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Books

Introduction to Scanning Tunneling Microscopy, C. Julian. Chen, Oxford
university press 1993

Scanning tunneling Microsccopy and Spectroscopy Theory Techniques and
application, Editor Dawn A. Bonell VCH 1993

Scanning Tunneling Microscopy and spectroscopy method and application,
Roland Wiesendanger, Cambridge university Press 1996

Amplitude Modulation Atomic Force Microscopy. Ricardo Garcia, Wiley-
VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2010.

(BRZ o, 250, REE, IRIEAG R T /1EMA. 1ed,; PRt
2016.)

FE), AEUBRTTE; BEdhtt: 2018,
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0,5N,+1,5H, > NH,
Iron Catalyst

Haber, Nobel Prize in 1918

Ertl, Nobel Prize in 2007




Fritz Haber
1868 - 1934

Nobel Prize 1918

Ammonia synthesis introduction from Ertl’s Nobel lecture



N2 + 3H2_> 2 NH3
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Haber & LeRossignol, 1909



Carl Bosch
1874 - 1940

Nobel Prize 1931






World population and ammonia production
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M. Appl. “Ammonia”, Wiley—VCH (1999)
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P.H. Emmett (1974):

. 1Nhe experimental work of the past 50 years leads to the conclusion
that the rate-limiting step in ammonia synthesis over iron catalysts is
the chemisorption of nitrogen. The question as to whether the nitrogen
species involved is molecular or atomic is still not conclusively resolved,
though, in my opinion, the direct participation of nitrogen in an atomic
form seems more likely than in molecular form.

The physical basis of heterogeneous catalysis (E. Drauglis & R.I. Jaffee, eds.),
Plenum Press, New York, 1975, p. 3



Catalytic synthesis of ammonia

(Haber- Bosch process)

Technical conditions: T =400° C, p =300 bar
promoted iron catalyst

BASF S6-10 catalyst (at. %

Bulk composition Fe K Al
40.5 0.35 2.0

Surface —
unreduced 8.6 36.2 10.7
reduced 11.0 27.0 17.0
cat. active spot 30.1 29.0 6.7

G. Ertl, D. Prigge, R. Schldyl & D. Weiss, J.Catal. 79 (1983), 359



Irving Langmuir
1881 — 1957
Nobel Prize 1932



“Most finely divided catalysts must have structures of
great complexity. In order to simplify our theoretical

consideration of reactions at surfaces, let us confine

our attention to reactions on plane surfaces. If the

principles in this case are well understood, it should

then be possible to extend the theory to the case of

porous bodies. In general, we should look upon the

surface as consisting of a checkerboard ...”

I. Langmuir, Trans. Faraday Soc. 17 (1922),
607
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R. Imbihl, R.J. Behm, G. Ertl, W. Moritz, Surface Sci. 123 (1982), 129.

Ammonia synthesis introduction from Ertl’s Nobel lecture



Dissociative nitrogen adsorption on Fe single crystal surfaces

Fe (100), T=693K

Fe (110) Fe (100)

N, exposure

Fe (111)
F. Bozso, G. Ertl, M. Grunze & M. Weiss, J. Catal. 49 (1977), 18; 50 (1977), 519

Ammonia synthesis introduction from Ertl’s Nobel lecture



Mechanism of catalytic ammonia synthesis

N + 3H
314
WH*HT N2 = Noag= 2Ngg
1129 kJ/mol 389 H, & 2H.4
1400
~960 lNH2 +H
4Lo Nag + Hag= NHag
17, 24 543 AT:46 kJ/mol
1/,N, Biaw 2o i i Wk =l b= = = z NH, 4 + Hyg & NH, 44
+ o M2Ne o259 ‘ N NH,
3/, H; ad ‘Mad f jad NH3ad NH + Ho o NH L NH
3/2-'-|_|2 Nad + 3Had 2Hqg Hagd 2ad ad < 3ad & 3

G. Ertl, Catal.Rev.Sci.Eng. 21 (1980), 201

Ammonia synthesis introduction from Ertl’s Nobel lecture



Catalytic synthesis of ammonia: Microkinetics

N2'|'3H2<:> 2NH3

mole fraction

=

ot
[BEY
1

» promoted iron catalyst

3
©

P. Stoltze and J.K. Narskov,
Phys. Rev. Lett. 55 (1985), 2502

Calculated exit NH
5
-

o 1atm
e 150 atm J. Catal. 110 (1988), 1
103 | , O 300 atm
10-3 10-2 10-1 1

Experimental exit NH3 mole fraction

Ammonia synthesis introduction from Ertl’s Nobel lecture
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Low Energy Electron Scanning Tunneling Microscopy (STM)
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Infrared Reflection Absorption Spectroscopy (IRAS)
High Resolution Electron Energy Loss Spectroscopy (HREELS)
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of the rate equation
to the century of

a revolution in

catalytic kinetics
.-, and assisted
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-- Michel Boudart
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Pressure Gap

ZUAILERE DL powder catalyst: difficult to
characterize and involving

planar model catalyst:

well characterized with
atomic understanding

complex phenomena at
multiple scales

Material Gap

-
size effect, support effect, etc.



http://upload.wikimedia.org/wikipedia/en/c/c9/Nobel_medal_dsc06171.jpg

A. Cho, Science 299 (2003) 1684
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The Scanning Tunneling Microscope works like a record player...

Gerd Binnig Heinrich Rohret

SIRTE: £90.01 453K
1981%F

APL 40, 178 (1982)
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STMHIEAFR[FIE-EFEEF

Classical Impene- /U
mechanics trable
E barrier

Quantum Tunneling |~
mechanics effect

! - i - %-“-
s d e - W

Chen, C.J. In Introduction to Scanning Tunneling

Microscopy; Oxford University Press: New York, 1993; p 3.
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Tunneling Energy Diagram

tip sample +
'
S 0
|- ___ EF
A e
—r—— g
p—

Behm, R.J.; Hosler, W. In Chemistry and Physics of Surfaces VI; Vanselow,

R., Howe, R., Eds.; Springer: Berlin, 1986; p 361.
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Modeled as a 1-D square well...

W) =¥  xY 2m(:— E)

Ep+eV
|, o jpS(E,r)pT(E—ev,F)T(E,ev,F)dE
EF ——

Sample Tip Transmission
DOS DOS factor byt

| = Ee—ZZW | eﬂmr\yi(gsa ple

In the limit of E<<¢

So for a work function of 4 eV
with 8z= 1A, | changes by an order
of magnitude. :

207

For small bias voltages: | =V, e
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Scanning Tunneling Microscope(STM)

control voltages for piezotube
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How STM works

Overlap of tip and sample
wavefunctions

Difference in tip and sample
work functions causes electrons
to tunnel through vacuum
barrier

An applied bias maintains
potential difference between tip
and sample, thus maintaining
tunneling current

Three functions of a microscope:

Coarse approach; X-Y
scanning; Z-feedback

YOO O\

X.Y.Z Piezo Electronics

~ "ﬁ‘
\ - -

<4y
.'.'.'.'.'.'.'.‘."\‘
LR R L R R IR R R

-

SN

™
V‘I.v.'_' ‘

Piezo electric

Z ., scanners

Feedback

Surface Charge
Corrugation



STM Movements

To get the distance between the tip and the
sample down to a couple of Angstroms
where the tunneling current is at a measurable

level, STMs use feedback servo loops and converse
piezoelectricity.

39



STM Instrumentation

The structure of an STM

B

Vi

il

— _

Pre-amp

ref

+

bration Isolation
) proportional amplifier,
5 ref”
\o ®
= integral amplifier
L~ ng
n(|l)
log amplifier pre-amplifier

Electronics

Computer

}— HV amplifier

Li=er

piezo Z

1




s BN

Piezoelectricity is the ability of
certain crystals to produce a voltage
when subjected to mechanical stress.
When you apply an electric field to
a piezoelectric crystal, the crystal
distorts. This is known as converse
piezoelectricity. The distortions of a
piezo is usually on the order of
micrometers, which is in the scale
needed to keep the tip of the STM a
couple Angstroms from the surface.

Typically V =0.01V ~ 100V 3§ |

41




h STM Instrumentation

Coarse approach
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This part 1s from Prof. Chen Xi1’s ppt slides

Pan type piezo walker
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1234 5



N STM Instrumentation

Coarse approach

Besocke type



h STM-Instrumentation

Three functions of a microscope:
Coarse approach
X-Y scanning
Z-feedback




h STM-Instrumentation

Design considerations

e Scanning range ~ micron

 Sensitivity: displacement per volt
Low sensitivity

g

Higher spatial resolution
More invulnerable to noise

 Resonance frequency

« Scanning speed



STM-Instrumentation

Design considerations

Vibration
General Rules

L ow noise environment

Vibration isolation
Rigid design




STM-Instrumentation

Vibration
Low noise environment

Basement with solid foundation

Turn off mechanical pumps, turbo pumps
Acoustic-isolation room

With solid foundation Without solid foundation

Power Spectrum Power Spec
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STM-Instrumentation

Vibration
Vibration isolation

=
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h STM-Instrumentation il

Vibration
Vibration isolation

= M
o o

Transfer function Z (dB)
5883
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h STM-Instrumentation

Vibration
Rigid design

— 104 - - - - - L =25.4 mm
D =6.35 mm
w = 0.7 mm

0 500 1000 1500 2000 2500 3000



STM-Instrumentation

Vibration
Rigid design

Rigid design— High speed

128 x 128 image, 25 images/sec
U
f > 40kHz




h STM Instrumentation

Electronics Selectable gain 107 ~ 10710V/A

Noise ITsND = -

Bandwidth 256 x 256 size @5kHz:
256 x 256 x 1ms ~ 1minute

Pre-amplifier KRS

i — Feedback
Vi
LY

]
—
= Digital
I./ . Control Pre-amp
L i
L
Lock-in
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Original & Processed Trace

Si(111) trace taken in 1983 Computer processed version
of the same trace of Si(111)

54



How to Process a Trace

The trace (1) can be interpreted as a grid which can be
shown as a grayscale picture (2).

The grayscale picture can be interpreted as a contour
map (3) which can then be averaged out to make

smooth (4) and finally colored (below).
‘ .
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HEBERA
« 1hriHE RS E=760mmHg=760(Torr)
« 1hnfE RS E=1.013x10° Pa
« 1Torr=133.3Pa




L2 X EIRI 7
FIAT 5 —HLE 3 LRI

MEZT 10° ~10° pa(760—10Torr)

KEZ  10°-10" pa(l0—10~Torr)
mHEZT 107 107 pa(l0® —10"Torr)
ST 100 -10 pa(10° —-10"Torr)

e 5.5 <10 pa(<10*=Torr)



Mean Free Path Calculation

The mean free path equation depends upon the temperature and pressure
as well as the molecular diameter.

For pressure Pg = 760 mmHg =29.92 InHg =1101.3 kPa

and temperature T=300 K =26.850000¢ C =80.330000CF,

Molecules of diameter 3 x 10710 meters (angstroms)

should have a mean free path 5 _ RT = 1.022563 X 10" -7
of J27d*N P m

which is 340.854651 times the molecular diameter

and 29.6818655times the average molecular separation of 0.3445079¢x 10/
-8 m.
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rocky crust
(lower density)

mantie
(medium density)

metal core
(highest density)

rigid lithosphere
(crust and part of mantle)

1 © Addison
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Vacancy

Ad-dimer

R PIT-S-K A&,
& 1l 5
=AU
ViR
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. Eﬁﬁﬁ)ﬁ%'—%%ﬁ%ﬂé

Ol =~ W DN —

STM image of a carbon nanotube

62
Wilder, J. W. G., Venema, L. C., Rinzler, A. G., Smalley, R. E. & Dekker, C. (1998). Nature. 391, 59-62.



polarizability (10 ** cm’)
5

{ Y] [ENg10 JTUIO)E JO STEPET S8BIOAR

(o))
w

Sautet, Chem. Rev. 97 (1997) 1097. 1 75 80 85 90 95

tipfsurface distance on top of adatom



Oh Where, Oh Where Has My Xenon Gone? Oh Where,
Oh Where Can He Be?
(Xenon on Nickel (110) )

The artists were known to supplement their
income with daytime jobs as scientists and here
we see their touch being applied to just such a
daytime endeavor. The issue was "Where does
xenon bind on a metal surface?' (a burning
issue if ever there was one). Here we see not
one, but two images overlayed directly on top
of one another. The rectangular array of the
little magenta bumps are the tops of nickel
atoms from one image poking up through the
other image (you can do that with the
computer). The images are of the same area of
the nickel surface, just with and without the
xenon atom (the big light blue bump in the
center). Defects in the nickel surface are used
to get precise registration information so the
two images can be correctly overlayed. The
computer was used to chop off the top of the
xenon atom in order to peer through to the
image of the surface without the xenon. When
you look through the hole in the xenon atom
you see a nickel atom located directly beneath.
Evidently, xenon binds to the on-top site.

D.M. Eigler,IBM ¢,
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Oxygen vacancies on/in CeO,(111)

02 on ceria eurfacee, 110 KK

(110)
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Wavenumber (cm™)

Yang, C.; Wang, Y.; WGll, C.; Sauer, J. et al. Angew. Chem. Int. Ed. 2017, 56, 16399-16404.
Kullgren, J.; Hermansson, K. et al. Phys. Rev. Lett. 2014, 112, 156102.

Esch, F.; Comelli, G.; Rosei, R. Science 2005, 309, 752.
Jerratsch, J.-F.; Freund, H.-J. et al. J. Phys Rev Lett 2011, 106.
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Wilder, J. W. G., Veneéma, L. C., Rinzler, A, G., Smalléy, R E. & DeKker, C. (1998). Nature. 391, 59-62.



Catalysis by Gold

2C0+0,—2CO0,

real :
. model Au/TiO,
AUITIO, catalysts

catalysts —_—

TOF (1/site s)

-
]
]
7
-
et
6
o

2.0 4.0 6.0

Cluster Diameter (nm) 30 nm X 30 nm

G.R. Bamwenda, S. Tsubota, T. Nakamura and M. Haruta, Catal. Lett. 44, 83 (1997)
M. Valden, X. Lai and D. W. Goodman, Science 281, 1647 (1998)

Au clusters supported on TiO,(110) exhibit a remarkable catalytic reactivity for CO oxidation at

room temperature and have the maximum activity when the cluster size is around 3 nm.




0.08
—=Cluster (S0x25 A)
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Tunneling current (nA)
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Valden, M., Lai, X. & Goodman, D. W. (1998). Science. 281, 1647-1650.
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BIEITheERBEME: dl/dz or d(Inl)/dz

potential barrier

Fig. 7.13. Topographic effect in
work function measurements us-
ing STM. When the surface is
tilted with respect to the direc-
tion of the z-axis piezo, the mod-
tunneling current: / ulation amplitude in the gap dis-
I « Vexp(-1.02 x S(A)\/ ¢(eV)) ! tance is reduced to d cos @. As a re-

J B 1 sult, the measured work function

d Inl )2 i is reduced apparently by a factor

@ (eV) = 0.95(m of cos? 6

height: ¢

A

IR LAY
ol-un.;-lliiuu-ttl-linllt- ]

~~DEDUCED BARRIER HEIGHT

T~ IMAGE REDUCED
BARRIER HEIGHT

amplitude (mV)

15600 — ;105000
frequency (Hz)

Fig. 7.10. Amplitude of detected tunneling current modulation when a modulated
wave is applied on the z-axis piezo, measured as a function of modulation frequency.
When the frequency is low, the feedback circuit responds to the modulation, negat- , . — . . - .
ing its effect. At high frequency, a current amplifier used in this experiment cannot 0o 9 4 6 B 10 12 14 1B 18 20
follow because of its limited response. A peak observed around 3-4 kHz is due to TUNNEL BARRIER WIDTH S/A

resonance of the current amplifier '

Hasegawa, Y.; Jia, J. F.; Sakurai, T.; Li, Z. Q.; Ohno, K.; Kawazoe, Y., Advances in Scanning Probe Microscopy 2000, 167-191

WORK FUNCTION= 4.5V

local work function (eV)

TUNNEL BARRIER HEIGHT /V




BiEIThiRBME: dl/dV or dz/dV

Image Potential States (IPS)

=An electron brought near a conducting surface

polarizes the surface.
r Conducting Swface

-

{- N

- Bound electron

Image Ilﬂ:arge

»This allows for the electron to be bound in a
potential well for a short period of time.

»QJuantum mechanically, an electron bound near the
surface can be described by discrete energy levels
called Image Potential States!!].

1] BAL Ectenique = &, Son” 5ol Repors 52, 270 (200

»Schrodinger’s equation with the
potential above produces energies that
form a Rydberg Series, hydrogen-like,
that converges to vacuum level energy,
E =0:

@ —0.84eV
E =————

(n+a)

) Echenique = 3, J. Electron Speciosc. Relal Prenom. 120, 162 (2007)

IPS in Scanning Tunneling Spectroscopy

Electmc Fie_l:d Lines

sample bias [‘u"] 4

=Scanning Tunneling Microscope (STM) tip's interaction with
the surface leads to an higher image potential energy level,
Stark-Shiftf4.

=The shift in the energy of the image potential state is due fo
the presence of the electric field between the tip and sample.

M7 Wah' eral, AL Fhys. Reyv Left 2003, 0, 100802
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Image potential states: Comparable shifts of n=1 state
were attributed to a change in the surface work function.




Theory of (IETS) Inelastic

electron tunneling '
Spectroscopy -
I ,/// -
~" elastic
— ‘ -------- > Inelastic
V
di/dVv
I Y
Fermi level

v

Elastic channel
—| Inelastic channel

v

////// d12/dv4
Metal A (tip) Metal B
(substrate) :
From: “Scanning Probe Microsocpy and V

Spectroscopy”, R. Wiesendanger, Cambridge, 1994 74
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IR IR FIREFIG(IETS)

Inelastic electron tunneling spectra for
Isolated C,H, molecule adsorbed on the
copper(100) surface.

The curves are recorded with the STM tip
directly over the center of molecule
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CO adsorption on FeO/Pt(111)

78K lo) 78K e) 200 K
O-edges
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Fe-edges
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Ertl, G., Neumann, M. & Streit, K. M. (1977). Surface Science. 64, 393-410
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CO structures on the FeOx/Pt(111) surface
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The interaction between CeO,/Au(111) and CO,

F. Yang, G. X. Wang, X. H. Bao, et al. J. Am. Chem. Soc. 2017, 139 (16), 5652-5655.



The interaction between CeO,/Au(111) and CO,
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Interface Effect on Selective Oxidation of Primary Alcohols
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G. Zhao, F. Yang, Z. Chen, P. Hu, X. H. Bao, Y. D. Li et al., Nat. Commun., 2017



Interface Effect on the Selective Oxidation of Primary Alcohols

Metal (M) Transition Ag/TMO TMO/Ag TMO-Ag

metal oxide (TMO) A% e
| B

O Benzaldehyde selectivity

m Benzyl alcohol conversion

100 150
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G. Zhao, F. Yang, Z. Chen, P. Hu, X. H. Bao, Y. D. Li et al., Nat. Commun., 2017
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Langmuir Isotherm
Langmuir-Hinshelwood mechanism
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THE MECHANISM OF THE CATALYTIC ACTION OF PLATINUM : L X : + @ —
IN THE REACTIONS 2CO + O, = 2C0, and zH, + O, = 2H,0.

By Irving LANGMUIR, adsorption reaction desorption



Pressure Gap in low temperature CO oxidation
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“At low temperatures, CO oxidation
occurs on surfaces nearly saturated
with chemisorbed CO, making
conclusions from previously reported
model experimental and theoretical
studies in the literature, which were
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Low temperature CO oxidation
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Fig. 1. Series of STM images, recorded during reaction of adsorbed
oxygen atoms with co-adsorbed CO molecules at 247 K, all from the same
area of a Pt(111) crystal. Before the experiment, a submonolayer of oxygen
atoms was prepared (by an exposure of 3 Langmuirs O, at 96 K, a short
annealing to 298 K, and cooling to 247 K), and CO was continuously
supplied from the gas phase (P., = 5 X 1078 mbar). At this pressure, the
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impingement rate of CO molecules is about 1 monolayer per 100 s, where
the zero-coverage sticking coefficient on the empty and oxygen-covered
surface is about 0.7 (8); the times refer to the start of the CO exposure. The
structure at the upper left corner is an atomic step of the Pt surface. Image
sizes, 180 A by 170 A; tunneling voltage (with respect to the sample), +0.5
V; tunneling current, 0.8 nA.

J. Wintterlin, S. Volkening, T. V. W. Janssens, T. Zambelli, G. Ertl, Science, 278, 1931 (1997)
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CO-induced
mobility of
one Pd
adatom

Formation of a stable Pd adatom at a surface hydroxy
Parkinson, G. S& Diebold, U. (2013). Nature Materials. 12, 724-728.
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Size-dependent oxidation kinetics of FeO islands
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Y. Liu, F. Yang, X. H. Bao, et al., Nat. Commun., 2017



Dynamic Size Effect: complete reconstruction of FeO

Fe mode (b) Mixed mode
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Y. Liu, F. Yang, X. H. Bao, et al., Nat. Commun., 2017



Dynamic Size Effect: partial reconstruction of FeO

Y. Liu, F. Yang, X. H. Bao, et al., Nat. Commun., 2017



Edge Structures and Oxidation

5X10% mbar O, at 300K

2nm’
e—

5X10° mbar O, at 400 Kg#
f 2 5»

- s

— y Sun Reaction coordinate

Edge—dependent Energy barriers for different O-
oxidation rates rich structures

FeO <3 nm: reconstructed into CUO edges completely, and increased oxidation resistance;
FeO >3 nm: dislocations and CUF edges are prone to be oxidized.



The Origin of Dynamic Size Effect
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Dynamic Size Effect controlling oxidation kinetics of CoO
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Pentacene
Imaged with STM
and NC-AFM

Gross, L. (2011). Nat Chem. 3, 273-278.
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History of Microscope

1986

1981

STM AFM
1951 1952

1932 1938

century

1 7th

G. Binnig Quate
(Atomic force microscope)

G. Binnig H. Rohrer
(Scanning tunneling mic

V. E. Cosslett
(X-ray microscope)

E. W. Muller
(Field—ion microscope)

M. v. Ardenne
(scanning Election microscope)

E. Ruska
(Transmission election microscope)

R. Hooke (Compound lens)

A. Leeuwenhoech (Single lens)

STM: conductors and semi-conductors: UHV:

AFM: including insulating materials; Vacuum, Air, liquid;

Reference: Dr. Kentaro Asakura, 1991



A New Kind of Microscope
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Established types of scanning probe microscopy
AFM, atomic force microscopy 2!
Contact AFM
Non-contact AFM
Dynamic contact AFM
Tapping AFM
BEEM, ballistic electron emission microscopy!?l
CFM, chemical force microscopy
C-AFM, conductive atomic force microscopyt®!
ECSTM electrochemical scanning tunneling microscope
EFM, electrostatic force microscopyl®
FMM, force modulation microscopy!!
FOSPM, feature-oriented scanning probe microscopy!”
KPFM, kelvin probe force microscopy!®!
MFM, magnetic force microscopy!®
MRFM, magnetic resonance force microscopy!*
NSOM, near-field scanning optical microscopy (or SNOM, scanning near-field optical microscopy)2i
PFM, Piezoresponse Force Microscopy!?
PSTM, photon scanning tunneling microscopy!*3!
PTMS, photothermal microspectroscopy/microscopy
SCM, scanning capacitance microscopy!*
SECM, scanning electrochemical microscopy
SGM, scanning gate microscopy!*®!
SHPM, scanning Hall probe microscopy!¢!
SICM, scanning ion-conductance microscopy!*”]
SPSM spin polarized scanning tunneling microscopy!él
SSRM, scanning spreading resistance microscopy!*
SThM, scanning thermal microscopy!?%
STM, scanning tunneling microscopy!?!
STP, scanning tunneling potentiometry!?2!
SVM, scanning voltage microscopy!?!
SXSTM, synchrotron x-ray scanning tunneling microscopy!24
Of these techniques AFM and STM are the most commonly used for roughness measurements.

http://en.wikipedia.org/wiki/Scanning _probe microscopy



http://en.wikipedia.org/wiki/Atomic_force_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-0
http://en.wikipedia.org/wiki/Ballistic_electron_emission_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-1
http://en.wikipedia.org/wiki/Chemical_force_microscopy
http://en.wikipedia.org/wiki/Conductive_atomic_force_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-2
http://en.wikipedia.org/wiki/Electrochemical_scanning_tunneling_microscope
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-3
http://en.wikipedia.org/wiki/Electrostatic_force_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-4
http://en.wikipedia.org/w/index.php?title=Force_modulation_microscopy&action=edit&redlink=1
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-5
http://en.wikipedia.org/wiki/Feature-oriented_scanning
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-6
http://en.wikipedia.org/wiki/Kelvin_probe_force_microscope
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-7
http://en.wikipedia.org/wiki/Magnetic_force_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-8
http://en.wikipedia.org/wiki/Magnetic_resonance_force_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-9
http://en.wikipedia.org/wiki/Near-field_scanning_optical_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-10
http://en.wikipedia.org/wiki/Piezoresponse_Force_Microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-11
http://en.wikipedia.org/w/index.php?title=Photon_scanning_tunneling_microscopy&action=edit&redlink=1
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-12
http://en.wikipedia.org/wiki/Photothermal_microspectroscopy
http://en.wikipedia.org/wiki/Scanning_capacitance_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-13
http://en.wikipedia.org/wiki/Scanning_electrochemical_microscopy
http://en.wikipedia.org/wiki/Scanning_gate_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-14
http://en.wikipedia.org/wiki/Scanning_Hall_probe_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-15
http://en.wikipedia.org/wiki/Scanning_ion-conductance_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-16
http://en.wikipedia.org/wiki/Spin_polarized_scanning_tunneling_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-17
http://en.wikipedia.org/w/index.php?title=Scanning_spreading_resistance_microscopy&action=edit&redlink=1
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-18
http://en.wikipedia.org/wiki/Scanning_thermal_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-19
http://en.wikipedia.org/wiki/Scanning_tunneling_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-20
http://en.wikipedia.org/w/index.php?title=Scanning_tunneling_potentiometry&action=edit&redlink=1
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-21
http://en.wikipedia.org/wiki/Scanning_voltage_microscopy
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-22
http://en.wikipedia.org/w/index.php?title=Synchrotron_x-ray_scanning_tunneling_microscopy&action=edit&redlink=1
http://en.wikipedia.org/wiki/Scanning_probe_microscopy#cite_note-23
http://en.wikipedia.org/wiki/Scanning_probe_microscopy
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Force Effects In STM

Via oy "..;\J\j.:::::r\j *C/\ A
"'|'"'l.‘.-‘".. IIIIJlr.ulﬁ,.“;'. \ ,.'rx |
\Illlr' M ﬁ p I"IJ J / 'I.H

rlu"n

20 mVy

S AT m&fmﬁ'{: 1 na
— AN 2.7 nk
rﬂm A Wm S T onA

800 mV

18 nd
£9 ndh

10

FIG. . Graphite STM traces oblained at ambient-air
pressure and room temperature with a “pocket-size™ STM
(Refl. 14) with scanning speeds between | and 5 sec per
scan. The verving corrugetion within 4 scan is due o Lhe
rmismaich botween crystallographic and scanming direciions
(Refl. 3); platzaus in the wraces indicate the saddle points in
the LDOS (Refs. Jand 11).

Soler et al. PRL57 444 (1987)
RV. Colemann et al. Adv. Phys 37 559 (1988)
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Other forces...

Electrostatic:
In general force

F = tavpk detection is limited to
| 2 Oz ~ 1022 N due
Magnetic: to thermal vibrations

Fovoneic = A, (q+meV)B In the detector.

Typical forces between atoms:

» Quantum mechanical (covalent, metallic bonds): 1-3 nN
» Coulomb (dipole, 1onic): 0.1-5 nN

» Polarization (induced dipoles): 0.02-0.1 nN
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INSTRUMENTS

O |

The Business of Science®

Controller Measure

/_ . .
———— amplitude Photodiode

L 1

D e — Setpoint

Computer

Light
source

Z-feedback

Cantilever
" (tip)

Scan voltages

scanner
Sample

L
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Force Sensors - Cantilevers

There are some simple criteria to be considered, when cantilevers

are fabricated:

eresonance frequency fr > 100Hz (building vibrations), > 10kHz
(sound waves)

*high force sensitivity requires low spring constants (MFM:, 0.1 N/m,

MRFM: 0.001 N/m)

e atomic resolution recb uires spring constant to be in range of atomic
spring constants > 10N
thermal vibrations of the cantilever < 0.1nm, i.e. k>0.4N/m @ 300K

It can be shown that onlf\{ cantilevers of dimensions in the

micrometer range fulfil these design criteria, Generally, higher
resonance frequenmes require smaller cantilevers.

single cristalline silicon cantilevers high-aspect ratio tips ultrasharp tip tuning fork sensor

radius
< 3nm

force constant: 0.01 100 N/m /
resonance frequency: 5 — 500 kHz




Deflection Sensors

PIIH%

AZ\; Signal Referance

Electron Tunneling Meyer and Amer, APLS3, 1045 (1988) |nterferometry
Rugar et al., APL 55, 2588 (1989)

STM N

Laser Beam

O

——— |
ARV
D

R. e .R
Capacitance Piezoresistance Piezoelectric
Giessibl, APL 73, 3956 (1998)

A\

Electron Tunneling: original concept, potentially sensitive, practically problematic

Beam Deflection:  most widely used, robust, high sensitivity, not directly quantitative, requires calibration
Interferometry: best sensitivity, quantitative, uses limited space, complicated

Capacitance: sensor can be microfabricated, strong force from sensor, limited sensitivity
Piezoresistance: ideal for microfabrication & integration, limited sensitivity, heating of cantilever
Piezoelectric: mostly quartz tuning forks, good for true atomic resolution, limited sensitivity
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Beam Deflection INSTRUMENTS

The Business of Science®

LVDT sensor (Z) Piezo stack

Flexure stage
Split Photodiode

SuperLuminescent
Diode source (SLD)

Cantilever A sensor is used to

measure the deflection of

the cantilever

L
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Beam Deflection Principle INSTRUMENTS

The Business of Science”

Cantilever

@
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Beam Deflection Principle INSTRUMENTS

The Business of Science”
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Piezoelectric
Translator \ Lever:
(scansthetip “wc=——=>| Laser 8F = -k&x
over the sample | Quadrant Y T ex
surface) Iz/vv Photodetector v
— Fo= (142)—(3+4)
~1 | If you know k you
el know the force.

Cantilever-tip

Scanning in Contact: Tip follows the profile of the surface
maintaining a constant lever deflection (constant force).

AFM Model Forces acting on the tip provide
the signal:
T van der Waals; electrostatic, etc.
Thermal limit on displacement:  (A2) = ma?

Sensitivity to intermolecular forces
1J=1kgm2s2 Myge ~103kg @, ~ 30 kHz of ~ 102 N.
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Relative Force (nN)

Out of con’cac’c Jump to contact
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Force versus Distance Curves

Long-range contributions have
force gradients like
dF/dz » 1-10 N/m.

Spring constants of
k =~0.01-1 N/m provokes “jump-

into-contact” when
k < dF/dz.

Adhesion causes hysteresis in
force vs. distance curves.

[,

2
(

|
(3, ]

N

cantilever bending
corresponding force (nN)
S

200 0 200 40 60
distance (nm)
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Use Force Distance Curves to obtain Chemical Specificity

\ COOH - CH3

\\J o COOH ® CH,
scanned

in air

5 COOH - COOH
8
£
| 1nN <
T T T T -
0 5 10 15 20 25
Z displacement (nm)

Noy et al., J. Am. Chem. Soc. 117 (1995) 7943.



Pseudo Atomic Resolution

« contact AFM on NaF(001)

* observation of atomic lattice
(Moirée-effect)

« step width approximately
1nm indication of tip radius

* single atoms or atomic defects not visible




Non-contact Imaging

' Repulsive Attractive

* Purpose: To limit surface
and tip damage

Force (pN)

 Treat cantilever-tip as a

Distance(z .
2) damped oscillator.

 Maintain a constant dF/dz
for feedback.

——— ~ ~10 nm, ~ 75 kHz _
\y Intermittent-contact

e AR N

Tips spends time Iin contact

and out of contact with the
Fy = kyAjcos(wyt + D) surface.
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BEEAERA#ERA LAF5~10 nm WMEBEXIRTE, ERAA (5157 BIEE
ZWTRHITUE. IMRMERXHAF AETEZEZERRSTIME TEIMX
MR+ EM. BAfmREA TSRS EN—BK, ESEHR
S5ftRzEER— /I EMET, BERSRAWMA—IEZ, MMmEininxisk
EHIE

e ZBEMERATHRERE, HRASWEF, MAHREASHITE, 45
AEE TR EHEIARRE .

e BTHRSEmTE, EEOYRK; ATEREREMEMSEER
kL, Ef#EE KT Tapping ModeFiContact Mode fRT . IMENXMATIEE
HkEEm, WMHEELIGE, RKE, ftRsfaA&E, slERIRATE,
HEMm. BT Lidss, HRpE R Z 2R
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dynamic modes

frequency modulation: changes in the oscillation frequency provide information about tip-
sample interactions. Frequency can be measured with very high sensitivity and thus the
frequency modulation mode allows for the use of very stiff cantilevers. Stiff cantilevers
provide stability very close to the surface and, as a result, this technique was the first
AFM technique to provide true atomic resolution in ultra-high vacuum conditions
(Giessibl).

amplitude modulation: changes in the oscillation amplitude or phase provide the feedback
signal for imaging. In amplitude modulation, changes in the phase of oscillation can be
used to discriminate between different types of materials on the surface. Amplitude
modulation can be operated either in the non-contact or in the intermittent contact regime.
In ambient conditions, most samples develop a liquid meniscus layer. Because of this,
keeping the probe tip close enough to the sample for short-range forces to become
detectable while preventing the tip from sticking to the surface presents a major hurdle
for the non-contact dynamic mode in ambient conditions. Dynamic contact mode (also
called intermittent contact or tapping mode) was developed to bypass this problem. In
dynamic contact mode, the cantilever is oscillated such that it comes in contact with the
sample with each cycle, and then enough restoring force is provided by the cantilever
spring to detach the tip from the sample.

28



Driven Damped Oscillator

Amplitude of Cantilever Phase Loss of Cantilever relative to Excitation

10% “ 180° ]

i A | on resonance the
10 | 1 cantilever lags

= o 90° 90° behind the

i P2 | excitation

E L (U T T L T (O P M

w/m,

E

D (w :a,rctan( wﬂw _ )
| QLE — )

Q — Amu:r / AE:.TJ(.‘ = W / Aw

Amplitude




Dynamic Operation Mode

cantilever resonance low Q, wide resonance: lock-in amplifier
©) 0 | “etector [ (©1) amptier
Am coswt feed-back

controller
f /
frequency

z-piezo |«

in air
-> low quality factor of cantilever v L 4
-> excitation with fixed frequency topography phase
-> |ock-in amplifier images
= high Q, narrow resonance: PLL
excitation signal
2 DCO M piezo
.g y 3 y l
A Af _an° o
e ¢-detector =903
: ' & feedback V\
sensor
in vacuum ! A-detector .
-> high quality factor & feedback deflection
-> excitation on resonance signal
-> requires phase locked loop \ 4 \ 4 TA =A.."7

energy - conservative
dissipation forces

cantilever




ZRXFRTVAFM

2R AFMEY B
AFE .

ADC

Computer

AT HIRRES . E T RSB R EmRmEtT
A, #mREmEAEREERAIRIE~SEENETL,
MMSEFEmIREES. ZRXT, $taxdFEmi#ET
BT, MEEARAREEM, SEANGRAREMERIT
RS IEMEERS, &6 TR MmN,
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Modes of Operation — AC (tapping) mode OsXFuQ@Q

The Business of Science”

Changes in cantilever
height while scanning
are displayed on the
computer as topography

© Asylum Research 2017



BRRAAFMBIHLER &

Tapping mode is good for

but:

works best in air (not vacuum)
measurement of topography on soft
samples _
measurement of loose particles adsorbed
on surfaces

to_po%raﬁhy_ measurement on samples
with high friction _ _
topography on samples with vertical
features

IS easy to use and robust !

the cantilever oscillation can be strongly nhon-harmonic,
l.e. bent resonance curves with instabllities _
stable operation is obtained at high amplitudes and with
hard cantilevers _ _

but the highest phase contast is obtained close to the
critical points



1pm

Fig 3. Surface morphology of the drop-casted Fe-N-C catalyst on HOPG 2s 2 function of deposition amount. The cocresponding surfaces of HOPG after the deposition of
petroleum ether solution, containing Fe-N-C catalysts, were charactenized by tapping mode AFM. (a), (c) and (&) display height images of the surfaces casted with 12 pl, 24 pl
or 60 pl solution. (b), (d) and (F) show the corresponding phase images of (2), (c) and (e), respectively. All images have the same size at 5 um = 5 pm. Graphene nanosheets
(GNs) tend to disperse homogenecusly on HOPG 2t the initial stage of depasition. The HOPG substrate is almost covered by the stacks of GNs in (c) and fully covered by

multilayers of GNs in(e)




Tapping Mode Phase reveals Local Stiffness

Extender
W Electronics

left:

phase
]

topography

amplitude

phase

Two-phase structure of a semi-crystalline polynler

right:
phase image

Phase channel gives the ‘lag’ or delay between the sinusoidal drive
signal and the response signal at the photodetector



The probe is a simple harmonic oscillator driven at or near resonance

Amplitude

- 180

|

©

=)
oseyd

Frequency
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20nm

Phase Shift | |

U, . = 1 kx® +U sample
2

total

Amplitude

150° -
8 100 — Attractive f .
- { Repulsive

O_I T T |
72 73 74 75  76kHz
Drive Frequency

Repulsive

Attractive‘-... A potential well (tip sample interaction)

Attractive — Softens the potential well — Positive Phase shift

Repulsive — Sharpens the potential well — Negative Phase Shift 37



Based on PeakForce Tapping mode

Every tap on the surface produces additionally a force curve, which is extracted

PeakForce Mode o)
BRUKER
(<O

Force-curves are acquired more than 1000x faster than in standard force distance spectroscopy

Obtain quantitative material properties by force curve analysis at every pixel.

Peak Force Setpoint

'('i‘)~ . » =~ |7 Drive (~2KHz) _
et - R (l\ J‘/ (IV)
A .
/ \\\ | —
A o £ § \j —) —
_.U,n’ '|1L / T r ::
B f .- II'l 'I F
o { 3
approach py withdraw ("I) \/
> . > o >
Time Z, position

Derjaguin-Muller-Toporov (DMT) model

- )
Fiy [ FVR&

in contact:
Hertz Theory
1 1—v? 1 -2
_ 1 4 2
E* Ey Es

+ Fan-

Tip-sample Separation
and Ei1,E2 are the elastic moduli and v1,v2 the Poisson's ratios associated with each
body. ‘F




IE1E 1121, (Peakforce) 1RT\
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GREMAIFRINT, HTE2ETHRERIBVR BN E RIBESNRIT IR FIRE
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BN R ET RN,
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Approach VD Withdraw
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IZHRIERANM R =E:

R g,

X

It e T

X

IE1E 1#2 1, (Peakforce) =T\

IR AR E, RETEXN MRS
RGN N BV IE IR T BURET YA 2

S, AILAERSRAIEHR St AEmZ B EE(ER 71,

A EIRVIIE & B T AFMBY 2 15 22 e B X N Y Al IR AR TN

AT RIRHIIEEP EARBEEN
2B RMEA ZEEHETVAFM (Tapping Mode AFM)
SETH=D FEfmFETCAFM (Contact Mode AFM)
EETH=D JEIERMIETAFM (NC mode AFM)

et E{ER F

I&{E 7] AFM (PeakForce Tapping AFM)
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A frequency lowpass phase-locked-loop
shift filter Bay, detector (PLL)

LB 4
dissipation

amplitude setpoint "&9&?3

- - ow ww - e - e = ----------------------s

P(+!) RMS-to-DC
controller converter

-----’

u_A v C Pauli repulsive force
analog : phase shifter bandpass ) chemu(éa.l:%ogdl:nmg force
multiplier (+90°) filter % :
s o gl s e i i 2 Tip-sample distance d
=
o
e van der Waals force
qPIUS SENSOr——s d‘;gf‘gg?” § electrostatic force
........... & magnetic force
sample — - d>02nm

E1 EEMEFHEMRNITEFRE
Fig.1 Working principle of non-contact atomic force microscopy (NC-AFM)°

(A) block diagram of the NC-AFM feedback loop for constant amplitude control and frequency-shift measurement;
(B) gPlus sensor; (C) total interaction force between tip and sample
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Principle of Dynamic Force Microscopy with Atomic Resolution

First demonstration of friie atomic, resolution:
For small amplitudes, the frequency Shlft is a very simple function of the tip-sample forces:

® it is proportional to the tip-sample force gradient kis .
® for large amplitudes, the frequency shift is given by the rather complicated equations (see above). '
oscillation ® with integration by parts, the complicated formula transform into a very simple expression
~9.5nNm
(k(z)) with
2k
sample

z—q')WWA*—q'%dq’
, L1086 (1995)

Af(z)=f, (kis(z))=

Cts

)

t

FM Detection:

TR. Albrecht et al., J. Appl. Phys. 69, 668 (1991)
describe an FM demondulation technique for
fast measurement of frequency shift.

minimal
tip-sample
tip distance:
Incipient 0.2-1nm @

eedback systen

U.Durig et al., J. Appl. Phys. 82, 3641 (1997), Ch.
_ Loppacher et al., Appl. Phys. A66, 215 (1998)
chemical | - adjust frequency of oscillation circuit to keep phase
bond Y between excitation and cantilever oscillation
a4 - T T T~ constant (phase locked loop)

- e - keep cantilever oscillation amplitude constant, i.e.
cantilever excitation signal is proportional to
energy dissipation

- conservative and non-conservative interactions
can be separated

frequency shift, Af



Large vs. small oscillation amplitude

large thermal noise low detection sensitivity
Detection sensitivity

10000 |

=) |
& 1000
C
L8 .
5 I Thermal noise
©
1723
£ 100
10 o s anl P T s sl PR NPT
0.01 0.1 1 10 100 1000

Amplitude (angstrom)

Amplitude comparable to range of interaction is optimal!

Example: k=2000N/m,
Absolute value of resolution depends on: f,=1.6MHz, Q=100 000
. probe specifications (f,, k, Q) |]|]|:> A= 1440fm @300K
. detector sensitivity A= 170fm @4.2K

Required sensitivity of detector @1kHz BW:
Anoise< 50fm @300K
A, gise< 6fm @4.2K

S. Kawai and H. Kawakatsu. APL 88, 133103 (2006)



2.004
1.50
1,00
0.50
0.00

First FM-AFM image of an insulator (KCI) with true
atomic resolution.
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Atomic Resolution on Si(111)-7x7

measurement parameters

Af =-31Hz, scan speed 0.6nm/s
Cantilever: ¢, = 28.6 N/m,

fo= 155 719.3 Hz, Q = 370'000

temperature: 7.2K

z [pm]

2000 ] | N - | \
150[ . \‘ !' \
100} / \ \{ \./
50
0.’! =of

0 1 2 3 4 5
cross section [nm]

* height difference between inequivalent adatoms due to small differences in reactivity

Lantz and H.J. Hug et al., Phys. Rev. Lett. 84, 2642 (2000)
Brommer, et al., Phys. Rev. Lett. 68, 1355 (1992) &
Stich, et al., Phys. Rev. Lett. 68, 1351 (1992).
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Chemical identification of individual surface atoms

o
(1]

ol
s i
=
) [ ——Van der Waals |
o -2t force .
e | —o—Short-range
a3l chemical force |
./ __Totalforce
12 3 4 5 6 7 8 9
Tip-surface distance (A)

e
~7 4

Nature, 446,
64 (2007)
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: -_\\ Sn-Si relative interaction ] 061 Pb-Si relative interaction

oy 5,’! 'y %.‘
LAY T|p1 Tip 2

ratio 77% i - ratio 59%

Distance (A) Distance (A) Distance (A)

A meaningful comparison of measured short-range forces requires some data
processing to reduce the variability caused by the use of tips with different
terminations. We have found that the relative interaction ratio, that is, the ratio
of the maximum attractive short-range forces of the two curves within a set of
measurements over Si and Sn (acquired using a tip that had the same apex

termination), remains nearly constant.
50
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Blue, green, and red atoms correspond to Sn, Pb
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Imaging Molecules

Figure 1. Model of a CO-modified tip (C gray, O red) above a pentacene molecule (C gray; the
colored surface represents experimental data.

References
[1] F. J. Giessibl, Appl. Phys. Lett. 76, 1470 (2000).

Imaging the chemical structure of
molecules with atomic resolution was
achieved by probing the short-range
chemical forces via noncontact atomic
force microscopy (NC-AFM). Our low-
temperature STM/AFM is based on a gPlus
sensor design [1] and is operated in an
ultrahigh vacuum at a temperature of 5 K.

The key step to achieving atomic resolution
on molecules is the functionalization of the
microscope’s tip apex with suitable,
atomically well-defined terminations, such
as CO molecules (see schematic image).
In this case, atomic manipulation
techniques are essential for the controlled
buildup of the tip used for AFM imaging.

Density functional theory (DFT)
calculations are performed to elucidate the
physical origin of the observed atomic
contrast. The calculations reveal that the
Pauli repulsion is the source of the atomic
resolution, whereas van der Waals and
electrostatic forces only add a diffuse
attractive background [2].

[2] L. Gross, F. Mohn, N. Moll, P. Liljeroth, G. Meyer, Science 325, 1110 (2009).
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Fig.3 High resolution imaging of the intermolecular chemical bonds
(A, B) constant-height NC-AFM image of typical 8-hydroxyquinoline (8-hg) molecule-assembled clusters (CO-tip) and the corresponding structure
model; (C, D) constant-height NC-AFM image (CO-tip) and the corresponding density functional theory (DFT) calculated structure models of
trimer (Cu3q3) complexes (g, dehydrogenated 8-hg)™; (E) constant-height NC-AFM image of the self-assembly fluoro-substituted
phenyleneethynylene (BPEPE-F18), taken with a CO-terminated tip. The unit cell is shown by a black rectangle; (F) magnified NC-AFM image with
a superimposed stick-and-ball drawing of the molecules”; (G) AFM image of the bis(para-pyridyl)acetylene (BPPA) tetramer taken with

a CO terminated tip showing apparent intermolecular bonds; (H) schematic of the BPPA tetramer™
03
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FH6 qPlus NC-AFM EES MR BmEF
Fig.6 Appilications of gPlus NC-AFM in low dimentional nanomaterials
(A, B) constant-haight NC-AFM images of epitaxial graphena on I7{111) with a metallic tip and CO tip, respectively”. (C) constant-height NC-AFM
image taken with a CO tip. Intra-ribbon resolution shows the formation of 6-zigzag graphene nanoribbors (6-ZGNRs) with atomically precise CH
edges. (D) constant-height NC-AFM image of adge-modified ZGNR”. (E) constant-height NC-AFM image of fused n = 14 B-GNR".
(F) constant-height NC-AFM image of the junction between two 7-armchair graphene nanoribbons (7-AGNRs) and ona 14-AGNR™.
(G) NC-AFM image represanting a single atomically resolved constant-height maasurement of two-dimensional silica®
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Fig8 3D imaging of gPlus NC-AFM



(a) XY averaged force curve (b) z,=0.31 nm
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Contact Potential
Band alignment under zero sample bias.

The Fermi levels match, no net tunnel or
contact current is flowing.

A contact potential U4 is established

0 -
-50¢
100} Af(V.)
X -150}
T 200! +
9 -250%
-300f 4 Af, (Vo)
-350¢ |
400L At
-1 1 2 3 4 f, = 319254 Hz

0
Sample bias V (V)
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Bias vollageNV

Fig.9 Measurements of the surface charge distribution
(A) schematic of the measurement principle. At each tip position, the Af is recorded as a function of the sample bias voltage (inset, red circles). The
maximum of the fitted parabola (insat, solid black line) yields V* and Af* for that position. The images were recorded with a copper-terminated tip
on a 64 « 64 lateral grid at constant height; (B) local contact potential difference (LCPD) images of naphthalocyanine on NaCl(Z MLVCu(111);
(C) DF T-calculatad asymmetry of the z-component of the electric field above a free naphthalocyanine molecule at a distance d = 0.5 nm from the
molecular plane®. (D) 3D constant-height NC-AFM image of three Au adatoms on a NaCI{10 ML)J/Cu(111) film with charge states neutral,
positively. chargad, and negatively charged. Height profiles are shown in the inset figure (solid line: Au", dashed line- Au’, dottad line: Au’).
(E) charge-state readout by recording Af(V) spactra (dots) and determining the LCPD (triangles) from fitted parabolas (dashed lines)®.
(F) model of tetrathiafulvalene-pyrazing, (TTF-PY Z;) with the donor part in red and the acoeptor part in blue; (G) constant-height NC-AFM image of
TTF-PYZ;inthe “down” conformation with a CO tip. (H) LCPD (V*) maps of TTF-PYZ; in the “down” conformation with a CO tip®; color online
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intensity Distributions
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Figure 2 NA = (n)sin(p)

(a) p=7° NA=0.12
(b) u = 20°NA = 0.34
J (c) 41 = 60° NA = 0.87
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Scanning Near-Field Optical Microscopy
(SNOM)

* An SPM technique that examines the near-field or
evanescent light reflecting off a surface.

* The Rayleigh criterion that limits standard far-field or
propagating optical microscopy does not apply to
evanescent light.

« Evanescent light is confined close to the surface.

— Imaginary wave vector; it cannot propagate through space
like far-field light.

— Intensity falls off exponentially with distance from emitter.
— Often thought as ‘photon tunnelling’.



How to Detect Evanescent Light

Firstly, surface has to be illuminated.

In order to detect the evanescent waves, a ‘nano-probe’ needs
to be brought into the evanescent field.

The atoms in the probe absorb evanescent photons and re-
radiate propagating photons.

These photons can be collected conventionally using a lens or
CCD, etc.

The diagram summarises this:

F ropagating

Evanzcant
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Different types of nano-probe: 1

* There are two main types of nano-probe used
to convert the evanescent light

 Type 1. Standard STM tungsten tip
— Known as the ‘apertureless’ method.
— Tip Is excited by evanescent light.

— Tip then re-radiates propagating light that can be
detected away from the tip.

— Good In principle, but it is hard to separate the
return signal amongst other light that is reflected
from the surface.



Different types of nano-probe: 2

* Type 2: Optical fibre tip
— Known as the ‘aperture’ technique.
— The tip ends In a sub-wavelength sized aperture.

— Laser light passed down optical fibre illuminates the
sample with evanescent light.

— Same aperture picks up the reflecting evanescent
light and converts it into propagating light.

— Return signal carried up fibre to detector.

— Better method: picks up return signal close to the
surface.
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proposal

scattering scanning near-field optical microscopy: s-SNOM

tip-enhanced microscopy
[Pohl, Betzig, Lewis ...] (tip-enhanced Raman scattering, TERS)

[Kawata, Hinsch, Novotny, Keilmann, Hillenbrand, Raschke...]



Creating SNOM tips

« STM tip made In conventional way
— Chemically etched tungsten wire.

» Optic fibre tip: Two methods
— Either, heat and pull an optic fibre to a sharp point,
— Or, chemically etch optic fibre to a sharp point.

— Once a sharpened fibre is produced, it is then
coated in a thin layer of aluminium to create a
sharply defined aperture.




Pictures of SNOM Aperture Probes
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Fig. 4.4 Tip illumination and field enhancement in s-SNOM. a) A sharp AFM tip is mounted on a
cantilever and illuminated by a focused laser beam. (Image taken from®) b) Numerical simulation of a
metal cone, illuminated by far-infrared light with A = 118 pm. (Taken from®).
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MWNT’s in a polymer film . ..
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Catalytic processes monitored at the nanoscale
with tip-enhanced Raman spectroscopy

Evelien M. van Schrojenstein Lantman’, Tanja Deckert-Gaudig?, Arjan J. G. Mank?, Volker Deckert24*
and Bert M. Weckhuysen'*

Silver-coated AFM-tip
(catalyst)

pNTP monolayer
(reactant)

Gold nanoplate
Glass coverslip

Excitation laser
(532 nm or 633 nm)
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a) b)

AFM cantilever focused laser beam

Fig. 4.4 Tip illumination and field enhancement in s-SNOM. a) A sharp AFM tip is mounted on a
cantilever and illuminated by a focused laser beam. (Image taken from®) b) Numerical simulation of a
metal cone, illuminated by far-infrared light with A = 118 pm. (Taken from®).
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High-spatial -resolution mapping of catalytic

reactions on single particles

Chung- Yeh Wu!2, William J. Wolf!:2, Yehonatan Levartovsky®#, Hans A. Bechtel®, Michael C. Martin®,

F. Dean Toste!? & Elad Gross®*

1) 2545 K= 8] 4

The critical role in surface reactions and heterogeneous catalysis
of metal atoms with low coordination numbers, such as found
at atomic steps and surface defects, is firmly established2. But
despite the growing availability of tools that enable detailed
in situ characterization, so far it has not been possible to document
this role directly. Surface properties can be mapped with high
spatial resolution, and catalytic conversion can be tracked with
a clear chemical signature; however, the combination of the
two, which would enable high-spatial-resolution detection of
reactions on catalytic surfaces, has rarely been achieved. Single-
molecule fluorescence spectroscopy has been used to image and
characterize single turnover sites at catalytic surfaces®>, but is
restricted to reactions that generate hlghl} fluorescing prodm.t
molecules. Herein the chemical conversion of N-heterocyclic
carbene molecules attached to catalytic particles is mapped using
synchrotron-radiation-based infrared nanospectroscopy®” with
a spatial resolution of 25 nanometres, which enabled particle
regions that differ in reactivity to be distinguished. These
observations demonstrate that, compared to the flat regions on
top of the particles, the peripheries of the particles—which contain
metal atoms with low coordination numbers—are more active in
catalysing oxidation and reduction of chemically active groups in
surface-anchored N-heterocyclic carbene molecules.
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nature . LETTERS Mid-infrared absorption spectroscopy in the molecular finger-
photomcs PUBLISHED ONLINE: 19 JANUARY 2014 | DOI: 10.1038/NPHOTON.2013.373 prlnt region is WIdEIy used for Chemical identlficatl on and quan-
titative analysis employing infrared absorption spectra
databases. The ability to perform mid-infrared spectroscopy
with nanometre spatial resolution is highly desirable for appli-

Tip'enhanCEd infrared nanOSPECtrOSCOPy Via cations in materials and life sciences. At present, scattering
molecular expanSion force detection near-field scanning optical microscopy'® is considered to be

the most sensitive technique for nanoscale mid-infrared spec-
troscopy under ambient conditions. Here, we demonstrate
that nanoscale mid-infrared spectra can be obtained with com-
parable or higher sensitivity by detecting mechanical forces
exerted by molecules on the atomic force microscope tip on
light excitation. The mechanical approach to mid-infrared
nanospectroscopy results in a simple optical set-up that,

o

a 4 -y sl unlike scattering near-field scanning optical microscopy,
e 2 IS [8°9:5% c requires no cryogenically cooled mid-infrared detectors, is
£ ‘ 7m 10 g . A -
< t 1 10 4 Neasy to align, and is not affected by sample scattering.
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Infrared Spectroscopy of Molecular Submonolayers on Surfaces by Infrared Scanning
Tunneling Microscopy: Tetramantane on Auill1)

IR-STM

{a) 121 ]tetramaniane ) [133siramantarne " pm
: = an Au111 o A1)
i ._,r
-
a a
. by
mila——"
Snm 8 nm
Flts. 1. {a) 5TM topography of |[121 tetramantane molecules

on Aw111) H-"m =10V, I=50pA, T=13K) The mo
lecular lattice has an oblique structure with latbee constants
la] =1L1 0.1 A |b| =831 A, and an interior angle
of 59 £ 1°. The inset shows a model of [121]tetramantan:
{gray amd white balls represent carbon and hydrogen atoms ).
{b) 5TM topogmphy of [ 123 tetramantane on a Aw 1l 1) surtace
(Vimgae = —20 ¥V, 1 = 100 pA, T = 13 K). Within experimen-
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{a) Differential ac surface expansion due to

absorption of modulated IR hight, measured via lock-in amph fier
tor constant-current 5Th Z =signal (chopper modulation tre-
quency — 13 Hz, lock-in amphfier ime constant 3 5). The black
{lrarer) and red (upper) hnes show ac surtace expansion of bame
gold and | 12 1]tetramantane-decorated gold, respectively. (b)) de
surface expmnsion of bare gold (black lower hme) and [121]
tetramantane-decomted gold (red wpper hine) as a functon ot
incident 1K frequency, measured via constant-cument 5T £
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Postdoc positions available!

Salary (200k-300k RMB/year + full compensasion by
CAS + One Bedroom Apartment)
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