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STM & AFM
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The first AFM

G. Binnig, Ch. Gerber and C.F. Quate,
Phys. Rev. Lett. 56, 930 (1986)



AFM Systems




Principle of AFM

Atomic resolution & Multifunction
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Data acquisition

Feedback

In static AFM the force Fts interacting between tip and sample translates into
a deflection of the cantilever, and the image is a map z(x, y, Fts)
with Fts = constant




Forces between atoms

‘Back of the envelope’: Bonding energies:
e Atomic energy scale: e Quantum mechanical
E, g~ 1-4eV~2-6410 (covalent, metallic
19 J bonds): 1-3 nN
. . _ e Coulomb (dipole, ionic):
Typg:e;l bonding length: 0.1-5 nN
a~0.2nm o
| e Polarization (induced
* Typical forces: dipoles): 0.02-0.1 nN
F=E/a ~1-3nN J. Israelachvili ‘Intermolecular

and Surface Forces’ Academic
Press



AFM cantilever
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J. Vac. Sci. Technol. A 6 (4), 3386(1990)



Design of AFM cantilever
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Spring constants k and resonant
frequency f of cantilevers

Spring constant Kk :

typical values: 0.01 - 100 N/m

Young’s modulus E, ~ 10%?
N/m?

Resonant frequency f:
typical values: 7 - 500 kHz



Q-factor

definition
100 - g
O Gg=0.8, Q=2000 -
= 80 ® Go=0,Q=780 oo i
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Frequency (KHz)

the quality factor or Q factor is a dimensionless parameter that describes how under-
damped an oscillator or resonator is,[1] or equivalently, characterizes a

resonator's bandwidth relative to its center frequency.[2] Higher Q indicates a lower rate of
energy loss relative to the stored energy of the resonator; the oscillations die out more
slowly. A pendulum suspended from a high-quality bearing, oscillating in air, has a high Q,
while a pendulum immersed in oil has a low one. Resonators with high quality factors have
low damping so that they ring longer.



http://en.wikipedia.org/wiki/Dimensionless_quantity
http://en.wikipedia.org/wiki/Damping
http://en.wikipedia.org/wiki/Damping
http://en.wikipedia.org/wiki/Harmonic_oscillator
http://en.wikipedia.org/wiki/Resonator
http://en.wikipedia.org/wiki/Damping

Measuring forces

spring constant K

Harmonic oscillator: Force gradient F” :

f2 = k/m F'= 2k Af A
F’ acts like a spring In series:

approximation good if

(f+ A f)? = (k+F’)/m d2V / dz2 = constant for 4 z

otherwise: Giessibl, APL 78, 123
(2001)



Calibration of cantilever spring
constant k

Methods:

e Thermal
Hutter and Bechoefer, RSI 64, 1068 (1993)

« Sader method (measure geometry)
Sader RSI 66, 9 (1995)

 Reference spring method

Comparison between thermmal and added-mass methods for determining spring constant
u

M. Tortonese, Park Scientific 12 . . .
« Added mass _ .

Walters, RSI 67, 3583 (1996) £ 1o S . -
Excellent discussion and reference: " A " Thormal thod nor
www.asylumresearch.com/springconstant.a: o s awm o am

Cantilever Length (i)



Deflection sensors

A\ A) Beam deflection
e Jas B) Interferometry
N C) Piezoelectric
Meyer and Amer, APL53, 1045 (1988)

Path1 Path2

=
=

Signal Reference Gi@SSibl, APL 73, 3956 (1998)

Rugar et al., APL 55, 2588 (1989)



AFME F TAERE

(1) Contact mode: A IR ¥ J& /7 iR A1 7 A2 2R T8 52 Jo6 O it
AR T HRMED , SR R A AA.

H T 2R TH BRI ] RE A B .

AR TERMEBIR, FHREHBAL.

(2) Tapping mode: #4=8 UL— & MMRIRS) . A5t NIHZ
b ie i, SERIE D B3 —HUE .. AR, &t
PEAERE BE R IR AR X —HUEE 2.

AIRPERAE R, TH BR BTV /0 51 A2 i 70 3 2 1) PRI A
X il BB T LR 2R

ik T BERKSHAE T REZEHLERE LERE FIRE

(3) FIFHEFWE| S04 T 77 A 2R T AR BT o AR e fi =08 1 7 B4
% (non-contact AFM) , &5 HIFE S L8+ 3% H A
— R R S E RO, R ER.
BIEESR, HRERETIKR, —BREETZHEBLI.
mArnon-contact AFM K& B Ee TAEAE & F 17,
SEILAR = R



lateral force Imaging

Segmented
Photo Diode

7 Laser Diode

Diblock co-polymer:

Attractive and
repulsive forces,
e.g. magnetic

e.g. frictional

Meli, Badia, Grutter, Lennox,
Nano Letters 2, 131 (2002)



Van derWaals forces

F,qw = AR/622

A...Hamaker const.
R...Tip radius
z...Tip - sample separation

A depends on type of materials (polarizability). For most
materials and vacuum A~1leV

Krupp, Advances Colloidal Interface Sci. 1, 113 (1967)

R~100nm typical effective radius

-> F 4w — 10 nNat z~0.5 nm



Electrostatic forces

AFM tip
— 2 r
I:electrostatic — T &y RU<4/ z [Hact cdes T—‘@
Nanotube

U...Potential difference

R...Tip radius ~ 5
z...Tip - sample separation BT - o RLON moE T oTem
(4 o~ vw—wnvuna -8
WEw v s g ! 400
R~100nm typical effective radius |
= |
U=tV | 1,000

> F ~5nN at z-0.5

electrostatic
Tans & Dekker, Nature404, 834 (2000)

nm



Chemical forces

Si(111) 7x7

F = Epond/Z * (287470 - g-2xz-

%)

E,ong ---BONd energy

x ...decay length radius
o...equilibrium distance

Morse

Other popular choice:
12-6 Lennard Jones potential

Lantz et al, Science 291, 2580 (2001)



Magnetic Forces

Melting of flux lattice in Nb

|:magntic = mtip * v'_lsample

Images stray field and thus very useful
in the magnetic recording industry, but

also in science.
Comprehensive review:
Grutter, Mamin and Rugar, in
‘Scanning Tunneling Microscopy II’
Springer, 1991

Roseman & Grutter, unpublished



Magnetic Force Microscopy

Tracks on

hard disk floppy disk

Image size 10 and 30 micrometers.
M. Roseman (McGill)

Magnetic reversal studies by MFM

particles size 90 x 240 x 10 nm
X. Zhu (McGill




Capillary forces (water layer)

Total force on cantilever

Tip

sum of ALL forces

There Is always a water
layer on a surface in air!

F = 47 R ycosé

capillary

y ...surface tension, ~10-50

mJ/m?
@ ...contact angle Can be LARGE (several 1-10 nN)



Force Spectroscopy

distance

Snap in condition: k< F’

For meaningful quantitative
analysis, k > stiffness of molecule

water

7

i, A



Repulsive Contact Forces

Diblock co-polymers used as
self assembled etch mask

Topological insulator Bi2Se3 film
Tapping mode

P2VPp

Substrate

S. Yang et al. unpublished
Nano Letters 2, 131 (2002)



DNA “Unwinding”

Anselmetti, Smith et. al. Single Mol. 1 (2000) 1, 53-58

5
newly synthesized
DNA chain

3"~

DNA polymerase . ¢ |

leading strand

Nature - DNA replication,

polymerization

AFM probe

Au surface

Experiment - AFM force
spectroscopy
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DNA Structural Transitions
AFM Force Spectroscopy in TRIS Buffer

Duplex poly(dA-dT)

and Lebrun 1997.

Simulation data from Lavery

50

75 100
Molecular Extension [nm]

125

Duplex poly(dG-dC)

800 T

400 -

ssDNA Elasticity Model

77

| - Melting Transition ~ 300 pN

- B-S Transition ~ 70 pN

300 450 600 750
Molecular Extension [nm]




F(z) as a

(a)

— function of
—® ® _
pulling speed
2% 2 Allows the determination of
| ' - energy barriers and thus is
f\“‘\k_,,. A IA a direct measure of the

.| energy landscape in
“ | conformational space.

(b)

Clausen-Schaumann et al., Current
Opinions in Chem. Biol. 4, 524 (2000)

Merkel et al., Nature 397, (1999)

Evans, Annu. Rev. Biophys. Biomol.
Struct., 30, 105 (2001)

Cumant Opricn in Chamical Biolsgy
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cantilever
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High force resolution —small stiffness— jump to contact




Noncontact AFM



Steady State Amplitude (A)

AR T ERE S S Simple model for NC-AFM
YR AR RS AR 6 B

(a) (b)
A
W
;e K+K,
m
.I:
Af =—2



Non-contact AFM

Dynamic mode

AM-AFM
Tapping mode

P e e

mfERLL, =Q, BN, PR

FM-AFM
Image signal: frequency shift
Bandwidth: independent of Q => Fast scan

! The role of Q-factor:
proportional to the sensitivity of image signal,
inversely proportional to thermal noise.
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Phase lock loop

Reference Phase
Signal Detector

Error voltage from
phase detector™y,

Signal

VCO

Output
———

Loop
Filter

Tune voltage
used to
control oscillator

The PLL is a closed loop control system composed of a phase detector
(PD), a low-pass filter (LF) and a voltage controlled oscillator (VCO),
that synchronizes the local VCO output to the incoming signal z(t)



Block diagram of FM-AFM control system.

-
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Tuning fork
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Advantages: large stiffness 103~104

much small thermal drift

high Q value 10°




llflllrrlrtdl##% m
............... LY,

2N
.”””""””,’/A //A/’

7
,,,,,,,,,,,,,,, 7. 90004

Symmetry broken—>  Dramatic decrease of Q

value
Q plus: fix the prong without tip onto a rigid substrate firmly

Advantages:
High Q value
Very small thermal drift of f,
Compact configuration
Low temperature compatible

K=1800N/m, contribution from short range force is detected by small A



1 KA\ U8 B ] Q-plus sensor SCikIRE ™
=R 2000~6000 “a few thousand™
R 8000~20000

e 10000~140000 50000

Xue’s group in Tsinghua



RT

Noise level

5] T T T
T =300 K
Sr Q = 4809 7
f,. = 25623 Hz
N 0
=< 4L S =11 uV/pm |
=
3" background noise = 225 fm/vVHz B
25,400 25,500 25,t|300 25,|?00 25,;300 25,850
H=z
60 T T
T=47K
50~ Q = 56764 the large deviation around resonance
a0l f0 = 25618 Hz frequency probably caused by the |
N limit of the resolution of the spectrum
S =81 uV/pm 1t
% 30 HV/P analyzer (only 1 Hz) _
= 0 calculated by tunneling current
10l. packground noise = 87 fm/VHz B
| |
2£590 25,610 25,630 25,650



Kolibri Sensor

A — metallic tip
—_ ...
~ ™ sputter shield
Al
oscillating
“ 7 quartz rod




Instrument

USM1500 STM/AFM
Nanonis (SPECS) controller
Magnetic field: 8T

Base temperature: 2K

Vacuum: 5X 101 Torr




AFM gallery

Si(111)-7 X7, Pb SIC phase, Pb(111),
10 nm X 10 nm, 8 nm X 8 nm, 5nm X 5nm,
df = -3Hz, df = -4.1 Hz, df = -13.7Hz,
Amp =90 pm, Amp =350 Amp = 350 pm,
Bias=1.2V, pm, Bias = 34 mV,
77K Bias =470 4.3 K

mV,

77 K



Figure 3: Pentacene imaged with STM and NC-AFM.

From
Recent advances in submolecular resolution with scanning probe microscopy

Leo Gross
Mature Chemistry 3, 273-278 (2011) | doi:10.1038/nchem.1008
Published online 24 March 2011 | Corrected online 08 April 2011

-l

HOMO LUMO Atomic structure

a,b, Molecular orbital images of pentacene on two monalayer NaCl on Cu{111) obtained by STM using a pentacene-terminated tip. Image size 2.5 nm = 2.0 nm
constant current. The HOMO (a) was imaged by setting the sample voltage to the first resonance at negative bias at WV = -2.8 W, thus tunnelling out of the
malecular orbital. The LUMO (b) is imaged by electrons tunnelling from the tip into the orbital at positive bias V= +1.7 V. c.d, Contours of constant orbital
probability distribution of the HOMO (c) and LUMO (d) of the free pentacene molecule obtained by DFT. e, NC-AFM image of pentacene on two monolayer MaCl

on Cu(111) obtained using a CO-functionalized tip. Image size 2.2 nm = 1.4 nm |Dscillatinn amplitude A =0.07 nm| f. Computed frequency shift for an
intermolecular distance o = 0.475 nm between CO and pentacene. Reprinted with permission from: a—d, ref. 9, @ 2005 APS:; e, ref. 1, © 2009 AAAS; f, ref. 34, @

2010 10P
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Pb island

Single Pb

Si steps
Dislocation
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Pb island + Pb atom
A:Efcc'Ehcp |
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2 3 4 5 ] 7 B 9
tip-samgle destance(angstron)
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