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Democritus (~460 BC) 

Leucippus (~5C BC) Epicurus (341-271 BC)

Atoms is the fundamental constituent of matters   



Optical Microscope: 9th c. by Arabs & 15th c. to Europe
Compound Optical Microscope: Z. Janssen in 1590

Galileo in 1609 
Seeing microorganisms: van Leeuwenhoek in 1674
Other important contributors:

Hooke, Huygens
Limitation: lens aberrations, wave diffraction limit

Resolution: λ/2 ~ 3000 Å
larger than atoms by ~1000

A Long Journey to A Long Journey to 
See the InvisibleSee the Invisible : Atoms



Ibn Al-Haytham
(965-c1040) Optics

Detailed analysis of 
the eye, coupled 
with light rays 

entering the eye 
gave his optics a 

very modern twist,  
influenced Kepler

and Descartes.

眼睛的構造與光視
覺，影響凱普勒和

迪卡兒



Galileo Leeuwenhoek Huygens

Telescope of Galileo Compound Optical 
Microscope of Robert Hooke

Hooke

He left no 
portrait of 

himself 



Electron Microscope: many recognized the possibility

right after de Broglie’s matter wave in 1924

Transmission EM: Knoll & Ruska in 1931

Field Emission Microscope: Müller in 1936

Field Ion Microscope: Müller in 1951, atom seen in 1955

Scanning TEM: high-Z atoms seen in 1969 by Crewe et al.

Topografiner: Young in 1972, scan with three orthogonal

piezo pieces, operated in field emission regime

Scanning Tunneling Microscope: Binnig, Rohrer in 1982

Atomic Force Microscope: Binnig et al. in 1986 



2005: The Golden Anniversary of Seeing Atoms2005: The Golden Anniversary of Seeing Atoms

Erwin W. MErwin W. Müüller:ller:
Field Emission Microscope 1936, Field Ion Microscope 1951, AtomField Emission Microscope 1936, Field Ion Microscope 1951, Atom--Probe FIM 1967Probe FIM 1967



1964 ~1972



Topografiner
Young ’71

Field emission mode
Optical Grating

STM
Binnig & Rohrer et al. ’83
Vaccum tunneling mode

Si(111)-7x7 surface

AFM
Binnig et al. ’86
Contact mode
Al2O3 ceramic



10/15/86 just after the announcement of the 
Nobel Prize for G. Binnig & H. Rohrer

With C. Quate, M. Aono, W. Goodman and 
K. Sattler in Honolulu, Hawaii in ~2000



STM & TEM Images of Si(111)-7x7 Surface & Ag Nano 
Crystals Grown on Multiwall Carbon Nanotube 



FIM Image of Gold and a Model for an fcc Tip



Field evaporation: charge states & rate vs. 
field

Field adsorption: metal helide ion formation, 
Langmuir adsorption isotherm

Field ionization: I-V characteristics & ion 
energy distribution

Müller’s first FIM (1951)

1960s to early 1970s: 
Instrumentations & 

Basic principle



Field Ion Energy 
Distributions

Field ionization occurs in 
spatial disks of ~0.2Å

ΔX ~ 0.2 Å
Step edge sites

From step edge atoms: Tsong & Müller, JCP ‘64

From a flat surface: Jason et al. H+, H2
+ & 

H3
+ ions, JCP ‘67

I-V Characteristics
Southon & Brandon, Phil Mag ‘63

He+ ions

Flat surface sites

Field ionization 
rate limited regime

Gas supply 
limited regime

He+ ions



Field evaporation rate 
vs. Field

Tsong ‘71



Langmuir Adsorption-Isotherm for Field Adsorption

Tsong ‘71

Field adsorption 
at step-edge sites

Field adsorption at 
flat surface sites

He/W(110)

Metal Helide Formation 
& Field Dissociation 



Non-Destructive Chemical Mapping of Surfaces of 
Ordered Alloys: Images of Ordered Pt3Co & PtCo

Tsong & Müller, Appl. Phys. Lett. 9 
(1966) 7 etc.

STM image of PtRh
P. Varga et al. 



ToF Atom-Probe FIM: flight time focusing method
High voltage pulse operated AP: A very large ion energy spread

Proto type ToF AP
Müller, Panitz & McLane, RSI ‘68

Porschenrieder type ToF AP
Müller & Krisnaswamy, RSI ‘72

Tsong, Ng, Xiaw
et al. 1978 - 2000Digital Timer 1ns

300 ps



Atomic Layer by Layer 
Nano Surface Analysis

in Alloy Segregation
Ni-5%Cu, Ng & Tsong PRL ‘79

Depth profile & Edge effect

Ni-5%Cu



Pulsed Laser Time-of-Flight Atom-Probe FIM (82-90)
Single Atom Chemical & Energy Analysis  for Poor Conducting Materials

Local electrode: 1) For reducing the voltage to improve mass resolution.  2) For 
accurate positioning of the tip.  3) For creating a field free flight path.

T. T. Tsong, Atom-Probe Field Ion Microscopy, Cambridge Univ. Press (90)
Tsong, IP AS

Local electrode: a cone 
with a tiny hole

Digital 
power 

supply & 
voltmeter 

with 8 digit 
precision

Digital timer 
of 156 ps 

resolution

Resolution 
1/50,000

300 ps



Silicon!
Magic Clusters

No Coulomb 
Explosion!

Mo2
2+



Blavette et al. 
Science ‘93

Cerezo & Smith 
Oxford Univ.

Kelly et al.: Imago

Nano-Analysis with 3D Atom-Probe
Impurity segregation to line dislocation core

3D ToF Atom-Probe Field Ion Microscope



Single Atom Experiments:
1. How atoms diffuse and interact on the 

surface ?

2. How from such interaction atoms grow 
into a cluster or a nano island and 
what are their structures ?

3. What are the properties of a surface 
nano structure ?



Atom & Molecular Dynamics, or Diffusion at Surfaces

l

Macroscopic Description

Microscopic Description

Ed

The Question is:

How D & <n> are 
related to one 

another?

Time average potential of 
collective interactions





Tracing the 
movements 
of an atom 
using FIM
Tsong PRB ‘72
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Commemoration of the 
100th Anniversary of 

Einstein’s Miraculous Year 
1905

Einstein Relation in Random Walk

Random Walk of an O2
on Si(111)-7x7 Surface Arrhenius

-Einstein 
plot

Diffusivity



Atomic-Exchange diffusion mechanism: Ir/Ir(001)

Chen & Tsong, PRL’ 90, Nature’ 91

Kellogg & Feibelman, PRL’90

Tracking the movement of one 
surface atom

C(2x2)



DAS Model Si(111)-7x7

Takayanagi et al.

Tsong, IP AS

Adatom sites:

FE, FC, UE & UC

Rest-atom sites:
FR & UR

O2/Si(111)-7x7: 300 C, 2V, 100 pA

Hwang et al. PRL ’97
Tsai et al. PRB ‘02



Bi Ii
* If

* Bf

Tsong, IP AS

1. Site and path specific 
diffusion parameters

2. Diffusion mechanisms: 
Tumbling mechanism

3. Self-catalyzed oxidation

Site to Site               Ed Log{ν0(Hz)}

FE to FE            2.04 ± 0.04           15.0 ± 0.3

FE to FC            2.29 ± 0.06           16.2 ± 0.5

FC to FE            2.13 ± 0.11           15.6 ± 1.0

UE to UE            2.16 ± 0.04           15.9 ± 0.3

UE to UC           2.01 ± 0.10           14.6 ± 0.8

UC to UE           1.96 ± 0.13           14.1 ± 1.1

Intermediate State Hopping

Bi to Ii
* 1.83 ± 0.04            13.0 ± 0.4

Ii
* to Bi 1.63 ± 0.10            13.2 ± 0.9

Ii
* to If

* 2.03 ± 0.10            16.1 ± 0.9



Bottom-up approach: controlled growth 
of atom-clusters and observing their 
diffusion-interaction, Hopping Diffusion

1D diffusion:
Coupled motion of 
atoms in neighbor 

surface channels of 
W(112)

Tsong ‘72



450 °C

Hwang, Ho & Tsong
PRL 83, 120 (1999);
Ho, Hwang & Tsong
PRL 84, 5792 (2000).

Si Magic Nanoclusters
Surface Molecule-Like (~12 atoms)
The Basic Unit for Mass transport

Dynamic 
detachment & 
attachment of 
Si magic 
clusters at 
step edges

300 K

Tsong, IP AS



Dynamics of Si Magic Clusters (Surface Molecule-
Like) on Si(111)-7x7 at 450 °C

Atomic jumps occur in ps, microscopy images are time lapse-images

Tsong, IP AS



Electronic Effects on Adsorbate Interactions
On Metal Surfaces

Theoretical:
T. L. Einstein & J. R. Schrieffer (73); K. H. Lau & W. Kohn (78)
K. A. Fichthorn & M. Scheffler (00), and many more

Experimental:
FIM: Mostly on W(110) surface

Tsong (72, 73), Casanova & Tsong: (80, 81): Pre-PC image digitizer

Watanabe & Ehrlich: (89, 91, 92): PC image digitizer available

STM: Cu(111) surface, quasi 2D system
J. Repp et al. (00) (Rieder) N. Knorr et al. (02) (Brune) 
Silly et al. (03) (Schneider)

Basic Features:  pair interaction vs. potential of mean force
1. Weak 2. Long range 3. Oscillatory

Review: T. T. Tsong, Rep. Prog. Phys. 51 (99) 759 Before STM Studies

M. L. Merrick, W-W. Luo and K. A. Fichthorn, Prog. Surf. Sci. 72 (03) 117.



X=1 X=6 X=9

(a)
X=0 X=5X=3

(b)
X=0 X=2 X=4

(c)
X=0 X=6X=2

(d)

Adatom-Adatom
Interaction in 1-D:
Pd-Pd on W(112)

(a) In same channel
(b) In 1st nn channels
(c) In 2nd nn channels
(d) In 3rd nn channels
X: lateral separation

In the same channel:
Ed(Pd) = 0.32±0.02 eV
Ed(Pd2) = 0.59±0.05 eV
Eb(Pd) = 0.61±0.03 eV

Fu et al. ‘03



[111]
[011]

2.74A

4.47 Å

X

The same channel
X=1
The nn channels
X=2
2nd nn channels
X=0

Pd-Pd nn-
channel 

interaction, 
data taken at 

248 K

Best fit curve:
cos(2kFR)/(2kFR)n

for n=1

kF = 0.3 Å-1



Silly & Schneider et al. PRL ‘04

Correlation 
between 
Adatom-
adatom 

interactions 
& Adlayer 
structure

Tsong & Casanova, PRL ‘82

Ce on 
Ag(111)

Si on 
W(110)



A Mesoscopic Quantum System: Pb Nanoislands on Si(111)
Size Dependence of a Low T Phase Transition of 2D Nano-Islands
Pb(1x1) (a brief heating to 400 ºC) ↔ Pb(√7x√3) on Si(111)-7x7

300 K, red bar = 5 nm, blue bar = 1 nm 190 K, Tt is lower for smaller domains

Landau-Lifshitz: continuous phase transition if low T phase is a subgroup of 
high T phase, thus temporal & spatial fluctuations can be obseerved.



Finite Size Effect of Tt
for a Quasi-2D System: 

(√7 x √3) to (1x1) Phase 
Transition of 2D Nano-

Islands of Pd on the 
Si(111).

Finite 2D nano islands on 
infinite substrate: Weak 
coupling between islands 

and substrate

Analysis based on Ising
Model (ν=1) & 3-State 
Potts Model (ν = 0.83).

Hwang et al. (PRL ‘04)

There is no well defined 
transition temperature 

for finite size nano 
islands in a structure 
“phase transition” !

Structure Fluctuation at 199K



Electron Wave Interference 
Pattern by Impurity Atoms

Atomic Structure Modulation 
Around Adsorbed H-Atoms

H/Pb/Si(111), Hwang & Chang et al. PRL ‘04Eigler et al. Nature ’91 
Su et. al.: Cu(111)
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W-B Jian 
et al., 

PRL 03

Tsong, IP AS

Electronic Morié Pattern of Pb-Si Interfaces (IC Phase) of 
Type I & Type II Quantum Islands



Electronic Moriè Pattern as Template:
Ag nanopucks (one-layer thick)

on quantum Pb islands of 3-layer thick

90 nm × 90 nm
ϑ= 0.25 ML
T = 120 K

0 1 2 3

0.1

0.2

0.3

D (nm)

f(ρ
)

Type I, 3 layer thick

Chang et al. 
PRL‘04

100 nm × 100 nm
ϑ= 0.2 ML
T=120K

fcc stacking hcp stacking



l
-fl, or (dE/dx)l, or -eFl

Directional Random Walk

Random Walk

Chemical Potential Gradient Induced Directional Walk:
Field gradient induced directional random walk

CP gradient can be produced by interactions, conc. & thermal grad.

Non-equilibrium thermodynamics: kinetic effect!



Directional Walk of W on W(112)
Produced by  Chemical Potential Gradient (Field Gradient)

Tsong, Walko, Kellogg, Wang ‘72, ’75 ‘82

Center Edge

F = FC + βρ

2

2
1 FFE ssp αμ −−=

2

2
1 FFE ssp αμ −−=

2

2
1 FFE ssp αμ −−=

Ep =  - μsF - ½αsF2



Atomic & Molecular 
Manipulation Using STM
Intrinsic interaction: Eigler et al. ’90
Field evaporation: Hosoki et al. ‘91

Field evaporate 
sulfur atoms 
from MoS2

surface

Fe/Cu(111)

1

2

1+2

Tip

AFM manipulation 
of inlaid Sn atoms 

in Ge (111)
Sugimoto & Morita 

et al. ‘05



Some Other Methods of 
Atomic Manipulation

Tsong PRB ‘91

1. Field Gradient Induced Diffusion:
Directional walk.    Neck formation.

2. Field Evaporation:
Atom transfer between tip & sample

FGID
F.E.

RW

FGID

FGID

Tsong, IP AS

Neck Formation



Manipulation in Manipulation in nanoscalenanoscale
Thermally stable at 300 K

Tsong, IP AS
Neck Formation (700 x 1000 nm)                Field Evaporation (70 x 100 nm)



CPG (surface energy diff.) induced thermally & chemically stable & 

reformable Atom Perfect nm-size Pyramidal Tip

T. Madey et al.: Formation of  pyramids by two 
comp. systems

Fu et al. PRB ‘01; Kuo et al. Nano Lett. ‘04 

Atom perfect & chemically inert Pd-covered W(111)-base 
pyramid. Thermally stable up to ~1000 K, h ~ 1.4 nm

Tsong, IP AS

W(111) O/Ir(210)

1 STM chemical mapping
2 Coherent electron beam 

for electron holography
3 Point ion source appls.



Field emission: extension angle ~ 6º
Field ionization: extension angle ~ 0.5º

Pd on 
W(111)

Pt on 
W(111)

FI Source        FE Source

Fowler-Nordheim Plots

Rokuta & Oshima et al. ‘05
Kuo & Hwang et al. NANO Lett. ’04
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1st gen. SAT, P=1x10-4torr
1st gen. trimer, P=1x10-4torr
20th gen. SAT, P=1x10-4torr
20th gen. SAT, P=2x10-4torr

dI/dΩ~1.7x10-2 μA/sr
B~1.6x1011 A/m2.Sr

Kuo et al. ‘05

Ion 
source

α
(degr

ee)

dI/dΩ
(μA/sr)

Source size
(A2)

B
(A/m2sr)

-- ~106

GFIS
H2, 10-2

Torr

~450 ~0.1 ~100 ~1011

~108

~1013

~300

~10

Plasma 
source 3x103

LMIS ~20 ~2.5x105

SAT
(This 
study 
at 10-4

Torr)

~0.02
<10

(single 
atom)

Possible use in Focused Ion 
Beam Source

Field ionization 
limited regime

Gas supply 
limited



Pd on W(111)
Rokuta et al. ‘06

Ion 
image 
spot

Electron  
image 
spot



EF

eΔV

d

Tip Sample

Electronic Density of States Mapping of a SurfaceElectronic Density of States Mapping of a Surface Using Using 
a Thermally & Chemically Stable Tip of Known Apex Atoma Thermally & Chemically Stable Tip of Known Apex Atom
can Provide a can Provide a Chemical Map of Surface AtomsChemical Map of Surface Atoms

( ) ( ) ( )∫ +−−∞
eV

FSFt deVdTeVEEI
0

, εερερ

If ρt is a δ-function, or T(d,eΔV) are nearly constant:

( )eVE
dV
dI

FS −∞ ρ

Even if they are not, 
detailed structure 
of ρS may still help

identify the 
chemical species of 

surface atoms.
EF

ρS(EF+eΔV)ρt(EF)

Tersoff & Hamann ‘83



Thanks to my many Coworkers:
Institute of Physics, Academia Sinica

C-S Chang, I-S Hwang, C-M Wei, W-B Su, S-H Chang, H-S Kuo, C-K Fang
H-Y. Lin

Dep’t of Physics, National Taiwan Normal University
T-Y Fu, Y-P Chiu, L-C Cheng

Dep’t of Physics, Tsinghua, Chiaotung & Chong-Hsien Univ.
R-L Luo, M-S Ho, W-B Jian

Dep’t of Physics, National Chong-Sun Univ.
M-S Tsai

Dep’t of Physics, Waseda Univeristy (Japan)
C. Oshima, E. Rokuta and colleagues



Thanks for Your 
Listening!

Japanese Translation:

Parity:  October 2006 issue

http://www.sinica.edu.tw/~tsongtt/
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