallinity of the film while scanning tunneling microscope images indicate the atomically flat surface with
(2 x 16) reconstruction that is responsible for the stabilization of the polar surface. The annealing of the sample in
oxygen at 700 °C will oxidize the LaTiOs film into the thermodynamically stable phase, i. e. , LazTi2O7, although
the as-grown LaTiO3 phase can be stable at room temperature. The high-resolution STM images reveal the detailed
structural information of the (2 x 16) film surface-along the [001] direction, the tilt of TiOg octahedron in LaTiO3 lattice
results in the “2 x ” periodicity modulation on the (110) surface. The “ x 16” periodicity along [110] might be related
to the rotation of TiOg octahedron in (001) plane or to the strain relief on the surface. Both of the RHEED and STM
observations indicate that the film surface is terminated by the TiOg octahedron, i. e., the (O2) atom layer. Indeed the
LaTiO3(110) polar surface can be stabilized by making two holes on the (O2) layer by oxidizing Ti*" into Ti*". On the
contrary, due to the Coulomb repulsion between electrons on Ti** 3d orbit, the (110) surface is difficult to reduce (to

introduce extra electrons). Therefore the (LaTiO) termination layer cannot be stable.

Keywords: LaTiO3(110) film, MBE, polar surface
PACS: 81.15.Hi, 68.55.Nq, 68.47.Gh DOI: 10.7498/aps.64.078103
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