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High-speed/video rate AFM
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= Multi-frequency AFM

= Sub-surface
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" Generic term applied to all methods where ei
ther cantilever is excited and or measured at
more than one frequency

“ Kelvin force microscopy in tapping mode
(discussed in class)

= Higher harmonic imaging

“ Internally resonant or “harmonic” cantilevers

" Momentary excitation in liquids

® Bimodal or dual AC mode

® Band excitation (Oakridge, S. Jesse, S. Kalinin)
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" Higher harmonic dAlEM
= Insight:

~ cantilever cantilever
harmonic well harmonic well

\/ \/

U. Durig, New J. Phys., 2, 2000
M. Stark et al, PNAS, 99, 2002
Crittenden et al, PRB, 72, 2006

mechanical properties & Hamaker constants,
loss mechanisms electro-statics & -dynamics
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FIG. 1. Experimental semp for the detection of anharmonic signals. A com-
mercial AFM is equipped with a second lock-in amplifier for the detection
of anharmonic signals.

FI(i. 4. Detail of a silicon test structure imaged in tapping mode (scan
direction right to left). (a) Topography, (b} control error, and ic} eighth
harmonic. The instabilities due to the bistable behavior of the system are
difficult to be seen in the conventional images (3) and {b). However, in the
harmonic image {c} a strong contrast prevails.

Ut; I{-{ER‘;IE Heckl and Stark, RSI, 74, 2003

FIG. 2. ia} Topographic {b} control error, and (c}~{e) higher order harmonic
images of a 4-nm-thick Pt—C test structure on a fused silica cover ship. The
driving frequency was =322 kHz, the detection frequencies were {c} 3 f
=156.6 kHz, {d) 5 /=261.0 kHz, and {e) 8 /=417.6 kHz




Fig. 6. 5EM image of 3 harmonic cantilever. Width, length and thickness of the cantilever are 50, 300, and 2.2 pmn, respectively. The rectanpular opening
5 22pm x 18 pm and ceniered 190 wm away fiom the cantilever base.

" Tune second eigenmode frequency to an

integer multiple of the fundamental
PURDUE

TR T VIR Sahin et al, Sensors and Actuators, 114, 2003, also PRB (69), 2004
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= In atftractive regime, vibration
e spectrum depends on local vdW and

-

..

electrostatic forces

* Experiments performed using 47
kHz microcantilever on wild and
mutant bacteriorhodopsin
membrane

- . =2" bending mode freq ~7*1s* _
a) | : b){ | c)

Frequency (kHz)

Frequency (kHz) Frequency (kHz)
Thermal vibration Driven in air On mica (50 %
setpoint)
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Second har'momc - Seventh harmonic
image image
9 Lipid deposits 3

Clear distinction between lipids and proteins
Presence of internal resonance critical in the method
The method shows promise for the

measurement of local Hamaker constants of soft
biomolecules

Can be extended to electrostatic force microscopy
PURDUE
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(Basak and Raman, App. Phys. Lett., 2007)

100% Setpoint

Experiments:réctangular Tever (0.3 N/%f;W= 127, Di-water
Experiments: " _100% Setpoint |
0.3 N/m
rectangular
lever .
b
Experiment _
s: £
0.1N/m ¢ | P
triangular% e 0% setpoint , }
lever = 1.2 time (s) 24 ;}i:; ; w\::;:
Cew e ,;W.\,..i:a} 45 : = 30% setpoint -
10 L 10 ‘_
0 0.0008 0.0012 o 6.0006 0.0012

PURDUE time {s) time (s)
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- theory

Decomposed cantllever m~#inn~ A/A —noE
s Second eigenmode

First elgenmode

3.5 kHz, w,
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Xu et al Phys. ev. Let 2009
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Xu et al Phys. Rev. Lett. 2009

Experiment: purple membrane on mica, k;=0.11 N/m, Aj=15nm, A_,,
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Xu, Melcher, Basak, Reifenberger Raman, in Phys. Rev. Lett. 2009
k;=0.11 N/m, A;=12.5nm, A_.;0ini=92%, buffer: 300 mM KCI, 20 mM Tris-H
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@ One order of magnitude improvement in elasticity contrast using M
E harmonics compared to 2" harmonic for soft materials

% ME harmonics are closely correlated to contact time (WhICh varies i
nversely with sample elasticity)

PURﬁTﬂge contrast seen is entirely local elasticity contrast
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% Bimodal or dual AC

= Key insight is that
the second mode A,

i {a}

¢, varies in time | __g;gf o)
< g5 < o<
" Thus ¢, not only meas Go; o, 205l [ omes
{d) (e
also conservative tip- _ 180
—. 150f 1 «bimodal
sample interactions! £ :Z" g .| A monomoas
5 Tt becomes p0055|ble oo momomos S ok
1'0 sae ma.‘-er'la| average distance (nm) average distance {(nm)

contrast in the attrac

tive regime!
Rodriguez and Garcia, APL,84(3), 2004
Lozano and Garcia, PRL, 100(7), 2008

Lozano, Garcia, PRB, 79(1), 2009 ' ,
PURDUE R. Proksch, APL, 89(11), 2006 8
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l'lm:m: 1. Comparison between amﬁﬂu&c mcdulation and bimodal
M. {a} AM-AFM {monomodal excitation}. {b) Bimodal AFM.

- {c¥ Schematics of the Bimodal AFM instrument. The bimodal
excitation/detection unit perfomms the muliifrequency excitation and
the multicomponent signal processing while the control unit runs the
feedback.

PURDUE Martinez et al, Nanotechnology, 19, 2008
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Figure 3. Comparison between AM-AFM and bimodal AFM images
of 186 antibodies. {2} Tapozraphy and (b) phase images of an =G
obtained in AM-AFM. {c) Tip osaillation in AM-AFM (iop) and
bimcdal AFM {bottom}. (d) Topoemphy in bimodal AFM. {e) Phase
shift image of the first mode in bimedal AFM. () Bimodal AFM
phase imags {second mode’ of the same antibody. The imass shows
a Y-shaped object.
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Figure 7. (a) Bimodal AFM phase images {second mode) of 1M
amtibodies in water., The objects that show a pestagonal shape are
miarked by vircles. The inset shows the frequency spectrum of a
commercial cantilever i water. The dashed lines indicate the
frequencies of the first and second flexeral modes of the cantilever.
They were determined by measuring the thermal noise spectum.
{b) Topography of an isolated ansbody. {0} First mode phase image
and {d} bimodal AFM phase imaze (second node) of the same
amtibody.

Martinez et al, Nanotechnology, 19, 2008



FIG. 2. (Color online} HOPG graphite surface, 30 gem scan. The cantilever
was driven at fis fundamental {--69.5 kHx) and sccond eigenfrequency
{405 kHz). {a) shows the topography and (b} is the fundamental amplitude
channel, used for the feedback error signal. The fundamental phase image
(c) shows an average phase lag of ~34° indicating that the cantilever was in
repulsive mode for the entire image. The second mode amplitude 15 shown
in {d). The three dimensional rendered topography colored with the second
mode amplitude is shown in {e). This method of display allows casy spatial
corrclation of the wo channels.
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R. Proksch, APL, 89, 2006

FIG. 3. (Color online) Dense mat of DNA imaged in buffer, 750 nm
scan. The 60} gm Bio-Lever was driven al its fandamental resonance
{~-8.5 kHz) and at its second mode {~33 kHz}. The wpography (a), funda-
mental amplitude (b). and fundamenial phase (¢} afl show very linle differ-
entialed contrasi. The second mode amplitude {d) shows clear. high contrast
images of what appear to be strands of DNA molecules. The second mode
amplitude was painied onto the three dimensional rendered wpography (c)
1o allow spatial correlation of the two data channels.
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Multi-frequency AFM
~® Sub-surface imaging
® High-speed/video rate AFM
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