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We propose a method for mapping the composition of a surface by using an amplitude modulation
atomic force microscope operated without tip-surface mechanical contact. The method consists in
exciting the first two modes of the microcantilever. The nonlinear dynamics of the tip motion, the
coupling of its first two modes, and the sensitivity of the second mode to long-range attractive forces
allows us to use this mode to probe compositional changes while the signal from the first mode is
used to image the sample surface. We demonstrate that the second mode has a sensitivity to surface
force variations below 10211 N. © 2004 American Institute of Physics.
@DOI: 10.1063/1.1642273#

Combined mapping of topography and chemical compo-
sition of biological, organic, and heterogeneous surfaces is
one of the goals of microscopic techniques. Over the past 10
years amplitude modulation atomic force microscopy~AM–
AFM! has been very successful for obtaining high-resolution
images of a large variety of materials and molecules such as
DNA, membrane proteins, polymer surfaces, silicon dots, or
inorganic crystals.1 In AM–AFM a nanometer-size probe is
excited at or near its free resonance frequency. The surface is
imaged while the feedback electronics adjust the tip-surface
separation to keep a constant amplitude. The phase shift ex-
isting between the excitation and the cantilever’s response
has been proposed and applied to generate compositional
maps of heterogeneous surfaces.2–8 However, phase images
do not reveal changes in conservative tip-surface interactions
because phase shifts obtained at constant amplitude are di-
rectly related to energy dissipation processes.9–11 Further-
more, in those cases phase shift images imply tip-sample
mechanical contact, which for some single biological mol-
ecules involve the irreversible deformation of the sample.12

The current interpretation of AM–AFM is based on
point-mass models, i.e., the microcantilever-tip system is
considered to have a single resonance frequency.13–16 This
approximation has been successful to describe the complex
nonlinear dynamics of the tip motion. However, point-mass
models ignore higher oscillation modes of the cantilever,
which in turn has undermined the potential of AM–AFM for
obtaining compositional contrast through elastic interactions.

A description of the cantilever as a continuous beam has
been rarely applied in AFM. The thermal noise of a rectan-
gular cantilever has been calculated in air17 and liquids.18,19

Stark and Heckel have calculated the contribution of the
higher harmonics to the tip deflection under the influence of
a periodic external repulsive force.20 They have also sug-
gested the use of the third mode of V-shaped cantilevers to
record phase images.21 Higher harmonics have also been
suggested to measure Young modulus when the tip interacts
under strong repulsive forces.22–24

In this letter we study the tip motion of a rectangular
microcantilever in the proximity of a surface. The microcan-
tilever has a hemispherical tip attached at its free end. The
theoretical simulations led us to propose a method for map-
ping simultaneously the topography and the chemical com-
position of a sample surface in noncontact AM–AFM. The
method consists of exciting the first two modes of the micro-
cantilever. The output signal of the first mode is used to
image the topography of the sample while the second mode
is used to map changes in the composition of the atoms or
molecules under the tip. The simulations were performed by
modeling the three dimensional microcantilever as a rectan-
gular beam and applying the Newton equation.25 Then the
dynamic deflection functionw(x,t) is described by
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wherex is the normalized coordinate along the beam,E is
the Young modulus,I is the moment of inertia,r is the mass
density, anda1 is the internal damping of the cantilever,
while L, b, and h are, respectively, the length, width, and
height of the cantilever. The boundary conditions assume one
end of the cantilever clamped (x50) and the other free (x
51). Fexc, Fmed, andFt2s are the excitation, hydrodynamic
damping with the medium and interaction forces per unit of
length, respectively. The excitation force includes first and
second mode components
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d~12x!

L
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wherev0,1 andv0,2 are the frequencies of the first and sec-
ond normal modes of the free cantilever. The excitation force
and the tip-surface force are applied at the tip position. Long-
and short-range interactions forces are included in the model
following the approximations given in Ref. 13. In particular,
van der Waals forces are calculated by the expression
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whereH, R, andd are the Hamaker constant, tip’s radius,
and tip-surface instantaneous distance. To solve Eq.~1!, the
deflection is expressed in a base of the normal modes of the
free cantilever. The boundary conditions imply that the de-
flection can be separated into spatial and temporal compo-
nents. Then the initial equation is equivalent to a system of
coupled anharmonic oscillators, one equation for each mode.
We have modeled a cantilever withL, b, h, E, R, andr of
225, 40, 1.8mm, 170 GPa, 20 nm, and 2320 kg/m3, respec-
tively,

Fmed~x,t !52a0]w~x,t !/]t ~4!

is set to obtain amplitude versus frequency curves for the
first two modes that are fitted to lorentzians withf 0,1, k1 ,
A01, andQ1 of 20 nm, 48.9 kHz, 0.9 N/m, 17.4 nm, and 255
for the first mode andf 0,2, k2 , A02, andQ2 of 306.6 kHz,
35.22 N/m, 0.92 nm, and 1002.4 for the second mode (a0

5231024 kg/m s anda1510210 s). Those values represent
some of the common cases for tapping-mode cantilevers. We
numerically solve the system of equations for the first three
modes~48.9, 306.6, and 858.2 kHz, respectively! with three
coupled fourth-order Runge–Kutta algorithms.

The dependence of the phase shift of the first and second
mode (f1 and f2) with respect to the set point amplitude
(Asp) are shown in Fig. 1. The simulations describe two dif-
ferent interfaces, SiO2–air–water–mica~water for short! as
a representative of many experimental situations where a
very thin film of water is absorbed on the mica and
SiO2–air–mica ~mica! that are parametrized by Hamaker

constants of 4.7310220 and 9.03310220 J, respectively.26

We have verified that in all the cases studied here the lower
end of oscillation never experiences repulsive forces.

The independence off1 on Hamaker values is a conse-
quence ofA1@A2 . The free amplitude of the first mode is
A1'17 nm while the free amplitude of the second mode is
A2'0.9 nm. The earlier leads toAsp'A1 although excitation
forces are comparable,F1 andF2 are 60 and 20 pN, respec-
tively. This implies that the first mode behaves as a single
anharmonic oscillator. It also implies that standard AM–
AFM topographic imaging is unaltered by the excitation of
higher modes. The inset shows thatf2 vs A2 is also insen-
sitive to changes in the strength of the attractive force which
reflects that the second mode also behaves as a single anhar-
monic oscillator with respect to the relationship between its
own amplitude and phase. On the other hand,f2 shows a
strong dependence on Hamaker values when it is plotted
versusAsp. A phase shift difference of 9.0° is obtained for
the mica and water–mica interfaces.

Figure 2 shows the phase shift differenceuDf2u
5uf2(H)2f2(H2O/mica)u for some representative tip-air-
sample interfaces at a constant amplitude (Asp510 nm). The
curve shows thatuDf2u grows monotonously withH in-
creasing from H2O to metal surfaces. More interestingly it
distinguishes between similar organic samples, for example a
Df251° is obtained between octane and hexadecane. Fur-
thermore, a 5% change inH ~from 9.03 to 8.58310220 J)
will give a phase shift difference of 0.7° well above experi-
mental noise (;0.1°). This implies a sensitivity to changes
in the maximum force of 10 pN. We remark that changes in
the normal force between 10 and 100 pN are needed to ob-
tain true atomic resolution images in calcite surfaces27 or in
reconstructed silicon surfaces.28

In general,f1 , f2 , A1 , and A2 depend onH values,
however, their sensitivity toH variations cancels out when
parameters of the same mode are represented because they
are not independent. For example, it has been demonstrated
that point-mass and continuous models produce very similar
results when there is only a single excitation.29 Then the
phase shift of a given mode can be calculated by generaliza-
tion of the expression for a single anharmonic oscillator10,11

FIG. 1. Phase shift dependence on set point amplitude for two different
Hamaker values.~a! First mode phase shiftf1 . The inset shows the depen-
dence off2 on its own amplitude. In both cases the phase shift is indepen-
dent onH values.~b! Second mode phase shift as a function ofAsp andH
values. Full and empty circles corresponds toH59.03310220 J and 4.7
310220 J, respectively.

FIG. 2. Phase shift differenceuDf2u5uf2(H)2f2(H2O/mica)u for some
representative materials. Notice that the simulated range covers almost all
the available range ofH values of the condensed materials.
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Equation~5! says that at fixed amplitude the phase shift
is proportional to the amount of energy dissipated by the tip
on the surface which in the absence of inelastic interactions
gives a relationship between phase shift and amplitude.
However, the dependence on material properties is preserved
when crossed representations are used (f i vs Aj with iÞ j ).
The coupling of the modes induced by the tip-surface inter-
actions and the continuous character of the microcantilever
enhances the earlier effect. It allowsf2 to achieve composi-
tional contrast for separations one or two order of magnitude
larger thanA2 .

The earlier results have been obtained by assuming van
der Waals forces described by Eq.~3!. In a realistic experi-
mental setup other forces with different tip-surface depen-
dencies could be present. However, we would like to empha-
size that the sensitivity off2 to detect force changes is
general in the sense that it applies for any nonlinear tip-
surface interaction with independence of the specific origin
of the force.

Three physical factors are responsible for the observed
dependence of the amplitude or phase shift of the second
mode on the strength of the tip-surface force, the nonlinear
dynamics of the tip motion, the coupling of the normal vi-
brational modes, and the sensitiveness of the second mode to
long-range attractive forces. The simultaneous excitation of
the first and second modes of a microcantilever vibrating in
the proximity of a surface provides the presence of two
coupled nonlinear oscillators. The coupling of the first two
modes and the enhancedQ factor of the second mode allows
this mode to probe tip-surface forces with a sensitivity to
changes in the strength of the attractive force of 10211 N.
Those values are comparable or smaller than the attractive
force exerted between a single atom in a surface and a
nanometer-size tip a few angstroms apart. This demonstrates
the feasibility to develop a spatially resolved force spectros-
copy with atomic or nanometer resolution for operation in
liquids or air.
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