
 Multi-frequency AFM
 Sub-surface imaging
 High-speed/video rate AFM

Other emerging dAFM techniques
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Compositional contrast in liquids 
 Van Noort et al, (Langmuir, 1999) 
 Preiner, Hinterdorfer  et al (PRL, 2007)   Second harmonic
 Xu, Melcher, Raman, Reifenberger (PRL, 2009)   Momentary 

Excitation

Bacteriophage 
capsids
1-3 GPa

Bilipid membranes 
10’s Pa-10MPa

DNA
1 GPa

Cytoskeleton
1 GPa, 1-10kPa
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Momentary excitation in liquids



 Van Noort et al, 15,  (Langmuir, 1999)

Higher harmonic imaging in liquids
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 Preiner, Hinterdorfer et al, PRL, 99,  2007, also Ultramicroscopy, 2009

Higher harmonic imaging in liquids
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Momentary excitation - experiments

(Basak and Raman, App. Phys. Lett., 2007)

Experiment
s:

0.1 N/m        
triangular

lever

Mica LDPE

Experiments:
0.3 N/m 

rectangular 
lever

LDPEMicaExperiments: rectangular lever (0.3 N/m), A0 = 12 nm, DI water 

Mica
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Momentary excitation- theory
Decomposed cantilever motion A/A0 = 0.95   
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Cantilevers: 
Olympus Biolever ( k1 = 0.036, k2 = 1.4, Q1 = 1.2, Q2 = 2, ω1 = 
9.3 kHz, ω2 =71 kHz ).

MAClever: k1 = 0.11 N/m, k2 = 8 N/m, Q1 = 1.6, Q2 = 4.3, ω1 = 
3.5 kHz, ω2 =30 kHz 

Substrate

Z

x2(t)
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First eigenmode
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Second eigenmode

 Momentary excitation is greater on stiffer samples



Momentarily Excited (ME) Harmonics

1s
t
m

od
e 

m
ot

io
n 

(n
m

) 2
ndm

ode m
otion (nm

)

Nth Harmoni
c

Nth Harmoni
c

A
m

pl
itu

de
 s

pe
ct

ru
m

 (n
m

)

1st mode        
contribution

2nd mode

contribution

Nth Harmoni
c

A
m

pl
itu

de
 s

pe
ct

ru
m

 (n
m

) Total spectrum

ME (momentarily excited) harmonics!

time
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Simulations:
MAClever,
A0=15nm,
A/A0=0.92



Application to elasticity mapping
Xu et al. Phys. Rev. Lett. 2009
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Higher Harmonic Imaging
Experiment: purple membrane on mica, k1=0.11 N/m, A0=15nm, Aset

point=97

Xu et al Phys. Rev. Lett. 2009 
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ME harmonics show high contrast!



Elasticity contrast for soft samples

k1=0.11 N/m, A0=12.5nm, Asetpoint=92%, buffer: 300 mM KCl, 20 mM Tris-H
Cl, pH 7.8
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Xu, Melcher, Basak, Reifenberger Raman, in Phys. Rev. Lett. 2009 



Phase contrast imaging in liquids

Stiff substrate
Soft, viscous patch

Phase lag image in Air
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Phase lag in Liquid

Melcher  et al. PNAS, 2009

 Phase contrast is a measure 
of energy lost during 
interaction with the sample.
 Momentary excitation is a 
from of energy loss!

Dry Air
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For soft levers in liquids: Phase contrast images =  local elasticity maps

 Momentary excitation is 
larger on stiff samples



Experimental data
Melcher  et al. (PNAS 2009)
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Purple Membrane on mica substrate 
buffer solution: 300 mM KCl, 20 mM Tris-HCl, pH 7.8
Levers: k1 = 0.58, 0.09 N/m, acoustic excitation

Topography Phase lag

Topography Phase lag

ϕ29 virus capsid on a glass substrate 
buffer: TMS pH 7.8
Biolever: k1 = 0.03, acoustic excitation 

Cryo-EM reconstruction



 Bimodal or dual AC
 Key insight is that     

the second mode A2, 
φ2 varies in time
 Thus φ2 not only meas

ures dissipation but   
also conservative tip-
sample interactions!
 It becomes possible  

to see material           
contrast in the attrac
tive regime! 

Multi-frequency AFM
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Rodriguez and Garcia, APL,84(3), 2004 
Lozano and Garcia, PRL, 100(7), 2008
Lozano, Garcia, PRB, 79(1), 2009
R. Proksch, APL, 89(11), 2006



 Bimodal or dual AC
Multi-frequency AFM

14Martinez et al, Nanotechnology, 19, 2008 



 Bimodal or dual AC
Multi-frequency AFM
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Martinez et al, Nanotechnology, 19, 2008 



 Bimodal or dual AC
Multi-frequency AFM
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R. Proksch, APL, 89, 2006 



 Heterodyning principle for AFM first developed by              
Cuberes, Kolosov, Briggs (Oxford)
 Later used by Dravid et al   (Northwestern), and    

Passian and Thundat (Oakridge)

 Tip sample gap d(t)=(.)cos(fst)+ (.) cos(fpt)
 Tip-sample force Ftsis a nonlinear function of d, so      

it contains frequency components including fs-fp
 Measure amplitude and phase of fs-fp signal

Subsurface imaging using ultrasound
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HF piezo excitation fs (MHz)

Sample surface vibration fs

HF piezo excitation fs (MHz)

HF probe excitation fp (MHz)
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Subsurface imaging using ultrasound





T. Ando et al, Kanazawa (Pflugers Archiv, 2008)

M . J. Miles, Bristol, (APL, 86, 2005) 
 Infinitesima Inc.

High-speed AFM
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