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A mode of atomic force microscopy �AFM� is demonstrated where an oscillating AFM cantilever
having linear response is driven with two frequencies in the vicinity of a resonance. New
frequencies in the response, known as intermodulation products, are generated when the linearity of
the cantilever response is perturbed by the nonlinear tip-surface interaction. A rich structure of the
intermodulation products is observed as a function of the probe-surface separation, indicating that
it is possible to extract much more detailed information about the tip-surface interaction than is
possible with the standard amplitude and phase imaging methods. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2909569�

The sensitivity and utility of atomic force microscopy
�AFM� were considerably enhanced by the introduction of
resonant detection1,2 or “tapping mode” AFM.3 In the stan-
dard realization of tapping mode AFM, a probe consisting of
a cantilever with a sharp tip is driven near the fundamental
eigenmode of the cantilever at frequency f0. When the probe
is brought close to a surface, the atomic forces between the
tip and the surface are detected by measuring a change in the
amplitude and phase of the cantilever oscillation at the fre-
quency that the cantilever is driven. Attempts to extend tap-
ping mode AFM and extract more information regarding the
surface properties include analyzing the cantilever oscillation
for higher harmonics of the drive frequency.4–6 These har-
monics do not generally coincide with higher order eigen-
modes of the cantilever, and therefore, response is very
small. Special cantilevers with flexural eigenmodes at or near
the harmonics of the fundamental,7 or higher frequency tor-
sional eigenmodes have also been investigated.8 Other tech-
niques employ two drive frequencies, one at each of the two
lowest eigenmodes of the cantilever while measuring the re-
sponse at both drive frequencies.9,10 Here, we demonstrate a
method to probe the tip-surface interaction using only the
fundamental eigenmode of a cantilever, where a highly linear
response of free cantilever oscillation is weakly perturbed by
the nonlinear tip-surface interaction, causing new frequen-
cies to appear in the response.

The sensitivity of resonant detection is improved when
the resonator �oscillating cantilever� has a weak damping, so
that a high quality factor Q is achieved.11 High Q resonators
build up large amplitude oscillation on resonance, which im-
plies that the restoring force should be a highly linear func-
tion of the coordinate describing the displacement from equi-
librium. The tip-surface force, on the other hand, is not a
linear function of this coordinate. When this nonlinearity is
strong enough �i.e., probe close enough to the surface�,
strong distortion of the resonance curve and bifurcation, or
the appearance of multi-valued oscillation states, occur.12,13

However, a very weak nonlinearity, which barely distorts the
resonance curve, can be detected by measuring intermodula-
tion products �IMPs�.14 Intermodulation is a phenomenon in
nonlinear systems driven with more than one frequency,
where the nonlinearity causes the generation of new frequen-

cies in the response, which are not present in the drive. In
many engineering contexts, intermodulation is considered an
undesirable effect and intermodulation measurements are
used for characterization of signal distortion due to non-
linearity. Here, we use intermodulation in an advantageous
way to realize a very sensitive, high information bandwidth
mode of AFM, which we call intermodulation AFM
�IMAFM�.15

In Fig. 1, we compare the response of a linear resonator
and a nonlinear resonator when driven with two frequencies.
The linear resonator �Fig. 1�a�� shows response only at the
two drive frequencies, f1 and f2. In the nonlinear resonator
�Fig. 1�b��, new frequencies are present in the response,
which are the IMPs. Following the usual convention, we
denote the IMPs by their order as described in Fig. 1�b�. For
the realization of IMAFM demonstrated here, we study the
odd order IMPs, which form a series of peaks near the reso-
nance with spacing n�f =n�f2− f1� from the two drive fre-
quencies �n is an integer�.

To realize IMAFM, we used a Veeco multimode AFM
and Nanoscope IV controller equipped with a signal access
module together with several pieces of auxiliary equipment.
The signal used to drive the cantilever consisting of two
frequencies was synthesized with two arbitrary waveform
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FIG. 1. �a� The linear response of the resonator away from the surface.
When driven with two frequencies, f1 and f2, the linear system responds
with oscillation at f1 and f2. �b� When close to the surface, nonlinear tip-
surface interactions generate IMPs of many orders.
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generators �AWGs� and a summing preamplifier. A data ac-
quisition card �DAC� was used to measure the cantilever
response by capturing the raw detector signal from the split
quadrant photodiode in the AFM head. The clocks of both
AWGs and the DAC were phase locked to the same 10 MHz
signal. While scanning, lines of data were captured on the
trace, and during the retrace they were parsed and Fourier
transformed to extract the IMP amplitudes at different tip
positions. When scanning the test samples, our IMAFM sys-
tem was run in parallel with the Nanoscope system, using the
feedback and scanning controls of the Nanoscope IV control-
ler. In this way, we could compare IMAFM with the standard
amplitude and phase imaging methods. The AFM probe used
here was a relatively stiff Si tapping mode probe with a
beam-type cantilever �RTESP-300, nominal spring constant
40 N /m� having a resonant frequency f0=330.8 kHz and Q
=633, or mechanical bandwidth B= f0 /Q=523 Hz. It was
driven by a small piezostack built into the probe holder. The
AFM probe was cleaned in an oxygen plasma prior to mea-
suring. Measurements were performed at room temperature
in air on Si chips with a special surface chemistry described
below.

Figure 2 is a three-dimensional plot showing the spectra
of the cantilever response �log amplitude versus frequency�
as the cantilever is approaching the surface. When the tip is
far from the surface, at the right hand side of Fig. 2, the
response spectrum has two dominant peaks, which are the
two drive frequencies f1 and f2. At this distance from the
surface, the cantilever is undergoing free oscillation, unper-
turbed by the tip-surface interaction. The free oscillation re-
sponse spectrum also shows a background of intermodula-
tion peaks of many orders, which are visible above the noise
floor. These background peaks are due to nonlinearities in the
DAC and could be reduced with better quality electronics.

To clarify the origin of these background IMPs, we made
a detailed study of the free cantilever response as a function
of the drive amplitude. Sweeping two equal amplitude drive

signals f1 and f2 with fixed �f through the cantilever reso-
nance, we recorded the amplitude of the response at f1, f2,
and f IM3 �data not shown here�. When the cantilever was
driven near the resonance and undergoing large amplitude
oscillations �detector signal amplitude �0.8 V�, a third order
IMP could be seen above the background, which was gener-
ated by the nonlinear dynamics of the cantilever itself. How-
ever, at the oscillation amplitude levels used in the following
�detector signal amplitude �0.4 V�, IMPs due to the cantile-
ver itself were well below the background level of our de-
tection system.

As the surface is approached �moving from the right to
left in Fig. 2�, the response spectra show a large increase in
the measured IMPs, and the measured amplitude of these
IMPs show much variation with the average probe-surface
separation. By making �f �B, a large number of IMPs can
be measured in the response spectrum. In Fig. 2 with �f
=600 Hz �B=523 Hz�, one can count as many as nine mea-
surable IMPs, each with a unique dependence on probe-
surface separation, and presumably containing a great deal of
information about the exact nature of the tip-surface interac-
tion. However, at this time, we lack a general theory of how
to extract the tip-surface potential from this data.

Note that the optimal measurement bandwidth of
IMAFM is given by �f , which can be chosen smaller or
larger than the mechanical bandwidth B= f0 /Q of the reso-
nator. Smaller �f will result in longer measurement time
and, therefore, slower scanning speed, but small �f will also
give a larger number of IMPs within the frequency band of
finite cantilever response. Here, we see how IMAFM opti-
mally uses frequency space to extract information from the
oscillator regarding the nonlinear perturbation. IMAFM has
a much larger information bandwidth than standard tapping
mode AFM, which records response at only one frequency.
Thus, IMAFM represents an ideal approach to dynamic force
microscopy, where the goal is to determine the functional
form of the tip-surface interaction by analysis of the canti-
lever response.13

To more clearly show the structure of the IMPs versus
probe-surface separation, we plot the amplitude of the canti-
lever response �linear scale� at the two drive frequencies and
the first three odd IMPs �Fig. 3�. Here, we see the response
for both the approach and the retracting of the probe from the
surface, which was done in one continuous ramp toward and
away from the surface. The strong similarity of approach and
retract for each curve demonstrates that the measured change
in cantilever response is reversible, or nonhysteretic. Impor-
tant for the sensitivity of AFM is the responsivity �i.e., slope
of curves in Fig. 3� at first contact with the surface, which is
similar in magnitude for the drive frequencies and the IMPs.
However, the IMPs start from a low signal level and, there-
fore, a small change in IMP amplitude can be detected with-
out saturation by using higher gain electronic amplifiers with
appropriate filtering. The responsivity of the IMPs will de-
pend on the choice of f1 and f2 relative to f0, which was not
optimized in this measurement.

To demonstrate the utility of IMAFM in imaging mode,
we show an image of a special sample consisting of a protein
monolayer adsorbed on to a smooth Si surface �Fig. 4�. On
this surface, a stripe pattern is exposed with a low energy
�5 keV� electron beam in an electron beam lithography sys-
tem. The exposure causes a chemical change in the surface
where the electrons strike the protein monolayer but no

FIG. 2. �Color online� The frequency spectra of the cantilever response are
plotted as the surface is approached. Many intermodulation peaks of higher
order can be seen, where the amplitude of each peak is uniquely dependent
on the tip-surface separation.
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change in topography.16 We performed standard tapping
mode height and phase imaging, where the feedback regu-
lated the probe-surface separation to keep a constant ampli-
tude of the cantilever response at the drive frequency as the
tip was scanned over the surface. While scanning, the height
image �i.e., feedback signal� was featureless, but we see in
Fig. 4�a� how the exposed striped pattern can be seen in the
phase image. Phase imaging is a well established technique
for sensing very subtle changes in surface chemistry,17 which
cause a change in resonator damping.18

In a second sweep over the same area using IMAFM, we
simultaneously gathered several images by recording the am-
plitude of IMPs of higher orders. Figure 4�b� shows the im-
age generated from the amplitude of IM3, which is some-
what noisier than the phase image, due to the lower signal
level of IM3 in comparison with the phase. However, a com-
parison of the grayscale histograms �Figs. 4�c� and 4�d��
shows that the IM3 image has slightly better contrast than
the phase image. We also found that imaging on IM3 was
more stable and easier to use than phase imaging. When
phase imaging, the contrast would often jump, presumably
due to a small change in the cantilever resonance when im-
purities get stuck to the cantilever. The IM3 image appeared
to be immune to such jumps.

These experiments demonstrate that IMAFM is an at-
tractive alternative to tapping mode AFM. With further opti-
mization of the technique, images can be acquired in a single
scan with higher sensitivity and greater information content
than the standard tapping mode AFM. In closing, we note
that IMAFM can be performed by running the feedback di-
rectly from one or a combination of the IMPs, and that
implementation of IMAFM can be greatly simplified in the
present generation of AFMs where the modern controllers
have a larger capacity for digital signal synthesis and
processing.
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FIG. 3. �Color online� The amplitude of response at the two drive frequen-
cies, f1 and f2, and the first three odd IMPs. The f2, f IM5, and f IM7 curves
have been offset on the vertical axis for clarity.

FIG. 4. A comparison of the phase image �a� of standard tapping mode AFM
and the IM3 image �b� collected with identical feedback setup. The sample
is a protein monolayer adsorbed on to a smooth SiOx surface. A striped
pattern exposed with an electron beam causes a chemical change, but no
change in surface topography. The histograms �c� and �d� show the distri-
bution of grayscale values in �a� and �b�, respectively. The scan width is
100 �m.
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