ing and single-atom
chemical identification at room temperature
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® Brief introduction to experimental technique: FM-AFM

® Nano-structuring atom by atom using AFM

® Lateral interchange atom manipulation

® Vertical interchange atom manipulation

® Chemical identification of individual atoms with AFM

® Summary
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Instrumentation
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Atomic resolution dynamic force microscopy

Frequency-Modulation AFM

(Non-contact AFM) \l;\?gggh 5525 Hm
idth ~38 ym

Thickness ~7 ym

Height ~12 ym

Sunday, January 17, 2010



Atomic resolution dynamic force microscopy

Cu(100) and Cu(111) Ge(111)-c(2x8)
S cu(100) G

e E
s, 5.0
:1 d
- e > =37 He
g e "= B8 He-3Hr |
- -
" Y -y 20 /\_W
— _‘ - 00 02 04 06 02 10 12 14
*a distance [nm)

Ch. Loppacher et al., Phys. Rev. B, 62, 16944 (2000) (5.0x5.0)nm? T = 80K

CeO,(111)

MgO(100)

0.4}
Z 02
8 I
E 00\
” I
BN *
‘ 5.; 0.2 . — 1: Mg ion near’|
e . o : the vacancy |
(7.7x7.7)nm S 04f ~ ZMgion
N ——3:Oion
—— 4: Ovacancy (2.5x2.5)nm? Af = -129.7 Hz

KBr(100) ' 06
-1 0 1 2 3 4 5
(5.1x5.1) nm2

Tip-sample vertical displacement [A]
T = 80K

fo=175048.0Hz A=24nm K= 38.3 N/mQ = 186857 T= 80K (50 x 50)nm?® Af = -40.8 Hz
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Frequency Modulation Detection Method

® Dynamic force microscopy in UHV: ® The presence of an tip-surface
2 A,

interaction force produces a shift on
the 15" mechanical resonant frequency

Oscillation at resonance
with constant amplitude

Free
oscillation

Amplitude

Sample surface

Tip-surface

j \ interaction

f: f 0 Frequency

Amplitude

05-14A— 2nm Fro~ 0 Af = f-fo

T.R. Albrecht, P. Griitter, D. Horne, and D. Rugar, J.
Appl. Phys. 69, 688 (1991)

a
<

FShorT Range deW + Felec ® Dissipation: Additional amount of energy the cantilever
requires to keep the oscillation amplitude at resonance
CPD = Felec ~ 0 constant under a non-conservative tip-surface interaction
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Nano structuring atom by atom

at room temperature
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Nano structures by atom manipulation

N NI A &
‘\»\‘\ o f\ : nh HO LA
» NPAYA I T B
» M N H F
A LA BRLELYL A 4

8
150 200

F. J. Giessibl Science 267 68 (1995).

Can we manipulate atoms
with the AFM?

', K.-H. Rieder et al.

Freie Universitat Berlin (Germany)
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First Demonstration of Atom Manipulation with AFM

® First demonstration of the AFM capability for the manipulation of individual atoms

@® Substitutional Sn atoms on the Ge(111)-¢(2x8) surface
® More than 120 manipulation events in a 9 hours experiment performed at room temperature

® These patterns remain stable at the surface for long periods of time: a minimum mean
lifetime of 25 hours is estimated for these structures

Nature Materials 4 156 (2005)
Nature Nanotecnology 4 803 (2009)
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Controlling the natural diffusion energy barriers

A R LA R X T

o

-

-

- .
E— -
AS

1

-

.

B

.

.
2 B B F

" o
.'...'..

LA 3 B R F P T Y
SA A E L2 L ITTT

B B B B EF F Ty
B B B B F . "

Nature Materials 4 156 (2005)
Nature Nanotecnology 4 803 (2009)
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Manipulation protocol and mechanism

® Manipulation procedure:
> Appropriate selection of the tip scan direction

»Tuning the tip-surface interaction force

(4.6x4.6) nm? R 005>
Af = -8.3Hz

NC-AFM topographic images:
fo=1694300Hz A=17.6 nm K = 348 N/m RT

Nature Materials 4 156 (2005)
Nature Nanotecnology 4 803 (2009)
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Reproducibility in other surfaces

® 5Sn/Si(111)-(/3x/3)R30° at room temperature

‘R R 2 R X 2 R B

. & RN A\ R F F
. 2 2 F N A\ F F
2 2 R 2\2 AR ¥ _
' = 2 2 = B\F ¥ F

FEE® BEee»
A A A 4 2 1 N _
A A A 2 A 2 2 2
A A A 2 A 2 2 2
A A A R RS A

NC-AFM topographic images:
fo=173993.1 Hz

A =33.1 nm

K. = 354 N/m

Topography [A]

Distance [A]

2 = 2 2 F 2 R B
SV ESS

(2 & = 2\2 3§ ¥
. F = = R 3\ 2 = _

" I R & R 2\= & F

. 2 2 X JEN 3 2 2 _
. 2 R B B L

" 2 & F & 2 B R B
" 2 R & B & = 3 2
T EFE T T T

Nature Materials 4 156 (2005)
Nature Nanotecnology 4 803 (2009)
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Lateral interchange atom manipulation on different surfaces

Sn/Ge(111)-c(2x8)

-
L™

e

In/Si(111)-(V3x/3)R30

S P EEPEPEer

‘'R E S R E 2 R B S T FF R R R R .

> FPETEINS

LA R & N & 3 L

2 2 2 B 8 B 2 B

2 B R R

A 2 2 2 8 2 X N _ SBEPFEFEREESY

LA & X 2 JEN 3 3

B R X R B F

FESeESIEY » 2R R R .

2 2 A 2 2 B 2 2

& R R R & 2 B B

' F F 2 N F F R " B O = o R R R

Sb/Si(111)-(7x7)

Nature Materials 4 156 (2005)
Nature Nanotecnology 4 803 (2009)
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Interchange atom manipulation




Vertical interchange manipulation
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Vertical interchange manipulations in the Sn/Si

—oO— Original

—— After Sn deposition

—— After Si deposition —— After tip-apex recovery

08fF
0.7 - 2
06|
05} -
04 1
03l )
0.2}
0.1}
0.0}

Topography [A]

2 3 4 5
Distance [nm]

fo=193738.0 Hz; A =219 nm; K, = 48.8 N/m; Af =-7.3Hz

Science 322 413 (2008)
Nature Nanotecnology 4 803 (2009)
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Reproducibility of these manipulations

@® Consecutive alternate vertical interchange manipulations

Ok | ® 29% of the tips produce these vertical interchange manipulations
5L ]
: @ The crucial point is to gently explore the repulsive part of the ]
_ 10} . . ]
oo short-range interaction 5
3 15t | ]
ol ® Reproduced in other semiconductor surfaces that we have studied
25§ at both room temperature and cryogenic temperatures
P T oooooooo# W '-
0 5 10 15 0 uppaaaaTae 0 5 10 15 20
Tip-sample distance [A] ::::::::::::::: Tip-sample distance [A]
etetestets oo
......0.....’..
seetetate _otet
OF seetet e atatatt
- BN Ree S acec e
: .............. - .
N 51
_ -10f E
r o 10}
<9 S
20} ol
Bt 5[
o 5 10 15 20

fo=162299.7 Hz; A =21.9 nm; K = 28.7 N/m; Af = -3.1 Hz

Tip-sample distance [A]

Tip-sample distance [A]

Science 322 413 (2008)
Nature Nanotecnology 4 803 (2009)
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imulations

: DET s

ISM

ilon mechan

Manipulat

Sn deposition

Si deposition

Science 322 413 (2008)

Nature Nanotecnology 4 803 (2009)

Sunday, January 17, 2010



Typical barriers involved in these vertical manipulations

2 3 4
Tip-sample distance [A]

1

<

Nudge Elastic Band

2 3 4 5 6 7 8 9 10—

a1l
N
o

[A8] ABJau

Q
o

=)

o N
- il ¢

0.6}

uonisuel |

1

0

Reaction coordinate

(2008)

Nature Nanotecnology 4 803 (2009)

Science 322 413
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Chemical identification
of individual atoms with
AFM

Individual surface §&
atoms identified
by atomic force

B L

GRAPHENE

e

What makes this hot
new material tick?

EXTREME LASERS
Letting rip in space-time

CYPAVIRUS POLYHEDRA
Small but perfectly formed

NATUREIOBS
Focus on physics
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Searching for atomic chemical specificity with SPM

' The
§ Concept

"In Touch With Atoms"
G. Bining & H. Rohrer
Rev. Mod. Phys. 71 5324, (1999)

Vorume 49, NUMBER |

PHYSICAL REVIEW LETTERS 5 Jury 1982

Surface microscopy using vacuum tunneling is demonstrated for the first time. Topo-
graphic pictures of surfaces on an afomic scale have been obtained. Examples of resolved
monoatomic steps and surface reconstructions are shown for (110) surfaces of CalrSn,

and Au,

PACS numbers: 68.20.+t, 73.40.Gk

Surface Studies by Scanning Tunneling Microscopy

G. Binning, H., Rohrer, Ch, Gerber, and E. Weibel
IBM Zurich Researvch Laborvalory, 8802 Riischlikon -ZH, Switzevland
(Received 30 April 1982)

VOLUME 56, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MARCH 1986

Atomic Force Microscope

G. Binnig'*’ and C. F. Quate'®’
Edward L. Ginzton Laboratory, Stanford Umiversity, Stanford, Califorma 94303

and

Ch. Gerber''

IBM San Jose Research Laboratory, San Jose, California 95193
(Received S December 1985)

The scanning tunneling microscope is proposed as a method 1o measure forces as small as 107"
N. As one application for this concept, we introduce a new type of microscope capable of investi-
gating surfaces of insulators on an atomic scale. The atomic force microscope is a combination of
the principles of the scanning tunneling microscope and the stylus profilometer. It incorporates a
probe that gocs not damage the surface. Our prcliminary results /n arr demonstrate a lateral resolu-
tion of 30 A and a vertical resolution less than | A,

PACS numbers. 6835 Gy
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Chemical identification with STM:IETS

Kondo resonance, quantum Spin excitation & Single Molecule Vibrational Spectroscopy

Constant current
STM image

dl?/d?V Image @ 358 mV
C D (C-H Stretching:~357meV)
2%72

dl?/d?V image @ 266 mV
(C-D Stretching: ~270meV)

B. C. Stipe, M. A. Rezaei, W. Ho

Science 280 1732 (1998).

di/dV [uS]

(=
iy
N

o
—
.

=
-
o

=
2

.y

-
o

1 _ osf
0
Mn | =
D o6}
4 2 0 2 4 =
Voltage (mV) 0.4 Fe
2o R VU e T T S (o T W

Voltage [mV]

Courtesy of Sebastian Loth

IBM Almaden Research Center
A. J. Heinrich, et al. Science 306 466 (2004).

C. F. Hirjibehedin, et al. Science 312 1021 (2006).
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Searching for atomic chemical specificity with SPM

Vorume 49, Numaer | PHYSICAL REVIEW LETTERS 5 Jury 1982

' The
§ Concept

Surface Studies by Scanning Tunneling Microscopy

G. Binning, H., Rohrer, Ch, Gerber, and E. Weibel
IBM Zurich Researvch Laborvalory, 8802 Riischlikon -ZH, Switzevland
(Received 30 April 1982)

Surface microscopy using vacuum tunneling is demonstrated for the first time. Topo-
graphic pictures of surfaces on an afomic scale have been obtained. Examples of resolved
monoatomic steps and surface reconstructions are shown for (110) surfaces of CalrSn,
and Au,

PACS numbers: 68.20.+t, 73.40.Gk

VOLUME 56, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MARCH 1986

Atomic Force Microscope

G. Binnig'*’ and C. F. Quate'®’
Edward L. Ginzton Laboratory, Stanford Umiversity, Stanford, Califorma 94303

and

Ch. Gerber''

IBM San Jose Research Laboratory, San Jose, California Y5193
(Received S December 1985)

o . 24 N . ™ 5 - P 24 dade e
P . . VOLUME 56, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MARCH 1986
L\ < n
In Touch With Atoms (@) B
.. SCANNERS,| A K T
G. Bining & H. Rohrer F| FEEDBACK o 1 era [F| |rem
__FRONT ATOM AFM 3 1
x
Rev. Mod. Phys. 71 5324, (1999) s .
y
(b) 25 um
A AFM SAMPLE ! P‘{».ZS mm
FIG. 1. Description of the principle operation of an STM B: AFM DIAMOND TIP DIAMOND HE
as well as that of an AFM. The tip follows contour B, in one C: STM TIP (A TP |
case to keep the tunneling current constant (STM) and in L g‘%':‘”stfxgsé -8 mm
the other 1o maintain constant force between tip and sample £: MODULATING PIE20 LEVER |
(AFM, sample, and tip cither insulating or conducting). r: VITON (Au-FOIL) 1
The STM uself may probe forces when a periodic force on '
the adatom A varies its position in the gap and modulates FIG. 2. Experimental sctup. The lever is not 1o scale in
the tunneling current in the STM, The force can come from (a). Its dimensions are given in (b). The STM and AFM
an ac voltage on the tip, or from an externally applied mag- piczoelectric drives are facing each other, sandwiching the
netic field for adatoms with a magnetic moment. diamond tip that is glued to the lever.
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between the outermost tip atom and the
surface atoms in semiconductor
surfaces.

R. Perez, M. C. Payne, T. Stich, and K. Terakura
Phys. Rev. Lett., 78, 678 (1997)

® The onset of a covalent bond formation

Short-range chemical interaction forces: imaging mechanism

® The confined electrostatic interaction
between the outermost tip atom (that should
have a polar nature) and the opposite
polarity atomic species at the surface in
insulating (polar) surfaces.

A.L Livshits, A.L. Shluger, A.L. Rohl & A.S. Foster
Phys. Rev. B 59, 2436 (1999)

"\‘ "A

BEL L &
Hiteay

NN

M. B. Watkins and A. L. Shluger
Phys. Rev. B 73, 245435 (2006)

Arrows represent the gradient of
the electrostatic potential
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Bonding forces should bear chemical information

F [nN]
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Precise measurement of short-range forces: Sn/Si(l | |)

rd
/s

® 100 Af(z) characteristics per
force curve.

® Acquisition over the top-most
part of the atom with a lateral
precision better than =0.1 A.

® Atoms in equivalent local
surface configuration

® Electrostatic force minimized

® Force conversion from the
averaged Af(z) curve

® Identical analysis protocol

F [nN]

Distance [A]

Sets of short-range chemical forces measured over
Sn and Si atoms in several sessions using tips-apex
terminations with different structure and composition

Nature 446 64 (2007)
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Precise measurement of short-range forces

2
(4.3X4.3) nm (4.3)(4.3) nm?2 In/si
: I —o—si -
[ 1 ! Set #1 s
I ] RS ]
0.0 — B ] 0.5 B i A Si -
I A ¥ . | i - Set #2 In 1
WV | 1 0.0 - o 29 500505
05+ . . 1 — o A L) ) A
Z N ] & st :
=-1.0F Xn O (iR 1 = :
I - W & '1.0 N % _
I N I [
-1.5 | 3 | - 1.5F _
20r I ' ! ' ] ] ] L | | | | :
-1 0 1 2 3 -2 -1 0 1 2 3
Distance [A] Distance [A]

Only one common feature: the Si curve provides the stronger SR force values

The relative interaction ratio of the
maximum attractive short-range force
within a set (for the same tip) remains
nearly constant independently on the tip

Nature 446 64 (2007)
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Relative interaction ratio of the maximum attractive forces

1+ 10
— O 0~
Z : zZ .
L4l Wl

21 2

3 3

1 0 1 2 3 4 5 1 0 1 2 3 4 5
Distance [A] Distance [A]

The relative interaction ratio of the
maximum attractive short-range force
within a set (for the same tip) remains
nearly constant independently on the tip

Nature 446 64 (2007)
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Normalization and relative interaction ratio

F [nN]

Sn/Si relative

interaction ratio: 77 %

Distance [A]

Si (Set) I

-

F /|

0.6
0.4
0.2

0.0
02|
0.4 |
0.6 |
0.8
1.0 |

T 1 v 7

Pb/Si relative 3

interaction ratio: 590/0-:

Distance [A]

Nature 446 64 (2007)
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Distance [A]

F [nN]

s

S

Not only a property of the Group |V:In & Si

0.2

In/Sirela

interaction ratio: 72%

—
=

tive

Distance [A]

Nature 446 64 (2007)
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calculations: Sn & Si

First-principles

F [nN]

Si (Set) I
o
(]
T

| 3 ' 1
l L L] L} l

Calculations: Sn/Si
relative interaction
ratio: 71%

Nature 446 64 (2007)

Distance [A]

Same structure but different tip-apex chemical
termination

2. , .

Tipl ¥g; Tip 2

The relative interaction
ratio seems to be
independent of the
tip-apex chemical

termination
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The essence of the relative interaction ratio

Distance [A]

The relative interaction ratio for two
o atomic species probed with the same
= oa] ‘ 1 o * tip, is a quantification of the relative
' | ' strength these surface atoms have to
interact with the outermost atom of the

tip apex.

Si (Set) I

Distance [A]
. and this property, almost independent on the tip, can be used as a fingerprints

for the chemical identification of individual atoms.
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A challenging system

® A single-atomic overlayer alloy of Group-IV
elements on a Si(111) substrate.

sn: ~ 33%
Pb: ~ 330/0
Si:~33%

® At this surface these atoms have:

> Very similar surface electronic structure

> Adsorb on equivalent surface positions (T,) (4.3x4.3) nm?

> Intermix randomly

> Topography dependence on the number of first-neighboring Si atoms

Facing the problem of identifying single atoms with very similar chemical
properties and identical adsorption sites at room temperaturelll

Nature 446 64 (2007)
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|dentification: local homogeneous distribution of Si atoms

6 7777 P I | :
B Sn 41 1
St .
S 6. i
< 4 — 8
5 g 101 §
S 3 -
e -12 ¢
£, 14! _
=< 16
1 -18 ]
0 D L
0.1 00 01 02 03 04 05 0.6 3-2-1012 3456 7 8
(4.3x4.3) nm? Topographic height [A] Distance [A]
7 @ . ]
' 100%
6 7 > . _
LS 7% _ Lz
I
s 41 . >
N E
g3 1 =
S | S
< 2-mmPb 1B
1 | - Sn 1
- S
?).0 04 08 12 1.6 2.0 24

Maximum attractive total force [nN]

Estimated tip-surface distance [A]

Only 10 Af(Z) averaged per force curve
Nature 446 64 (2007)
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|dentification: local clustering of Si atoms

67I T T T T T T T T T T T IIPb' ] 0:_7 T T T T T T _J‘
i I Sn | ]
50 I Si _5;

w I :

- 4+ — .

= il

S 3 :

s | 3 a5

%2 !
1 20
0. % [, 7 { S
-010001020304050607 21012 3 456 7 8

(4.3x4.3) nm? Tonographic height [Al Distance [A]

8 T T T
: 0.0 »
77 100% |
of 7% _ ig

£° 59% 2 R
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53* E F

gz-Pb E -1.0 - 1
- [l Sn
U s |

-1.5

(())00204060810121416 1012345678910
Maximum attractive total force [nN] Estimated tip-surface distance [A]

Only 10 Af(Z) averaged per force curve
Nature 446 64 (2007)
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(2007)

Nature 446 64

Science 322

Nature Materials 4

413 (2008)

156 (2005)

Dissipation Signal

Constant Height Scan

0.28 eViCycle

0.01 eV/Cycle

96 106101 (2006)

Phys. Rev. Lett.
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Summary:

® Atomic resolution AFM has become a fundamental tool in nanoscience with enough potential
to clarify problems of scientific and technological relevance.

YT L LAA
.
"

KBr(100)

MgO(100) s’
- :. < :‘
..

.
AR
LA
A
LA

CeO,(111)
® AFM provides access to the atomic

structure of insulating surfaces

® Similar atomic-scale results are now starting to be reproduced in liquid environment
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