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Direct Observation of Molecular Orbital Formation in Chemical Bonds Between Two
Atoms

Inami, Eiichi
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We developed an ultrashort voltage pulse tunneling spectroscopy (USVP-STS)
by combining an atomic force/scanning tunneling microscopy (AFM/STM) with ultrashort voltage pulse
to track the formation of molecular orbitals during the chemical bonding of two atoms. Experiments
on the Si(111)-(7x7) surface confirmed that USVP-STS can perform local spectroscopy comparable to
conventional STM. Additionally, by controlling the delay of the voltage pulse, we altered the
distance between the probe and the sample, which resulted in changes i1n the shape of the
current-voltage curves. These changes correspond to the transition of the electronic structure of
surface atoms from isolated atoms to a diatomic molecular state, demonstrating that USVP-STS can

track the molecular orbital formation process on an energy scale.



B X C—19, F—19—1 (Jth)

1. WFSEBRAG Y g7y 5
2 TR O M IT AN ML ERE A THY . 7
DIEMOFFRIL | W8 DAFAERER A ARIED & R 4 %5 d@i’ i

B e D ST, MBS R 12 28 5 LR AR
BCh B, 1= 2 FLT-OREA % FR - HIHT X T, —_—
PEE LT B A MSAEVERT BT CEMRIE - A T2 pb Dt e

72 8) ORRTY., FF Lh s A AR R¥#E ==l BT
ﬁ%%héo%%\M$%Q@ﬁ%ﬁ%iﬁ%@$

(A < kR « RO B 2R S0 TW a3,

4, ﬁ%ﬁﬁﬁﬁﬁk%ﬁ%/ZWﬁﬁ?®@A“ s

& (ARM/STM (2 LD (2 JR & xtGe & LT-SE8RAN mTiE

(72572, ARM/STM Ci, EBHEOHIBETDY 1T 5 1 AFM/STM 8 EEIZLD
NT=T o F U AN—T, $1H: 1 R+ & i 1 FF 0k b4 S OFHAIGESR)

FREAENE LT, &bIEA LR TFORPrE IR

RRUATHUE) 2 b V@i LThRETE2 (XD, ZoXH7 A DE N xVERR) O
THHRND 2 LT OFEEIT D BT OFEDRBEICE OGN DD, SRR R HERICE E -
TW5, BFEEIOEMRM R A2 FERTEDITIE, 2 FFOREICHE ) JRAHE D DAy iuE~
DB B HE TRV =R — )V CIBNTALERH D, LNLARNG, ARM/STM TR HLiE Ok
HETHRA(DFIEZRETER20)THY . HLWEHEO Y o0 — 7 HEEE D3 2 9 <
LEND,

2. WO HR

AWFFETIL, ARM/STM & HFEEME /L 2 ARM il 2 @ a S8 T, 2 JBAD(LERE AT fE S 4y
FHLE O TE KB &2 = L X — A —)L TR ATRE 7R R FE I -V R b Rk V45 (USVP-STS)
EE PR LTz, BARAYIZ X, USVP-STS @& OREEE - BhfERGE & O ¢, Si(111)-(7x7) F i &
T A FEREHT W= FH 21TV, USVP-STS DO MIE R OMGEEZ 1T - 72,

3. WrFED kL

2 A OFEEITHE D o FHUEFEGRRE OB HICIE, bV E A2 3R E T & #-2R i MR
B L CET AHEND S, @D AFM/STM Tik, o F L A—2FE T CIERE S ¥ 5 2
& T BRI U AE 72 IE [ (100 F 2 FPRREE) (ZRURFE L (BB E) ITKAF L= h o x
VBRI D, — . USVP-STS Tix, ABIELEE LT U F L A—REICFEY S - HEE
E SN R ERAWD, 2V AREREZ B T LoN—IRENAM L 0 5238 &L UV AEINF
X, IRET 2# D FFEMEICH E > TWD LIEPITE 5, ZORW T/ IV AEEOHRIE - Bt
+fﬁé’3 WWEZDHE, b RVERIREIEE L #- %Eﬁiﬁﬁﬁﬁ%ﬁ@%%x& LTRSS, 2D
TG A B U R EE B EE O F — 2 & R MENTRICE S D,

e S ittt
A EN S
(1) ARM/ST %@f et 2 S — 2 ATAVARIOY rE=m BEFIE
|2 USVP-STS #EEDHEZE AT - . TRt E e
f

7o, AT, OARN/STM HA%E | HYF LS
B, QBEEBEL NVAMS A | /
Fapbfians @, O L O

TR FHEAoB@zE | g U remes
AFM/STM RV, ERED 757 [

M

FE L. o F L _A—DEEFS
RUZiE, AEBERE— N2
ML, —FH., O, BEEE
NIV AH T AT DTEE
R, B0 T —4
INET NA A SHIC R
R OHIE S EHHRR - R ]

Y = —5—
ﬁg%& ;{Lg me7 oA 2 USVP-STS YR T LD

At

SRR F—HUUEE

1 1
i 1
i i
1 1
i i
1 (1) 1
| |y = W@ | |
| |
i 1
1

(2) (1) THEZE L 7= USVP-STS v A7 A Z W CHMIFEOZ Y AL L2, 7 A FREHZ IR
R PR ERERRE CTH 5 Si (1) - (7xT) REAHEH Lz, 2 ORME CIERHB 2 FAERKIC

X0, HFEHOFEA (adatom) FIFEEEIL 0. 8nm F2E & Ky, F7-. adatom 132 —BF+ & 3 BT
L. z FIANZ sp* kDX 7Y TRy REFERT D, D7, adatom DX > 7 U TR R



%, REIHEEF S 72 N R O FE IR EE &
Fript, I ANBEEEIT O S 2 & T, BREH IR T
LALEEREA L. B 2 RS OIRER X OV F
BEZERSED 2N TES (K3BM),

O ki, BE AT LEZFH LT, EESVADIRE
Z—1E CIVIZEE L, BIED A% RN 2 b S B 72
NH, PrpVEREFHI L, TORER, BEFNK
BIEEIZITEE LTIRET o R VERN KT L8R
ERZDZENTE(E 4), ZD L) REBEHRMORA
WX, TNETICH SIMAIETHE SN TN HEGT
b, e T & RiERFMETFRE A ETERT D
ZET, BPRENERAEZITTWD Z ENRRTE L
EzbHNTWS, K RT
LATIE, ZOXH % brx
JVEEVE D vk & REF MR
BELZEICELRNLE
HFTDZENTET,

@, EE/ VA DIRIE %
ED 2 mUCHEE LIRRE
TUIRMEAZ -2V 25 5 2V ~F%
HENZB LSR5, b
CRVEREFRILZ, 2 03 0T DT 0 01 02 03 00T 03 03 od 05
ORIEIZ LY | BFE DS Delay (ps) Distance (nm)
7§ﬁ*’+FﬁEjEE%‘EVC%@T§U\%/E” v URILEED; N NIZESt S5t e

e (38 s TE ARV 0> ) 4 FORIVEROERKFHE(E). LIRSS HEERKFEER)
DHREL 70D, BREFDFER O+ 3B 7 RRE (7272 L b o VR0 B Y Al RE 7R fEIk) TR
PNV A TN % KO NTEBIER I 2 3 E L, AT Gt 21T o 7o kG R, 76k ST TR 65
H D L EIREOEFLET MR (IV R A BSOS 2 ENERTE 2, — 7., HEni oo L
TdRRE (b v RVER O AN E L H5E) TEIE SV AZEIA LR, B sEE L
BRIV HBRR B) OTARIE, TV EhFR A E 57D Z L 2R T 72, T ORERIT, BRE BN ITH:
T5 2 & T, BRI L RER IR O RIALFERE A DR S, EORER, EEE L
SERADD 2 RSy FORE~NERE L2 Z LI L TW5, BLEDORERIT, AR TRET S
USVP-STS Ay FHEHEEEZ = Rf V¥ — A7 — L TBI T 5 2L 2/R LTS, Tk
D, BFFERHID—> T D USVP-STS DM E IR D FEFFILER S iz,
QOMETHEOLNT-ER-BIEMBRD ) A ZL~ULNKEWED, TOWMOETH LMy 2
XA BIOENE N RVEBHER TR LR 27 2 o A LT, 54
WOBENT —Z 255 Z ENTX o lz, REAFEEIZIX, ZOMEZRRT L, FHll 27
LOHIERICE S Z Y T, WEERARTZ, TO/RR, /A ALV EWERANIEAS TR EE 5
ZERTERELOO, BT —XIZBE L T, KR, BEMEOEWT —213GonihrhoTz, /
A RXVL-ULOER D 1 D21, BRBRETOWENFET SND, LER->T, 5%, ZOMEIC
DONWTIE, BMRERE COFHINC L VR TE 2 LI &SN 5,

50,

s

=]
T

(=]

[
(=]

[ )

(=]

Current (pA)
= =

Current (pA)
5 T

=1

(3) AMFZETIL, USVP-STS IZ L 0 | ALFFEEIT L D o THLETE R A2 EHAERF CX 5 2 L BNFERET
&, —H T, T—HFATIC LV T HLEIC L 2 RPTREEE B O EL 2B T 5 £ TITIEEL 7
Moty 5%, /A AL~V DESRAKEL L., ERRofEE R cE T, AREEE, Pl
HIZEENETH T LB AHNRE . HHEEERIC LY FOREWHfRIZAS LN TE S, X
512, USVP-STS 1% ARM IZ L 2L PG S ORSEREE L e S8 5 2 & T, ol FiEs
B L ) BT EO R bR ATRE & 72 0 . S TRE RN D < MBI B
i~ETx %,



Inami Eiichi Nishioka Keita Kanasaki Jun’ ichi 13
Atomic-scale view of the photoinduced structural transition to form sp3-like bonded order phase 2023
in graphite
Scientific Reports 21439:1 9
DOl
10.1038/s41598-023-47389-x
Katsube Daiki Origuchi Naoki Maeda Motoyasu Abe Masayuki 131
Scanning tunneling microscopy observation of Fe deposited SrTi03(100)-(v 13 x v 13)-R33.7° 2023
surface
Journal of the Ceramic Society of Japan 665 668
DOl
10.2109/jcersj2.23068
tl tl I I 65
Ti02(001) 2022
526-530
DOl
10.1380/vss.65.526
Katsube Daiki Ohno Shinya Takayanagi Shuhei Ojima Shoki Maeda Motoyasu Origuchi Naoki 37
Ogawa Arata lIkeda Natsuki Aoyagi Yoshihide Kabutoya Yuito Kyungmin Kim Linfeng Hou
Fengxuan Li Tsuda Yasutaka Yoshida Hikaru Nishi Shizuka Sakamoto Tetsuya Inami Eiichi
Yoshigoe Akitaka Abe Masayuki
Oxidation of Anatase Ti02(001) Surface Using Supersonic Seeded Oxygen Molecular Beam 2021

Langmuir

12313 12317

DOl
10.1021/acs. langmuir.1c01752




Katsube Daiki Shimizu Ryota Sugimoto Yoshiaki Hitosugi Taro Abe Masayuki 122

Identification of OH groups on SrTi0O3(100)-(¥ 13 x + 13)-R33.7° reconstructed surface by non- 2023
contact atomic force microscopy and scanning tunneling microscopy

Applied Physics Letters 071602:1-6

DOl
10.1063/5.0139493

Abe Masayuki Katsube Daiki Yamashita Hayato Inami Eiichi Custance Oscar 61

Method and Applications for New Material Science on Nanoscale Structures and Functions of 2022
Crystal Defect Cores

Materia Japan 645 650

Dol
10.2320/materia.61.645

37 2 12

Wakana Yokouchi, Takuro Tanizawa, Eiichi Kobayashi, and Eiichi Inami,

Structural and chemical compositional changes of SBR and EPDM during thermal degradation

Materials Research Society 2023/International Union of Materials Research Societies - International Conference in Asia
(MRM2023/ 1UMRS-1CA2023)

2023

Seiga Koga, Ahmed Mohamed Sayed Aly, Linfeng Hou, Daiki Katsube, Masayuki Abe, and Eiichi Inami

Structural and electrical properties of lattice-work structure formed on a rutile Ti02(001) surface studied by scanning
probe microscopy

Materials Research Society 2023/International Union of Materials Research Societies - International Conference in Asia
(MRM2023/ 1UMRS-1CA2023)

2023




Daiki Katsube, Tatsuya Yokoi, Eiichi Inami, Fengxuan Li, Katsuyuki Matsunaga, Masayuki Abe

Non-contact atomic force microscopy imaging of line defect on rutile Ti02(110)-(1x2)

Materials Research Society 2023/International Union of Materials Research Societies - International Conference in Asia
(MRM2023/ 1UMRS-1CA2023)

2023

Tatsuyoshi Takahashi and Eiichi Inami

Machine Learning-Assisted Analysis of Atomic-Scale Vacancies in STM Images of InP(110)-(1x1) Surface

31st International Colloquium on Scanning Probe Microscopy (1CSPM31)

2023

Eiichi Inami, Keita Nishioka, and Jun’ ichi Kanasaki

Primary Processes of Photoinduced Graphite to Diaphite Phase Transition by Femtosecond Laser Excitation

31st International Colloquium on Scanning Probe Microscopy (1CSPM31)

2023

Emiko Murata, Hibiki Hikasa, Daiki Katsube, Masayuki Abe, and Eiichi Inami

Measurement of Absolute Value of Local Work Function using Voltage Pulse Scanning Probe Microscopy", Emiko Murata, Hibiki
Hikasa, Daiki Katsube, Masayuki Abe, and Eiichi Inami

24th International Conference on Non-contact Atomic Force Microscopy (nc-AFM 2023)

2023




, , Wulfhekel Wulf, Haghighirad Amir-Abbas,

Fe3GeTe2

2024 71

2024

Ti02(110)-(1x 2) line defect

2024 71

2024

SPM

62

2024

Ti02(001)

62

2024




TiNO

54
2024
EPDM SBR

54
2024

54
2024

Daiki Katsube, Tatsuya Yokoi, Eiichi Inami, Fengxuan Li, Katsuyuki Matsunaga, Masayuki Abe

Non-contact atomic force microscopy study of line defect on rutile Ti02(110)-(1x 2) reconstructed surface

2023

2023




Emiko Murata, Hibiki Hikasa, Daiki Katsube, Masayuki Abe, Elichi Inami

Simultaneous measurement of local barrier height and local contact potential difference by voltage pulse scanning probe
microscopy

2023

2023

Fe(110) Mn

47

2023

2023 ( 173 )

2023

InP STM

2023

2023




2023

2023

2023

2023

2022

2022

2022

83

2022




Eiichi Inami and Keita Nishioka

Morphological Evolution in Photoinduced Graphite-Diaphite Transition Simulated by Kinetic Monte Carlo Method

The 22nd International Vacuum Congress (1VC-22)

2022

Emiko Murata, Hibiki Hikasa, Daiki Katsube, Masayuki Abe and Eiichi Inami

Measurement of Local Work Function Using Ultrafast Voltage Pulse Scanning Probe Microscopy

The 22nd International Vacuum Congress (1VC-22)

2022

Hibiki Hikasa, Emiko Murata, Daiki Katsube, Masayuki Abe and Eiichi Inami

Local barrier-height measurement using scanning probe microscopy with ultrafast voltage pulse

14th International Symposium on Atomic Level Characterizations for New Materials and Devices "22 (ALC "22)

2022

Ti02(001) NO

2023 70

2022




, Kim Kyunming,

Hou Linfeng, Li Fengxuan, , , , , s s
Ti02(001) X
2021 ( 169 )
2021
2021 ( 169 )
2021

Ti02(110)-(1x 2)

15

2021

Daiki Katsube, Shinya Ohno, Shuhei Takayanagi, Shoki Ojima, Motoyasu Maeda, Naoki Origuchi, Arata Ogawa, Natsuki lkeda,
Yoshihide Aoyagi, Yuito Kabutoya, Kim Kyungmin, Hou Linfeng, Li Fengxuan, Yasutaka Tsuda, Hikaru Yoshida, Shizuka Nishi,
Tetsuya Sakamoto, Eiichi Inami, Akitaka Yoshigoe, and Masayuki Abe

X-ray photoelectron spectroscopy study of anatase Ti02(001) using oxygen supersonic seeded molecular beam

The 9th International Symposium on Surface Science (1SSS-9)

2021




77

2022
s s s s s s s s s , Kim Kyunming,
Hou Linfeng, Li Fengxuan, , , , , , ,
Ti02(001) X
69
2022

Li Fengxuan, Daiki Katsube, Eiichi Inami, Hayato Yamashida, Masayuki Abe

In-Situ Observation of Water Adsorption on Rutile Ti02(110)-(1x2) Surface at Room Temperature by Scanning Tuuneling
Microscopy

33rd International Microprocesses and Nanotechnology Conference (MNC 2020)

2020

Keiichi Ueda, Daiki Katsube, Eiichi Inami, Masayuki Abe

Accurate Method for Measuring Oscillation Amplitude of Non-contact Atomic Force Microscopy in long-range force region

33rd International Microprocesses and Nanotechnology Conference (MNC 2020)

2020




Li Fengxuan,

/ Ti02(110)-(1x2)

33

2020

Li Fengxuan,

In-situ scanning tunneling microscopy observation of water adsorption on rutile Ti02(110)-(1x2) surface

81

2020

2020 ( 167 )

2020

(Abe Masayuki)

(00362666) (14401)




(Katsube Daiki)

(00831083)

(82401)




