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Mapping Interaction Forces with the Atomic Force Microscope

Manfred Radmacher, Jason P. Cleveland, Monika Fritz,* Helen G. Hansma, and Paul K. Hansma
Physics Department and *Marine Science Institute, University of California, Santa Barbara, California 83106 USA

ABSTRACT Force curves were recorded as the sample was raster-scanned under the tip. This opens new opportunities for
imaging with the atomic force microscope: several characteristics of the samples can be measured simultaneously, for example,
topography, adhesion forces, elasticity, van der Waals, and electrostatic interactions. The new opportunities are iliustrated by
images of several characteristics of thin metal films, aggregates of lysozyme, and single molecules of DNA.

INTRODUCTION

Understanding and controlling interaction forces in atomic
force microscopy (AFM) (Binnig et al., 1986; Drake et al.,
1989; Rugar and Hansma, 1990) has long been recognized
as important (Weisenhorn et al., 1989; Burnham and Colton,
1989; Weisenhorn et al., 1992; Burnham et al., 1991). It is
increasingly important as more delicate samples like ad-
sorbed proteins (Egger et al.,, 1990), Langmuir-Blodgett
films (Garnaes et al., 1992; Radmacher et al., 1992), mem-
brane patches (Hoh et al., 1991), and live cells (Keller et al.,
1992; Henderson et al., 1992; Hiberle et al., 1992; Fritz et
al., 1994b; Fritz et al., 1994a) are imaged. A better under-
standing of these forces has pushed the AFM from a simple,
high resolution profilometer to a tool for measuring and im-
aging a variety of sample properties like local friction (Marti
et al., 1990) and elasticity (Radmacher et al., 1993; Baselt et
al., 1993). Recently, it was demonstrated that force curves
not only contain information about adhesion forces (Hoh et
al., 1992), van der Waals forces (Hartmann, 1991), or elec-
trostatic forces (Butt, 1991), but also more complicated
properties like elasticity (Tao et al., 1992; Weisenhorn et
al., 1993) and lateral forces (Hoh and Engel, 1993). The
demonstration that interaction forces can be measured with
atomic resolution (Ohnesorge and Binnig, 1993) makes the
idea of mapping forces very promising (Mizes et al., 1991;
Baselt and Baldeschwieler, 1994). In this paper, we com-
bine the vast information content of force curves with the
ability of the AFM to raster-scan the sample with high pre-
cision. We record a complete set of force curves and dem-
onstrate how images showing surface topography, adhe-
sion forces, and other properties of the sample can be
extracted out of these data sets.

MATERIALS AND METHODS

Two types of thin metal films on different substrates were prepared: nickel
on freshly cleaved mica and chromium on glass. These films were evapo-
rated in a home-built thermal evaporator. The average thickness of the nickel
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deposited was 10 nm, resulting in small isolated islands of nickel on the
mica. Chromjum was evaporated on a microscope cover slide after a sus-
pension of latex beads (Sigma Chemical Co., St. Louis, MO; radius 450 nm)
was air-dried on it. The latex beads shadowed the substrate during evapo-
ration so that the glass was not covered everywhere. Ultrasonication re-
moved the latex beads, resulting in a sample that was only partially covered
by chromium.

Lysozyme (from Chicken egg white, purchased at Sigma) was dissolved
in a buffer containing 66 mM KH,PO, (pH 6.4) to a concentration of 0.1
mg/ml and adsorbed on freshly cleaved mica. After incubation for 20 min,
the buffer was exchanged against a buffer containing 10 mM KH,PO, (pH
6.4). This procedure resulted in relatively stable aggregates of lysozyme that
could be imaged easily by AFM. The details and the influence of the buffer
composition on whether single molecules or aggregates will adsorb on glass
will be discussed elsewhere (Radmacher et al., 1994, in press).

Bluescript plasmid DNA (Stratagene, La Jolla, CA) was dissolved in a
buffer containing 0.4 mM HEPES and 0.1 mM MgCl, (pH 7.6) and adsorbed
on freshly cleaved mica. The sample was rinsed with pure water (Milli-Q
quality, Millipore, Burlington, MA) and dried for 10 min or longer in
vacuum over P,O. It was then imaged in water in the AFM (Hansma et al.,
1993; Bezanilla et al., 1993).

Two different kinds of tips were used: homemade electron beam de-
posited tips (Keller and Chih-Chung, 1992; Hansma et al., 1992) (for the
DNA images) and commercially available sharpened silicon nitride tips
(Akamine et al., 1990) (Nanoprobes, Digital Instruments, Santa Barbara,
CA) (for all other images). The force constants of the levers used was not
measured. Therefore, typical values for the wafers were taken. It is known
that the force constants vary greatly from wafer to wafer, but vary by less
than a factor of two on one wafer (Cleveland et al., 1993).

All measurements were made in buffer, to eliminate strong capillary
forces, which are usually present while imaging in air.

Force curve images were recorded using modified Nanoscope II elec-
tronics (Digital Instruments). The Nanoscope itself was only used for gen-
erating the scan voltages in the x and y directions. The z-signal of the piezo
was driven by analog electronics using a function generator (Model 184,
Wavetec, San Diego, CA) biased by a high precision DC power supply
(Model 6116 A, Hewlett Packard, Santa Clara, CA). The data were recorded
on a separate computer (Macintosh Quadra 840 AV, Apple Computers,
Cupertino, CA), equipped with a data acquisition board (MacAdios II, GWI
Instruments, Sommerville, MA), and controlled by custom software. This
program also recorded the scan voltages generated by the Nanoscope so
that the data could be split into lines and pixels corresponding to the lateral
movement of the piezo after acquisition. The data were rearranged in several
ways (see below) and exported to an image analysis program (NIH-Image
by Wayne Rasband, National Institutes of Health, Bethesda, MD). The
electronics could be switched back, so that the z-voltage was controlled by
the Nanoscope again, thus making it possible to acquire conventional to-
pography AFM images.

Typical imaging parameters were the following: force curves were
swept at about 70-100 Hz with amplitudes of several hundred nanom-
eters. The approach and the retract curves were sampled at 100 points
each. Lateral scanning was performed at about 0.1 Hz scan rate. Typi-
cally, only every third force curve was recorded, resulting in 25 force
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curves per second, or about 120 force curves per scan line. Because data
were recorded for the trace and retrace scan of each lateral scan line and
typically 100 lines per image were recorded, a complete data set con-
sisted of 24,000 force curves.

Display of data

There are two common methods of data measurement and presentation in
normal AFM. One is the force curve. Here, the x and y voltages are held
constant, z is ramped, and the cantilever deflection is measured as a function
of z (see Fig. 2). These data are usually displayed in a one-dimensional graph
of cantilever deflection versus z. In these graphs, the sloped part of the curve
corresponds to heights where the tip is in contact with the surface, the
horizontal part of the curve to heights where the tip is not in contact with
the surface. A simple transformation (Burnham et al., 1991) easily converts
this to the force experienced by the tip as a function of the distance above
the sample. The other method is an AFM image. Here, a single height (either
the sample height required to keep the deflection of the lever constant, or
the deflection of the lever itself) is generated for each of many lateral sample
positions (usually a square array). This data then defines a three-dimensional
surface that can be visualized using color or gray scale to represent the z data
in a two-dimensional image, or using a two-dimensional rendering of the
three-dimensional surface.

In the present work, we recorded force curves at each of many lateral
sample positions, creating a map of cantilever deflection as a function of
sample position in three dimensions. In fact, two separate maps, one for
approach and one for retract, are recorded. Data sets of this type are in-
herently three-dimensional and cannot be visualized easily.

One method of presenting the data is to display a set of force curves as
a function of the position as in Figs. 3 and 5. All of the force curves of one
scan line are stacked one behind the other, generating a surface we have
named a force curve relief. In Fig. 3, two such reliefs, one for approach and
one for retract, are displayed using a three-dimensional reconstruction al-
gorithm. This algorithm uses a viewer position and a light source position
for calculating the amount of light reflected from each spot of the relief. The
side view of these reliefs corresponds to one force curve, but displayed
upside down relative to the curves commonly displayed. The plateau in the
back of cach relief corresponds to the noncontact part of each force curve,
the slope in the front to the contact region. The edge of the plateau is the
point of contact of every force curve, so the shape of this edge resembles
the topography (see Fig. 5).

A different approach is needed for displaying real two-dimensional
images, where the position in the image corresponds to the position on
the sample and the gray scale at that position corresponds to some meas-
ured quantity at that position. In AFM images like Fig. 1 a, this quantity
is the height. There are several quantities that can be extracted out of the
force curve data. One is the z-position of the point of contact. This will
result in a height image (Fig. 1 b). We defined the point of contact as the
intersection of the contact region of the force curve and the noncontact
region of the force curve (see Fig. 2 A). With this definition, the point of
contact is that height, where the tip would have touched the sample, if
there is no attractive force resulting in a mechanical instability so that the
tip jumps to the sample. This definition makes the point of contact inde-
pendent of the long range attractive forces and reveals a measure for the
topography of the sample. Another quantity is the height of the jump to
contact. The jump to contact occurs at that sample position at which the
attractive gradient of the force becomes larger than the force constant of
the cantilever spring. Therefore, the height of the jump to contact shows
how long ranged the attractive forces between tip and sample are. Usu-
ally, there is a large hysteresis during retract, which is due to mechanical
properties of the cantilever-sample system and adhesion forces. The hys-
teresis can be measured by its height (in units of force) and its width (in
units of nm). Normally, these two numbers are proportional (related by
the force constant of the cantilever), but they can be different, for in-
stance, in cases where there are soft adsorbed layers on the sample. These
are only the most straightforward quantities to be extracted from force
curves. Other quantities like elasticity, electrostatic forces, and lateral
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forces could also be extracted, as described by other groups (Tao et al.,
1992; Weisenhorn et al., 1993; Butt, 1991; Hoh and Engel, 1993). An-
other example is the elastic response of proteins, which will be discussed
elsewhere (Radmacher et al., 1994, in press).

Another more abstract way of thinking and handling our data is the
following: we actually have recorded the cantilever deflection or the force
as a function of all three space coordinates x, y, and 2. So we have meas-
ured a scalar function F(x, y, z). We can visualize subsets of the data set
by reducing the dimensionality of the data so that it can be displayed as a
line or surface. For instance, a one-dimensional slice through this volume
in the z direction is just a familiar force curve. A two-dimensional slice in
the x-y plane (in the contact region) contains the same data as a constant
height AFM image, and a constant force image is an approximation (lim-
ited by feedback response) of a two-dimensional constant force surface
through the data.

RESULTS

In Fig. 1, images of the thin nickel film evaporated onto a
freshly cleaved mica are shown. The average film thickness
was 10 nm, resulting in a sample with small separate islands
of nickel. Fig. 1 a shows the AFM image of this sample
before the force image was recorded. Note the streaky fea-
tures on top of several Ni particles, presumably due to some
adsorbed contaminant (see arrow in Fig. 1 a). Fig. 1 b shows
the height profiles reconstructed from the force curves. In
this figure, the point of contact of the force curve, following
the previous definition, is shown. Please note the good con-
gruence between the normal AFM images (Fig. 1 @) and the
reconstructed data (Fig. 1 b). There was also excellent con-
gruence between the images extracted out of the force curve
data acquired during trace and retrace. Fig. 1 ¢ shows the
height of the jump to contact of the force curves. The size
of the hysteresis during retract of the force curve is coded in
two sets of images: Fig. 1 d shows the height of this hys-
teresis, and Fig. 1 e show the width of this hysteresis. Nor-
mally, the images of the width and the height of this hys-
teresis should look similar. However, this is not true in cases
where some soft contaminant layer is adsorbed on top of the
Ni particles. To make this point clearer, Fig. 2 shows several
force curves out of the same data set as in Fig. 1 at three
different spots on the sample: Fig. 2 A on top of the con-
taminated particle (see the arrow in Fig. 1 a), Fig. 2 B on the
mica between the Ni islands, and Fig. 2 C on an uncon-
taminated Ni island. Note that the adhesion force on the Ni
is usually smaller than on mica, but becomes huge on the
contaminant layer. Also, there is no clear jump off visible on
the contaminant (Fig. 2 A), suggesting some wetting like
process (see Discussion).

Fig. 3 shows the reconstruction of one complete line of
force curves. The force curves (like in Fig. 2) of one scanning
line are stacked one behind the other, building a three-
dimensional structure. This structure is displayed using an
elaborated computer algorithm, which calculates a 3D re-
construction out of these data. In Fig. 3 a, the force curves
during approach are shown. Mainly, the topography is visible
as sliding back and forth of the contact point. There are two
nickel particles crossed in this scan line (see arrows in Fig.
3 a). Fig. 3 b shows the force curves during retract. Note the
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FIGURE 1 A thin nickel film (average thickness 20 nm) was evaporated onto mica. Surface tension of the nickel leads to small nickel islands exposing
mica in between. (a) The AFM image of the sample before the force image. Note the streaks on several nickel islands (e.g., see arrow in a) that are presumably
due to some contaminant. The following figures are reconstructed images out of the two-dimensional set of force curves. (b) The topography. (¢) The height
of the jump to contact; (d) the height of the hysteresis during retract; (e) the width of this hysteresis. For details and hints for interpretation these images,

see text (image size: 1100 nm X 800 nm).
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FIGURE 2 Force curves of the same sample as in Fig. 1 at different
locations. Note the differences in adhesion between the contaminated nickel
particle indicated by an arrow in Fig. 1 a (A), the substrate mica (B), and
an uncontaminated nickel island (C). The force curves were inverted com-
pared to Fig. 2. The tilted region in the front corresponds to the contact

region, where the plateau in the back corresponds to the noncontact region
of the force curves.

wetting-like hysteresis of the contaminated particle (the same
that is indicated by an arrow in Fig. 2 A).

Fig. 4 shows images reconstructed out of force curves
from a chromium-coated glass cover slide. Before evapo-
rating the chromium onto the glass, a dispersion of small
latex beads (450-nm diameter) was air-dried on the slide. The
latex beads were rtemoved in a sonicator after coating the
sample with chromium, so that the uncovered glass was vis-
ible again. Fig. 4 a is the reconstructed height image, and Fig.
4 b the hysteresis during retract. Note that in Fig. 4 b, no
evident difference is visible in the adhesion on the chromium
(higher parts of Fig. 4 a) and the glass substrate. Clearly
visible is that the adhesion force seems to be smaller on the
boundaries between the chromium and the glass. This is
probably a topographic effect (see Discussion).

Fig. 5 shows lysozyme adsorbed on freshly cleaved mica.
Fig. 5 a is an AFM image of the sample, whereas Fig. 5, b
and ¢ show force curve reliefs recorded during lateral scan-
ning (along the line indicated in Fig. 5 a). Fig. 5 b shows the
approach trace, and Fig. 5 ¢ shows the retract trace. The
adhesion on the protein lysozyme is very much smaller than
on the substrate. In this image, a silicon nitride tip was used.

Fig. 6 demonstrates that even single molecules can be de-
tected through local differences in adhesion forces. Fig. 6 a
shows the AFM image of double-stranded DNA molecules
adsorbed onto mica before force curves were recorded; Fig.
6 b shows this after recording. Note that the multiple tip
causing the image in Fig. 6 a disappeared after or during
recording force curves resulting in a clearer image (Fig. 6 b).
This effect of “tip cleaning” has been reported recently in a
related technique of a novel tapping mode under liquids
(Hansma et al., 1994). The adhesion forces, extracted out of
the force curves are shown in Fig. 6, ¢ and d, for trace and
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FIGURE 3 ' Three-dimensional reconstruction of all the force curves of one scan line containing the contaminated nickel particle indicated by an arrow
in Fig. 1 a. The force curves are stacked one behind the other building a force relief. Two reliefs, one for the force curves measured during approach (a)
and the other during retract (b) are shown. The force curves in this figure are displayed upside down compared with Fig. 2.

retrace, respectively. Note that the shape of the DNA is
visible as a region with lower adhesion forces.

DISCUSSION

The force curve images in this paper revealed several sur-
prising results. The adhesion forces on the metals under in-
vestigations were of the same order (chromium on glass) or
even smaller (nickel on mica) than the adhesion on dielectric
substrates. Because the Hamaker constants for metals are
typically one order of magnitude larger than for dielectric
materials (Israelachvili, 1992), the van der Waals forces also
have to be larger. This fact shows that, in our case, not van
der Waals forces but some other mechanism is the main
source for the observed adhesion. A possible explanation is

FIGURE 4 Images reconstructed from force curves from a glass slide partially coated with chromium (for details of sample preparation, see text). (a)
The topography, the higher parts corresponding to the chromium on the glass sample. (b) The height of the hysteresis during retract, which is the adhesion.
Note that the most prominent features in b are a reduced adhesion on the edges of the chromium islands (image size 1000 nm X 610 nm).

specific adhesion forces, for example, the formation of
H-bonds, which has been observed in an earlier study
(Hoh et al.,, 1992).

Another point worth discussing is the force curve shown
in Fig. 2 A. The hysteresis during retract does not show the
sharp cusp usually observed (see for instance Fig. 2, B
or C), but stays approximately constant as the sample is
moved farther away (see arrows in Fig. 2 A). This leads to
the hypothesis that the sample stays in contact for a long
distance without deflecting the cantilever further. This
means that the force is only weakly dependent on the dis-
tance. This behavior is similar to the wetting force ex-
pected from a very soft and fluid-like contaminant on the
sample at that spot. This contaminant might be pulled
along while the tip is retracted from the surface. Because
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FIGURE 5 AFM image of lysozyme adsorbed on mica (a). The lysozyme
formed aggregates on the mica, which could be imaged by AFM without
destroying them. (b, ¢) A line of force curves recorded on the line indicated
in a. Note that the adhesion on the substrate is much larger than on the
protein (image size 700 nm X 700 nm).

the energy of this wetting is proportional to the surface
area of the wetting film between tip and sample, the inde-
pendence of the force with distance means that this film
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becomes longer, while not changing its diameter by very
much. In this case, the surface energy would just be pro-
portional to the distance, hence the force would be
constant.

Fig. 4 demonstrates that some care has to be taken while
interpreting forces in AFM. In this image, topography has
a large effect on the forces visible. It is understandable that
the contact radius between tip and sample depends on the
local tilt of the sample. The point of contact of the tip will
be different for different sample orientations. Knowing the
geometry of the tip, one would expect the contact area be
larger at the side of the tip, hence the adhesion force
would be larger. Fig. 3 shows that the opposite effect can
occur. This could be due to a very special tip shape, but
this is unlikely because the effect of lower force appears
on every side of each chromium island. This implies that
the tip is relatively isotropic. Another possible explanation
is that the pull off is easier because of sample tilt. The tip
does not have to be pulled off in one step, but can start
sliding and then be pulled off more easily. A macroscopic
model is two glass slides in contact, with a thin film of
water in between. It is very difficult to pull them directly
out of contact, but sliding them against each other is
very easy.

This is only one example showing that the geometry, es-
pecially the point of contact and local sample tilt, can have
an influence on the measurable local forces. But there are
many other effects possible. For instance, a very soft sample
will have a much higher contact area with the tip than a hard
sample (Johnson et al., 1971). Hence, the adhesion force can
be higher, even if the adhesion energy per unit area is smaller.
Soft, wetting contaminants on the tip can have a similar ef-
fect. One prerequisite of this technique is that the tip stays
more or less unchanged during recording of the image. But
it is known, from sharp tips (electron beam-deposited tips or
silicon single-crystal tips (Cleveland et al., 1994)) that cata-
strophic events like tip breakage occur very often.

Fig. 5 shows force curve data on aggregates of lysozyme.
The difference in adhesion between the lysozyme and the
substrate is clearly visible: the adhesion is lower on the ly-
sozyme than on the substrate. This demonstrates that force
curve imaging works even on soft materials. This point is
stressed by Fig. 6 even further, which shows images on
double-stranded DNA. The resolution in this image is low:
the DNA is only barely visible in the adhesion map. But the
comparison of the two independent data sets acquired during
trace (Fig. 6 ¢) and retrace (Fig. 6 d) shows clearly that single
DNA molecules are detected and that the adhesion is lower
on the DNA compared with the mica surface, just as for
lysozyme.

CONCLUDING REMARKS

We have demonstrated that interaction forces can be im-
aged with molecular resolution using a novel imaging
mode in AFM where force curves are recorded while the
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FIGURE 6 Images of several strands of DNA adsorbed on mica. (¢) The AFM image before the force curve mapping; (b) after the force curve mapping.
Note that the double tip apparent in a disappeared during force curve mapping. Therefore, the poor imaging quality of the tip in a might be explained by
some contaminant on the tip, which was removed by recording several thousand force curves. The adhesion map calculated out of the force curve data
(shown for trace ¢ and retrace d). The DNA strands are clearly visible in these images. (image size S00 nm X 345 nm).

sample is raster-scanned under the tip. A wealth of infor-
mation can be extracted out of the force curves, including
topography, adhesion forces, electrostatic interactions,
elasticity, and friction forces.
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