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Ludwig Eduard Boltzmann (1844- 1906)
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Jean Perrin (1870-1942)
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The Nobel Prize in Physics
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Incidence and adsorption of a molecule at a surface

>

DR FD A5
(Incidence of a molecule)

x QFTEEDER

/ (Collision with a surface)
QFE L DEEILER

(Transient diffusion)

@DFRE YA ~DWTE
(Adsorption)

Fad OF Ji[OF-J: 0=/

(Thermal diffusion on a surface )
®@REH > D R Bk
(Desorption)

—HESH¥HE NNV NR

Molecule

&

m

) éz \\\\/
A

CNEDHRBIEITIUT CEELREZE-T
& &Rl & (thin film growth)

- R M /It (surface reaction)

- BEZ 2 (friction)

- [RF - 5 F 21 (atom/molecule manipulation)

2AEADIIIII]
OOCEACICHINHOO
AN I
AN PO
AN RN
SOOI
e et e
DO oI ]
e s ase eas
A0SR O
AT R AN
A0
AN

9
UTokyo Online Education i {ffi#z&& 2017 F1E/F CCBY-NC-ND



http://creativecommons.org/licenses/by-nc-nd/4.0/

B AR (CO+H,) MDAk Rk &

& R

CH4
CnHZn(+2)
CO+H,
B R ANCH;0H
CH5;CHO

R. Prins, A. Wang, X. Li, “Introduction to Heterogeneous Catalysis”

firh g8
Ni
Fe,Co,Ru

Cu/Zn0O,Pd-Ca0/SiO,
Rh

(World Scientific, 2016) p12. fig.1.6Z%JtIZ{ERK

AR Z(FESEE A R (CO+H) Mo, AR [RIEIKFR, AR/ —IL.
TEN7IVTERGERRGILRMEERT HENTESD,

EICEVWVCTERREECONHEE/ERITER !

COMHOMO: 5c#f &

UTokyo Online Education & {fF &

M
gl

COMLUMO 2 38

ERARAERE

erREORN | | EmET B |
( RAFI=W
; ' CH,OH
IXFIVI=FIV
. 1~ (DME)
: i | o e CH,OCH,
_ARE g
| T4 Tr—
Nl - O7va(FD
= BEA AU
(CO+H,)
CH,CH,*CH,
- A \ YINRR
HAE \ 9 BN
. 2
o/ REEB O\
HRIE / N
J ) CH,CH,OH
LT mmm INAF
: T - e 2
NAAIA IZFIUL - A —2TJU (BDF)

VA‘tl |
i - 7'&&57’0%%*0)%&5‘@? 5 K=
FIIFHANEIC K DKRDIER

PNCE

IR PRI L<ChA S TR (B TEHE4L. 20145F)
P9 FRIEHEREDIDDEH

S O ARILAILRZILDEES
rENEREIZEL

EERB-PHER-EBHE—-SEEN—VyIREILZIGLERA. 201045)
https://www.kagakudojin.co.jp/book/b62860.html
P65 5.4 JOVT«THEHEEERDE 10

#EE 2017 FIEE  CCBY-NC-ND


http://creativecommons.org/licenses/by-nc-nd/4.0/

COnFLEERERREDEAIEH

The interaction between CO and a transition metal surface

()
S
- .
-
- 1)
~15

n-antibonding

t 2,[ . o
g—antibonding
>
1 5 n-bonding
S0 >

o-bonding

Projected DOS (arb. units)

Figure 4. Schematicillustration of the two-stepmodel for CO adsorption on a transition metal surface.

Projected density of states

Discrete MO levels are shifted, broadened and sometimes spilit.

By the interaction with metal bands, the discrete MO levels are
broadened and sometimes split into two levels (bonding/antibonding).

B. HammerO.H. NielsenJ.K. Nrskov

Structure sensitivity in adsorption: CO interaction with stepped and reconstructed Pt surfaces

Catalysis Letters,46,1997

https://link.springer.com/article/10.1023/A:1019073208575#copyrightinformation
Figure 4. Schematic illustration of the two-step model for CO adsorption on a transition metalsurface.
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High resolution electron energy loss spectroscopy
(HREELS)

* An incident electron with a monochromatic energy.
* The interaction between an electron and a vibration.
e Excitation of a vibrational mode.

Q » The energy loss of a scattered electron occurs.
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Momentum conservation (surface parallel) HEBE/HOA—H— BEBETHSAH—
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// // // Nishijima et al.” Double-pass high-resolution

vibrational electron energy loss spectrometer
” Rev. of Sci. Instr. 58 (1981)307.figlk Y 5| FH
https://aip.scitation.org/doi/citedby/10.1063/1.1
139654

The relation between surface vibration and its momentum transfer
. . . . . . 16
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Hiroyuki Kato,Jun Yoshinobu,Maki

Kawai"Determination of six types of vibrational mode

for bridge CO on Pd(110)"Surface Science
Volumes 427-428, 1999,

https://www.sciencedirect.com/science/article/pii/S00

39602899002356
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Table 1
Observed vibrational frequencies of bridge CO on metal surfaces. The vibrational energy is described in meV
Vi V2 V3 V4 Vs (]
01 01 0= 0— 0— 0 -
C ! c1 C - C « C « C —»
7\ I\ / \ / N\ A A
M M M M M M M M M M
¢(4x2)-CO on Pt(111) 229.4° 47.1% 10.0 o 44.6° 8.0
CO on Ni(100) 239.5¢ 44.5¢ — 81.5¢ — 4.2¢
(2% 1)p2mg-CO on Ni(110) 246.0° 52.3¢ = 2 47.7¢ 7.50
p(4V2 x V2)R45°-CO on Pd(110) 246.08 428 358 — — 51# —
(2% 1)p2mg-CO on Pd(110) 248.4h 47.5h ~25h ~53h 42,00 8.6"
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Adsorption dynamics by MD simulation

ERZRF5FC0/Pt(111) FRZIRF73FN/Ag (111)

EZFEFDHEICKY,
1=

Bk _THFERI ST
G.D.Billing

of CO on a Pt(111) surface
Chemical Physics,86,1984

/article/pii/0301010484800233
Figb
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Inelastic scattering and chemisorption

https://www.sciencedirect.com/science

10 [EERLEhN D
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DISTANCE FROM SURFACE (A)

TIME (ps)

John C. Tully,Carl W. Muhlhausen,Leah R. Ruby
Stochastic Trajectory Studies of Chemical Processes at Surfaces

UTokyo Online Education 2 fiT{ffizEE 2017 FEZF

Berichte der Bunsengesellschaft fur physikalische Chemie,86(1982)
http://onlinelibrary.wiley.com/doi/10.1002/bbpc.19820860518/full

p435, fig2 =
CO 5o#f1i# CO 2r'BhE

EERB-PHER-EBHE—-EHEEIN—VyIREILZIGLERA, 201045)
https://www.kagakudojin.co.jp/book/b62860.html
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Transient migration in physisorption and chemisorption systems

REDERRE

=1, xi8

277

oy

(a) (b)

3.1 BEFREOEBEDERARBLUEE MV RIVEMBE CHRICSBEERRADEE
(b) & Cu(115)1Hi®» STM 14 (31.3 x31.3 nm?). [N. Reinecke, S. Reiter, S. Vetter and E. Taglauer,
Appl. Phys. A, 75,1(2002) )
SR PHER B E— - SERIA—S Y RELE](EER A, 2010%) , _ _
https://www.kagakudojin.co.jp/book/b62860.htm| ‘ FIG. 3. (a) Adsorption of CO on Pt(111) in the presence of a blunt STM tip
pl8 H3.1 EAREOEENEARSIUVEEMN RILEMBECH-2REERREDEE at 51 K. A tlp “‘shadow’’ is visible. (b) The Subsequent adsorption of 02

under the same conditions. Clusters of O, molecules are visible within the
shadow. Imaged area is approximately 1100 AX1100 A.

Stipe et al., Atomistic studies of 0202 dissociation on Pt(111) induced by photons,
electrons, and by heating, The Journal of Chemical Physics 107, 6443 (1997)
http://aip.scitation.org/doi/abs/10.1063/1.474304

STM tip

Xe/Pt(111)

P.S. Weiss, D.M. Eigler, Adsorption and accommodation of Xe on Pt{111}PHYSICAL REVIEW LETTERS,69,1992
https://journals.aps.org/prl/abstract/10.1 103/PhysRevLett.69.2?40 . sty g . = 20
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Pt(997)FRE D COWEIZH T 518 EHLFLETE

Jun Yoshinobu et.al.,
"Lateral Displacement by Transient Mobility in Chemisorption of CO

on Pt(997)“
PHYSICAL REVIEW LETTERS,90-24,2003
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.90.248301

We investigated adsorbed states of CO on Pt(997) at 11 K using infrared reflection absorption
spectroscopy. At 11 K, thermal migration is suppressed and thus the initial chemisorption at terrace sites
and step sites is controlled by the transient mobility of the adsorbing molecule. The initial occupation
ratio between atop CO on the terrace and atop CO at the step is directly determined to be 3.6:1. With a
simple isotropic migration model, we estimated the mean lateral displacement from the first impact
point to the initial chemisorption site to be 6.8 A°. We also discuss the origin of transient mobility of CO
on metal surfaces.

21

UTokyo Online Education i {iflE& 2017 HFIE/E CCBY-NC-ND



http://creativecommons.org/licenses/by-nc-nd/4.0/

FhhR RBRCEFEEUARE-FREGLE
HiRH A R4, FR19EF)
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Surface normal
i?' Ep'L . > p-pol. light
Incident light - E reflected light | reflected from
AKX E . 5t B a metal surface
N 50°% | (n=3,k=30)
? [ = Ref d
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* Based on the Fresnel formula. P 20
* In the case of s—polarized light, the incident
light and.reﬂected light are mtsrfered R S ™
destructively because the 180" phase ®/°

shift occurs upon reflection.

* In the case of p—polarized light, the incident
light and reflected light are interfered
constructively.

Irradiated area is proportional to 1/cosd.
Intensity is proportional to E,,?.
Thus, absorbance is proportional to E,; %/ cos¢.

Dynamic dipole T

>F
Metal | F— . I ~l< fl Eztuz_ll> 6(0)0.— )
substrate |BcdROe Surface normal dipole selection rule
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9 R GTIRIR 9 (IRAS)-STMHE S X E

0.0004 LIS IR L L rrr 1
Pt(997) clean surface at 82K

0.0003 -4¢m™, 500scans, MCT, KRS-5 polarlzer
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FT-IR spectrometer

3x10° @ 2200cm’
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« All optical paths are evacuated (free from water and CO, vapor)

« Using lig.He and liq.N,, the sample can be cooled to 6K (<15K during IRAS)
» Gas is introduced through a pulse valve (Tg,=300K).

* Noise level < 3x10° abs (4 cm-!, 500 scans, @2200 cm-")
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anp

TR BT IRUN S Y2 L BPH9INIZHB [T ACON KRB IREE@11K

C

0008 T T
[ 1 Integrated absorbance of IRAS peaks
0_007:. At 11K:; IT=O.OO’86, 1s=0.0065
: 1 After heating: I' $=0.0296
IT:aTnT’ IS:O(,Srls,
where n is the number of molecules
and o : IR extinction factor.

o
o
S
a

Since the total humber of adsorbed
]  molecules is conserved, Ang=ny.
after heating above 100K | Thus, nt=l1/a1=Ang= Als/as.

Absorbance
S
N

0.003 [

0.002 [
- terrace

T 1 We obtain os=2.70r and nt/ng=3.6.

step ;
~0.015ML |

0.001 1 ~0.010ML]
I ~0.005ML |
0 MV YN L YW LT Y e M
J. Yoshinobu, et al., Lateral Displacement by Transient Mobility in Chemisorption of CO on
2200 2100 2000 1900 1800 Pt(997),PHYSICAL REVIEW LETTERS 90 (2003) e sorpt
-1 https://journals.aps.org/pri/abstract/10.1103/PhysRevLett.90.248301
Wavenumber (cm-1) 248301-2,fig2
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Pt(99NIZHITACONREEE  1NIKTORBET=Z— )LD IKEE

11K
Nt ng= 3.6: 1

after annealing above 100K

all CO at step sites
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W EIILER D (LR BE A A D% 5: CO on Pt(997)

- L -—
¢
Top view
[111]
[997]
Side view
Potential ~1.2eV
energy

"/ f.0.35eV

terrace step

Assumptions
1. Isotropic migration

2. Complete trapping at a
step site

Ar =1, -,

1

- ()

21
step = E

From the present experiments,
Pstep=1/(3.6+1)=0.217, L=20 A
|

Mean lateral displacement €=6.8A

J. Yoshinobu, et al., Lateral Displacement by Transient Mobility in
Chemisorption of CO on Pt(997),PHYSICAL REVIEW LETTERS,90 (2003)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.248301
248301-3,fig3(c)
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Rh(111)REIZH TEKADFDEEILENEI TR I—E L

Transient diffusion and cluster formation of water molecules on Rh(111) at 20K,
The Journal of Chemical Physics 126, 141102 (2007)
http://aip.scitation.org/doi/10.1063/1.2727444

ABSTRACT

The authors investigated the initial stage of water adsorption on Rh(111) at 20K20K, using infrared reflection
absorption spectroscopy. In this low coverage region, isolated water molecules and small water clusters are observed.
Since thermal diffusion is suppressed at 20K20K, the formation of water clusters at low coverage is controlled by both
coverage and transient diffusion on the surface. Within a simple random walk model of the transient diffusion and
clustering process, the authors estimate the mean lateral displacement from the first impact point to the final
adsorption site to be 7.6A7.6A; an incoming water molecule on Rh(111) is trapped with eight postcollision hops on the
average.

&

transient diffusion/
collision
. @adsorption point

point
P
=P -
i Atsushi Beniya, Kozo Mukai, Yoshiyuki Yamashita, and Jun
aw Yoshinobu,Transient diffusion and cluster formation of water molecules on
dimer Rh(111) at 20K, The Journal of Chemical Physics 126, 141102 (2007)

http://aip.scitation.org/doi/10.1063/1.2727444
| substrate figl 29
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Cluster formation of water molecules

Surface migration and cluster formation

20K 80K 140K
oo ..o.o )
O o o ® o, ® °
[s] ' e P °
nzl o 8 ¢ 2D island

n=1 O

monomer .v
A

n=2

amer (Y0 ayr) =
S. Yamamoto et al.,Water Adsorption on Rh(111) at 20 K: From Monomer to Bulk

Amorphous Ice,J. Phys. Chem. B, 109 (2005)5816
https://pubs.acs.org/doi/abs/10.1021/jp0502470

p5819 fig2 p5821 fig.5

Cluster formation at 20K is caused by transient migration,

because thermal migration is suppressed.
CC BY-NC-ND *
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Water on Rh(111) at 20 K: IRAS

o HOH o DOD monomer
(a) ' | | ' | ' (b) 1 ' | ' | '
| ISMO |@ 1 ij104 §|.|0|.| : 1569 cm-1
- 158z 1 ol : 1161 cm-!
1173] | 9 boo
- [1188 6 (ML) @,
: e 0 o)
c 7 N
S dimer
3 - 0.042
- W MMW O noy - 1987 cm-?
< i | Spopt1173 cm™
0.024
2909
L | L | L | L L | L | I | I ‘ ‘
1800 1600 1400 1400 1200 1000
—1 S. Yamamoto, A. Beniya, K. Mukai, Y. Yamashita,
Atsushi Beniya, Kozo Mukai, Yoshiyuki Yamashitamﬁxgngyrmngigsgn gwgc[!;L J. YOShinObU, JPhysChem B 109 (2005)53811 6
formation of water molecules on Rh(111) at 20K, The Journal of Chemical Physics 126, 141102 (2007)
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Coverage dependence of 8 E—F (Iza#iE®) at 20 K

Hzo Dzo
" 4 monomer 3x1074°
o | 5x10 . | " monomer
'5 o - ® o *® ¢ °®
s o © s ° 5 ® °
< e ©® © o ¢ @ o o° o
r o ® [ J < ®
(4] ® b o] ° o ¢
) ]
5 ¢ 2 o °
o © o o
) |
2 % o 9 ° o i °
S| e °® S| e o dimer
o o o k= * ® %e
° dimer :
e ] o ©0O
[ .. ‘®
—a”ne--0-0—o : ' ' ' 900000 : ; ' ;
0 0.02 0.04 0.06 0 0.02 0.04 0.06
Total coverage (ML) Total coverage (ML)

Non-linear behavior is due to cluster formation by transient migration

A. Beniya et al., JCP 126(2007)141102.
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KASFARBICHELNRTYIEFHTHEETDIaL— 3y

random walk by A steps

Model

larger cluster e Water migrates between on—top sites by

P

."Qg!g!.’g!. random walk (no long jump).
9906262626006 -
.‘.‘05000.0 e If water reaches to the nearest site of an
030200

<]

’."." already occupied site, a cluster is formed.

eTotal length is limited by N steps.
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NATYTHIELT-BFDE/ T —DE - HERIKFYE

Number of monomers (simulation)

0-03 Ll L] T ’ L T T T

N N=0 /’

Hit and Stick N . :
E’ (Hit an ¢ }' (steps) Total diffusion length
;’ 7 e 6 ar, X N=2.69 (A) x 8 (steps)
8’0.02- g =215 A
§’ —_— :g | Mean lateral displacement
8 14 ath\/NZ 7.6 A
E 0.01 Linear increase 6 < 0.01 ML
g cell 30 x 30

3 b
§ e Estimated from observed data 1 X_10_ trials .
(1569 cm'1) periodic boundary conditions

0 0.02 004 006  0.08
Total Water Coverage (ML)

Atsushi Beniya, Kozo Mukai, Yoshiyuki Yamashita, and Jun Yoshinobu,Transient diffusion and cluster
formation of water molecules on Rh(111) at 20K, The Journal of Chemical Physics 126, 141102 (2007)
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IO

YEBRIE 5 F 1L FIRIE 57 F 0@ R B L B ER A

Xe / Pt(111) >> 100A
0,/ Ag(110) Several 100 A
| CO ,/ Pt,(,gg,?) ,,,,,,,,,,,,,,,,,,,, 6 8, A ,,,,,,,,
NO / Pt(997) 4.4 A
Water / Rh(111) 7.6 A

Ir, Re, W, Pd / Ir(111) Hit-and stick

P. S. Weiss et al. PRL 69 (1992) 2240

J. V. Barth et al. CPL 270 (1997) 152

J. Yoshinobu et al. PRL 90 (2003) 248301

N. Tsukahara et al JCP 128 (2008)054701

A. Beniya et al., JCP126 (2007)141102

S. C. Wang et al. JCP 94 (1991) 4071

The mean lateral displacement of
chemisorbed molecules in transient migration
= several A

&

SM/
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CO/Ni(100)DIRASARI KL BEKEFHE

On-top CO and bridge CO

(C4v) (CZV) e T
o .- [ B =0.04ML 3
Side-view C&) &) , - ]
000 || 0.001 | 1

Top-view

B EREET-Y O ) [
AobvTHgarE ml L Al :
)9O H LD T A TNAY '
5 Ni Ni Ni Ni Ni Ni
'U"r I‘t&tt[i yT.1 VT2 VvB.1 VB2
{ |
E_L L BLL_ L
I I /N A
Ni Ni Ni Ni Ni Ni
vr.s VT4 VB3 VB4
Bzé é ’..LAI..L.I..A_‘IA_. P | gy
L | 2200 2100 2000 1900 1800 1700
Ni NI e (cm™)
Vs ve.e

80 KTIEZTYyOHARBIZIFEAED COLFHRIFET S,
BEMNAERTBE. AT HAMDICRIET HCONFNEBERIZILS,

J.YoshinobuN.TakaglM Kawai,Site conversion of CO on Ni(100): binding-energy difference and role of low-energy
hindered vibrations,Chemical Physics Letters211,1993 43
https://www.sciencedirect.com/science/article/pii/000926149380050Y
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Ni(100)REIZH [THCONFDWEFEY A MEEKRTFLE:
R T rOFE—DEE M

T
J.YoshinobuN.TakagiM.Kawai,Site conversion of CO on Ni(100): binding-energy difference and role of low-energy hindered vibrations,Chemical Physics Letters211,1993

https://www.sciencedirect.com/science/article/pii/000926149380050Y
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J. Yoshinobu, N. Takagi, and Maki Kawai,Stability of adsorbed states and site-conversion kinetics: CO on Ni(100),PHYSICAL REVIEW B49,1994
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J. Yoshinobu, N. Takagi, and Maki Kawai,Stability of adsorbed states and site-conversion kinetics: CO on Ni(100),PHYSICAL REVIEW B49,1994
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Fig. 1.2 Concentration profiles established in diffusion for different mean-square displacements. (a)
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STMIZEAZXREILEID EHEEIZ: N on Ru(001)

NO on Ru(001) — N + O @step (~300K)

STM: N FDWE<L< RZ 5% i

T. Zambelli, J. Trost, J. Wintterlin, and G. Ertl:Diffusion and Atomic Hopping of N Atoms on Ru(0001) Studied by

Scanning Tunneling Microscopy, Phys. Rev. Lett. 76(1996)795
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.76.795
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REVLEDEHIEIRILEF—DEERMIRTE
NO diffusion on Pt(997)

By Bl 7 i R AR L
(105 K, 6=0.017 ML)

- R (R S [ — — E
200 meV I—/\ Route A Route B I\ ads
1.61eV*
oT

120 meV
290 meV I
A 2.09 eV*
1 HS
B3 2.49 eV*
N. Tsukahara et al.,Search for adsorption potential energy minima of NO on Pt(9 9 7) at 11 K,Surf. Sci. 600
(2006) 3360.

https://www.sciencedirect.com/science/article/pii/S0039602806002937

N. Tsukahara et al.,Adsorption states of NO on the Pt(1 1 1) step surface,Surf. Sci. 600 (2006) 3360.
https://www.sciencedirect.com/science/article/pii/S0039602806007503

N. Tsukahara et al.,Microscopic diffusion processes of NO on the Pt(997) surface,J). Chem. Phys. 128
(2008)054701

http://aip.scitation.org/doi/full/10.1063/1.2822136

054701-7,fig9
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Infk)

Arrhenius plot of k (100 K ~ 110 K)

Temperature (K) Coverage (ML) £ (s E; (meV)
100 0.01 0.0019 5
100 (2nd trial) 0.015 0.0011 24
104 0.015 0.0055 16
105 0.011 0.0042 7
105 (2nd trial) 0.014 0.006 20
105 0.034 0.015 10
105 0.05 0.0095 10
110 0.01 0.016 20
110 (2nd trial) 0.022 0.06 10
v

0.0092

0.0094 0.0096

. - o 54 @/
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T. Katayama et al.,Adsorption states of NO on the Pt(1 1 1) step surface, Phys. Rev. B,
83, 153403 (2011)

https://journals.aps.org/prb/pdf/10.1103/PhysRevB.83.153403
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STM of K/Cu(100) @step
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— u g 2010%F) https://www.kagakudojin.co.jp/book/b62860.html
~ po4 B1 Ni(110) REETSTMERE K Yxe RFEMASTEN="1BM" DX
=

p95 B3 Ge(111)RE L TsnREFEFEMNLTEL s DXF

EEEFDAREIZKY.
CZICHEASNTUL-EGEHIBRLELT=

Ag(llo)iEEJ:’CODSTM? REHZ & BFehILR
LA FD &R
aERA EP*T,F'EI BHE—FEEIN—

FIG. 1 A sequence of STM images taken during the construction of a

patterned array of xenon atoms on a nickel (110) surface, Grey scale is V‘J 7a=§ﬁﬂ:%ﬂ (“:%H A . 2010&)
assigned according to the slope of the surface. The atomic structure of the . .. .
nickel surface is not resolved. The (110} direction runs vertically. a The httpS.//WWW. kagakUdOJln.CO.j p/bOOk/bGZSGOh
surface after xenon dosing. b-f, Various stages during the construction. tmI
Each letter is 50 A from top to bottom.

D. M. Eigler & E. K. Schweizer p95 2

Positioning single atoms with a scanning tunnelling microscope
Nature volume 344, pages 524-526 (05 April 1990)
https://www.nature.com/articles/344524a0

p525 figl(c)(f)

Yoshiaki Sugimotoet.al.,
Atom inlays performed at room

Figure 3 Final topographic NC-AFM image of the process of rearranging temperature using atomic force
"IBM" atoms single a_ton_ls for the constructit_m, at room tem_peratqre, of ‘a|_1 atom in_Iayf. microscopy .
Image size is 7.7 x 7.7 nm?. The image was acquired with a cantilever oscillation  Nature Materials volume 4, pages 156—
httpS://WWW- amplitude of 157 A, using a Si cantilever of 29.5 N m~' measured spring constant, 159 (2005)
03.ibm.com/ibm/history/exhibits/vintage/vintage_4506VV1003.htmI seninggfrequency shift value of —4.6 Hz with respect to a free oscillation first- https://www.nature.com/articles/nmat1
mechanical resonant frequency of 160.450 kHz. 297
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Inelastic electron tunneling spectroscopy using STM(STM-IETS)

ft—l- Control voltages for piezotube
EEEFOEEICKY. /J %é
CCITHBASN TV -EBGZHIBRLELT: / g3
ST ES i, Do o
/ }
T. Komeda, Chemical identification and \/\T_ —‘
manipulation of molecules by vibrational v
excitation via inelastic tunneling process with | Sample ———
scanning tunneling microscopy,Prog. Surf. Sci. 78 _;EIERZZZ"Q s
(2005) 41. ‘ Data processing
https://www.sciencedirect.com/science/article/pi and display
i/S0079681605000262

i Image by Michael Schmid ,from Wikipedia Commons

p49 f|g2 https://ja.wikipedia.org/wiki/%E8%B5%B0%E6%IF%BB%ES%IE%SB%E3%83%88%E3
%83%B3%E3%83%8D%E3%83%ABWBEI%AL%ISHES%BEWAEWEI%BF%ALE/media/Fil
e:ScanningTunnelingMicroscope_schematic.png
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STM-IETS: acetylene on Cu(100)

B—0FDIRENZ DY
FRIC7EFLU R FTHORUAZRRTES !

a b ' ' ' " 358 ' c " 360
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FIG. 1. STM image (a) and smgle-molecu]e vibrational spectra (b) of three acetylene isotopes on Cu(100) at 8 K. The vibrational
spectra on Ni(100) are shown in (c). The imaged area in (a), 56 A X 56 A, was scanned at 50 mV sample bias and 1 nA tunneling
current. Inelastic tunneling spectra in (b) are the average of 16 scans of 2 min each while the vibrational spectra in (c) are the
average of 25, 50, and 222 scans for C,H,, C,D,, and C,HD, respectively. Background spectra over the bare surfaces have been
subtracted. A rms modulation voltage of 5 mV at 200 Hz was used. The tip was positioned over the center of the molecule in the
recording of the spectra and was fixed in position vertically to give a dc tunneling current of 1 nA at 249 mV sample bias.

B. C. Stipe, M. A. Rezaei and W. Ho,Localization of Inelastic Tunneling and the Determination of Atomic-Scale Structure
with Chemical Specificity, PRL 82 (1999) 1724.

https://journals.aps.org/prl/pdf/10.1103/PhysRevlett.82.1724
pl1725 figl.
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- Quantum yield for 12c'%o
2.7*10™ pere’

e
&~ ]
T

Time il jump [1s/bin] ® CO @ - CO

Current 4.7nA

Mean Hopping Rate [1/s]

0.2 Exp(t/t)
Surface Surface
0.0
6 _; 2 3 4 5 6 FIG. 1. Idealized sketch of the picking up and putting down procedures of
Current (I"I A) CO molecules on Cu(111). Notice that the CO stands upright on the surface

and has to switch its orientation when being transferred to the tip.

FIG. 2. Mean hopping rate of “normal” 2C %0 molecules at
2.7 V bias versus current. The rates were calculated from the
distribution of hopping times. which is plotted for 2.7 V bias
and 4.7 nA cwrrent in the inset. The error bars indicate the
error of the exponential fit of the hopping times.

binding energy

1 Y
cu(111) -7hA OO T

tunneling distance

§3
g8 |\ coar )
9 e EgtP
}
oo e*Vhias
o ___1_ FIG. 4. (a) STM image of Cu(111) with =1% of a ML oxygen adsorbed at
W ] room temperature and some CO adsorbed at 15 K as taken with a metal tip.
FIG. 4. Top part: potential curve of the bound state of a CO All adS(')rbates appear. as. indentations (dark SpOts) () S,ame P a.rt of the
molecule between the Cu(111) substrate (left) and the STM surface imaged after picking up the adsorbate indicated with a white arrow
tp (right). A higher binding energy on the tip is assumed. in (a). All adsorbates appearing as protrusions (white spots) correspond to
Virtually no overlap between the two potential wells occurs. CO molecules (compare Fig. 3). The adsorbate still appearing as an inden-
Additionally the assumed potential curve V.- of the excited . S . A
state is shown. The desorption process according to the MGR tation (black arrow) is hence identified as oxygen. Oxygen adsorbates could
model is indicated with arrows. It has a yield per excitation of also not be picked up. Imaging conditions: 40 mV and 0.8 nA.
Paes = 5 % 107°. Bottom part: At positive sample bias Viigs
tunneling electrons from the STM fip (right) can transiently Bartels et al., Controlled vertical manipulation of single CO molecules with the scanning

occupy states of the sample between Er and e Viias. Thus, at

L Bartels. et.al 2.4 V' bias the clectrons start tunneling into the 27 state. tunneling microscope: A route to chemical contrast,Appl. Phys. Lett. 71 (1997) 213.

http://aip.scitation.org/doi/abs/10.1063/1.119503

Dynamics of Electron-Induced Manipulation of Individual CO Molecules on Cu(111) p213 Figl. p215 figd

Phys. Rev. Lett. 80, 2004 (1998)
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The Chemical Structure of a Molecule

Resolved by Atomic Force Microscopy
Leo Gross, Fabian Mohn, Nikolaj Moll, Peter
Liljeroth, Gerhard Meyer
Science 28,20009:

EEEFDREIZKY.
CCIZHAShTWV-EBZEIBRLELT-

Cu(111)DSTMAFMA A—C BB B LV BEHIEEE
TGross et al., The Chemical Structure of a Molecule
Resolved by Atomic Force Microscopy, Science
325(2009)1110.
http://science.sciencemag.org/content/325/5944/1110.1
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Ultrahigh-resolution imaging of water

networks by atomic force microscopy
Akitoshi Shiotari,Yoshiaki Sugimoto
Nature Communications 8 (2017)
https://www.nature.com/articles/ncomms14313

Ultrahigh-resolution imaging of water networks by atomic force microscopy
Akitoshi Shiotari,Yoshiaki Sugimoto

Nature Communications 8 (2017)
https://www.nature.com/articles/ncomms14313
Figl
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Figure 1 | Visualization of pentagonal water chains and their defects. (a) Schematic of STM/AFM measurement for pentagonal water chains on Cu(110)
with a CO-terminal tip. Red, black, white and brown spheres show O, C, H and Cu atoms, respectively. (b) Side-view schematic of the water chain?2. Red
(yellow) spheres represent O atoms of horizontal (vertical) HO. (€) STM image of the water chains on Cu(110) with a CO-terminal tip (sample bias
V=30mV, tunnelling current /=20 pA). The zigzag chains have terminals (red ellipses). (d,e) STM (V=30mV, /=20 pA) and AFM (V=0 mV, oscillation
amplitude A= 2 A) images, respectively, of a water chain including a kink and a terminal. An atomic structure of the chain is superposed in d. Note that the
other possible structure is shown in Supplementary Fig. 5. The tip height in e was set over the bare surface under the same conditions as in d. (f) Af map of the
pentagonal chain at a tip height Az= —2A (A=1A). (g) Af(4z) curves recorded over the markers in f. (h) Force map of the chain at Az= —1.95A after
subtraction of the force for the bare surface Fc,. (i) Force curves over the makers in f after subtraction of Fc,(Az). Scale bars, 50 A (c)'6'\§A (de); 3A (fh).
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