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Summary
Processes at real interfaces, such as drug dissolution, cor-

rosion, enzyme activity and surfactant structure can now be
studied with nanometer resolution using dynamic force micros-
copy. Optimal sensitivity is achieved when the tip is excited by
direct application of a driving force using magnetic methods.

Introduction
The atomic force microscope is capable of imaging proc-

esses at nanometer resolution in fluids (Drake, Prater et al.
1989) and this has led to revolutionary developments in fields
as diverse as biology, mineral formation, surfactant structures
and electrochemistry. Contact mode operation, in which a
force-sensing cantilever is lowered into contact with the sur-
face and then swept across it while maintaining constant de-
flection, is unsuitable for many studies of this nature because
of the ease with which fragile hydrated materials are disrupted
by the probe.

The dynamic force microscope (DFM) is a much gentler
interfacial probe because of its differential sensitivity. In DFM
(Figure 1) the scanning probe is driven into oscillation and the
absolute amplitude of the ac component of the deflection signal
is recorded via the change in angular-position of a laser beam
reflected from the oscillating cantilever. The technique is inher-
ently sensitive to the liquid-solid interface, as we shall show as
follows, and it is free from the damaging effects of drift in the
absolute (dc) position of the probe. It offers several other ad-
vantages, among them improved rejection of low frequency (l/f)
noise, less shearing of adsorbed samples and better imaging
of viscoeiastic materials which can appear substantially stiffer
at higher frequencies.

There are two common methods for implementing DFM in
fluids. In one, either the tip or the sample is vibrated by the ap-
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Figure 1: (a) Acoustically driven dynamic force microscope; a piezo-electric
drive. A piezoelectric crystal (PZT) generates sound waves which displace
the base of the cantilever driving the tip into oscillation when the driving fre-
quency is near a bending resonance of the cantilever. A laser beam reflected
off the end of the cantilever (not shown) senses a reduction in an amplitude
on approach to the surface, (b) Magnetically driven dynamic force micro-
scope, A solenoid drives a magnetic tip into bending without motion of the
cantilever base. Consequently residual bending of the cantilever on contact
with the surface is minimal. In contrast, relatively large motions of the cantile-
ver base for the case of acoustic drive result in large residual bending signal
when the cantilever touches the sample (c).

plication of an acoustic excitation (Hansma, Cleveland et al. 1994;
Lantz, O'Shea et al. 1994; Putman, Werf et al. 1994). This is illus-
trated in Figure 1a. In another, the tip is manipulated by a mag-
netic force, applied through the action of a magnetic field on a
magnetic tip (Florin, Radmacher et al. 1993; Lindsay, Lyubchenko
et al. 1993; Lantz, O'Shea et at. 1994; Han, Lindsay et al. 1996).
In this article, we will outline the difference in operation between
magnetic and acoustic DFM, review the imaging mechanism and
illustrate the capabilities with examples of biological and pharma-
ceutical materials imaged in solution and controlled humidity.

Magnetic vs. Acoustic DFM
Acoustic drive is achieved with low frequency excitation (kHz

to MHz) which generates long wavelength modes that serve to
translate the cantilever. These do not, of themselves, give rise to
a detectable signal unless the cantilever is driven into bending
motion. This occurs near mechanical resonances of the cantilever,
when the tip moves more than the base of the cantilever. This dis-
tinction is of little consequence for operation in air, because the
mechanical Q-factor (ratio of amplitude on resonance to driving
amplitude) of the cantilever is high. In fluid, the motion of the tip is
severely-damped, and the mechanical Q factor drops to a small
number, typically 3. Thus, if the tip is to be driven at 3 nm peak
amplitude, the cantilever holder must be displaced by 1 nm. Such
large amplitude displacements occur only at mechanical reso-
nances of the microscope, so tip motion is excited only at these
frequencies. On the other hand, magnetic drive bends the tip di-
rectly so that the response follows the intrinsic mechanical reso-
nance of the cantilever itself. This is illustrated in Figure 2 which
shows (a) the response of a magnetically-driven cantilever in wa-
ter (along with the calculated response as a solid line) and (b) the
measured response of an acoustically-driven cantilever (Han,
Lindsay etal. 1996; Schaffer, Cleveland et al. 1996). Thus, acous-
tic drive is limited to frequencies close to a coincidence of acci-
dental resonances in the microscope and the mechanical reso-
nance of the cantilever itself.

A more serious problem is presented by the intrinsic back-
ground signal present with acoustic drive, as illustrated in Figure
1 c. Because of the low mechanical Q, the cantilever base must be
moved a large distance in acoustic drive, so that when the cantile-
ver tip touches the surface, a significant residual bending signal is
obtained (Figure 1c). In magnetic drive, the base remains fixed, so
that the only motion on contact comes from residual magnetic
forces on the cantilever, and, with appropriate construction, these
can be negligible. The result is that the feedback signal (oscillation
amplitude) falls to zero with magnetic drive. It does not in the case
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Figure 2: Amplitude of oscillation vs. drive frequency for (a) magnetic drive and
(b) acoustic drive in water. The magnetic cantilever had a natural resonance
near S kHz and the overall response is close to that expected for an appropri-
ately-damped cantilever (solid line), The cantilever used in the acoustic example
had a natural frequency near 38 kHz, but the peak response occurs near 50 kHz
as a consequence of the vibrational properties of the microscope body.
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of acoustic drive. This is illustrated in Figure 3 which shows
plots of the oscillation amplitude as the surface is approached
for magnetic drive (a) and acoustic drive (b). The magnetic-
drive results in a signal that falls to zero on contact (labeled 3)
whereas the acoustic drive does not {labeled 7) (Lantz, Liu et
at. 1998). The indirect nature of acoustic drive is further illus-
trated by its behavior far from resonance. At low frequency,
very little bending signal is induced, however, as the tip is
pressed into the surface, the base continues to move, with the
result that the bending signal actually increases on contact,
shown by the dashed curve in Figure 3b.

Non-contact operation by DFM in Fluid
O'Shea et a!. (O'Shea, Lantz et al. 1998) and Lantz et al.

(Lantz, Liu et al. 1998) have shown that DFM in fluid can be
operated in non-contact mode, utilizing the changes in fluid
properties that extend some nanometers from a solid surface.
Both groups used magnetic drive in order to control the ampli-
tude and approach to the surface, free from the complications
of acoustic background. In the case of organic fluids, a rapid
increase in viscosity some distance from the interface causes
the oscillation amplitude to be damped {O'Shea, Lantz et al.
1998). In the case of water, a stiffening occurs which results in
a smaller oscillation amplitude at a given driving force (Lantz,
Liu et al. 1998). This regime is shown in Figure 3a. As the sur-
face is approached, the amplitude falls (labeled 1) but not by as
much as the tip is approached {i.e., the gradient, dA/dz is less
than one). On hard contact with the underlying surface (labeled
2) the amplitude falls by as much as the tip is approached (dA/
dz-1). This condition holds only well below a resonant fre-
quency of the tip as explained by Lantz et al. (Lantz, Liu et al.
1998) The same authors also give a simple formula which can
be used to extract the interfacial stiffness as a function of dis-
tance from approach curves like these. Figure 3a also shows
the average dc deflection signal (thin lines). This signal does
not rise until hard contact with the surface. In this example, the
tip was pushed hard into the surface (not shown) so that on re-
traction (thin dotted line) the tip stuck to the surface (labeled 5).
The corresponding ac signal (thick dashed line) remained at
zero until the tip jumped off the surface (labeled 6). Note that
the ac signal is only about 50% of its full value at this point, an
indication of the noncontact nature of the interaction in the re-
gion labeled 1. For a full analysis, see the paper by Lantz et al.
(Lantz, Liu et al. 1993). Operated at small amplitude reduction
in water, the DFM probes contours of constant interfacial stiff-
ness, sensing the underlying surface though its effect on the
intervening fluid layer.

Resolution in DFM
The atomic force microscope has achieved the highest

resolution in contact mode, where there is a possibility that an
atomic-scale asperity can interact with features on the surface
via short range interactions. This comes at the price of strong
interactions between the tip and the sample, so, on biological
materials, the best images have been made from densely
packed films stuck strongly to an underlying substrate. This is
not an optimal arrangement for the study of processes, but
resolution in acoustic DFM has typically been limited to 10 nm
or so. Examples of higher resolution have been shown on se-
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Figure 3: Approach curves showing oscillation amplitude vs. distance from an
underlying surface for (a) magnetic DFM and (b) acoustic DFM. In (a) the ap-
proach curve is the heavy solid line, and the amplitude on retraction is shown by
the heavy dashed line, The fine solid line shows the average displacement of
the cantilever (calibrated in units of contact force in nN) on approach. The fine
dashed line is the same signal on retraction. The numbers refer to the regions of
operation described in the text. Acoustic drive (b) results in a finite background
on contact when driven near resonance (labeled 7) and an inverted polarity of
control signal at low frequency (dashed line).

Figure 4; Images of cytochrome c on graphite underwater taken with acoustic
drive (a) and magnetic drive (b). The scales in both images are the same. Insets
show how compression of asperities on a tip can result in lower resolution when
the tip is approached to the surface roughly. (Sample courtesy of N.J. Tao of
Florida International University.)

Figure 5; DNA microcodes imaged on mica under buffer solution. Cut-out im-
ages are shown at higher magnification above the main image and the arrows
point out the 3,4 nm repeat of the double helix.
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lected features. It is important to measure the width of features
across a whole field of images. Selection of isolated 'good' re-
gions is a dangerous procedure because molecular-scale im-
ages are inherently noisy. Regions can be found where ex-
pected features disappear altogether, which would imply a
negative resolution! The highest resolution images of well-
isolated DNA molecules were obtained with magnetic-drive
DFM, where all the features in the images showed a broaden-
ing of little more than 1 nm (Han, Dlakic etal, 1997). Aside-by-
side comparison of acoustic vs. magnetic drive on the same
sample demonstrated substantial extra noise in the images ob-
tained with acoustic drive (Lantz, O'Shea et al. 1994).

It is not clear why the method of drive should influence the
resolution in DFM, but it is clear that careful control of oscilla-
tion amplitude and approach to the surface are required for high
resolution (Lantz, Liu. et al. 1998). The smallest possible ampli-
tude and subsequent amplitude reduction are required in order
to minimize the interaction between the tip and the sample
(Lantz, Liu et al. 1998). On the other hand, the intrinsically non-
contact nature of the imaging results in reduced resolution be-
cause of the presence of mobile fluid layers between the tip and
sample surface. Thus, the optimal operating point needs to be
chosen with care. This is hard to do with acoustic drive, be-
cause of the background signal in contact and because of the
difficulty of calibrating the amplitude of oscillation when the fre-
quency cannot be adjusted at will (Lantz, Liu etal. 1998).

Harder contact appears to result in broader images, possi-
bly because of damage to fine asperities on the tip. This is illus-
trated in Figure 4 where we show side-by-side DFM images of
a small protein (cytochrome c) on a graphite surface under a
buffer solution taken with acoustic drive (Figure 4a) and under
identical conditions with magnetic drive (Figure 4b). We specu-
late that the difficulty of amplitude calibration in the acoustic
case (Lantz, Liu etal. 1998) resulted in rougher contact with the
surface and consequently poorer images as illustrated by the
insets which show how resolution might be decreased by push-
ing the tip harder into the surface.
Examples of Imaging in fluids and controlled environments

Figure 5 shows images of synthetic DNA microcircles
(Han, Dlakic ef a/. 1997). These tiny molecules are only 168
bases in length, resulting in closed circles of less than 20 nm
diameter. The average full-width of all the images is 3.5 nm,
implying an average broadening of just over a nm. This level of
resolution is just adequate for the major groove of the double
helix to become apparent as is illustrated in the blown-up im-
ages at the top where the helix repeat is marked with arrows.

The technique is of use outside of a strictly fluid environ-
ment, and our next example shows imaging as a liquid film is
developed. Figure 6 shows the melting of lactose crystals used
in aerosol drug-delivery as the ambient humidity was raised
from 76% (Figure 6a) to 96% (Figure 6b). These images were
taken using the environmental chamber that is an integral part
of the PicoSPM from Molecular Imaging (Phoenix, AZ). Some
materials, such as liposomes, are only stable in a liquid envi-
ronment, and Figure 7 shows images of nanometer sized lipo-
somes imaged in buffer. Magnetic DFM permitted gentle and
reproducible imaging of these samples for particle sizing.

We end by showing an example of a biological process

Figure 6: Showing the dissolution of lactose crystals as the relative humidity is
raised from 76% (a) to 96% (sample courtesy of M. Maniaci and G. Ward of
Dura Pharmaceuticals).

Figure 7; Liposomes imaged underwater on a mica surface, (sample courtesy of
R. Voideof the University of California, San Diego),

Figure 8: Intact microtubule on mica under buffer (a). When katanin is added
(b) digestion of the microtubule is observed (b). (Samples courtesy of R. Vale
of the University of California, San Francisco).

imaged at nm resolution. Figure 8 shows an intact microtubule
attached to silanized mica and imaged in microtubule buffer
(BRB12 containing 20 uM taxol) using magnetic-DFM Thirteen
protofilaments are visible across the tubule and each is seen to
consist of repeating units of 4 nm size. These are the tubulin K
and 2 subunits. Such images are easily obtained and give a reso-
lution as good as the best TEM (which is restricted to dried and
stained samples). Because the imaging is carried out in buffer so-
lution, it is straightforward to follow processes, and Figure 8b
shows what happens to these normally stable images on the addi-
tion of katanin, an enzyme which digests microtubules. The micro-
tubule is rapidly destroyed during the scan.

Continued on page 18
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Conclusions
The dynamic force microscope, in which the change in os-

cillation amplitude of a vibrated tip is detected on approach to a
surface, permits gentle non-contact imaging of samples in fluid.
It is an important development in realizing the full potential of
the atomic force microscope for nm-scaie direct imaging of
processes at real, chemically active interfaces. •
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