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Abstract

The apparent height and lateral extent of very small metallic clusters and
particles adsorbed on flat substrates have been calculated for
frequency-modulation non-contact atomic force microscopy (ncAFM). The
ncAFM scanning tip was modelled as a Si sphere covered by 1 nm of SiO,.
This tip sphere of either 5 or 20 nm total radius (including an SiO; layer) is
attached to a cantilever of spring constant k = 40 N m~! and oscillated with
a 10 nm amplitude. The tip was rastered across the centre of a single cluster
of Pd atoms or a single Pd particle located on a flat continuum substrate of
alumina or Pd. The clusters were one-atom-thick close-packed
arrangements of 19 or 91 atoms (1.4 or 3.0 nm wide); the particles were
continuum spheres of diameter 2.0 or 4.0 nm. The tip—substrate and
tip—particle interactions were modelled with 6-12 Lennard-Jones potentials.
The attractive interaction was taken to be the London—van der Waals
dispersion interaction whose magnitude was estimated from Hamaker
constants calculated from bulk optical constants of Si, SiO,, Pd, and
alumina. The repulsive interaction was determined from estimates of the
atomic radii using densities of the bulk materials. These simulations show
that the apparent heights of particles imaged by ncAFM range from just
12% of the actual height for the smallest Pd cluster on a Pd substrate to 95%
of the actual height for the largest Pd particle on an alumina substrate. The
apparent widths of the clusters were similar to those in contact AFM. These
results show the most accurate height measurements occur when the lateral
extent of the cluster or particle is comparable to or larger than the radius of
the tip and when the Hamaker constant for the interaction of the tip with a
cluster or particle is larger than that for the tip with the substrate.

1. Introduction surfaces. Frequency-modulation non-contact atomic force

microscopy (ncAFM) has provided impressive atomic
Future developments in nanotechnology may require accurate  resolution on insulating surfaces [1-3], giving ncAFM great
measurements of very small, atom-high particles on insulating  potential for detecting and measuring very small particles.
5 Author to whom any correspondence should be addressed. Experiments for Pd clusters on «-alumina indicated that
6 Current address: Max Planck Institute for Solid State Research, ~NCAFM withconventional Sitips was not detecting the smallest
HeisenbergstraBe 1, D-70569 Stuttgart, Germany. clusters and was incorrectly measuring the height of clusters
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it did detect [4, 5]. The present work was carried out
to estimate under what conditions ncAFM can be expected
to correctly measure the height of small clusters on flat
surfaces. The simulations are confined to Si tips represented
as continuum spheres of radius 5 or 20 nm interacting with
simple cluster or particle shapes. The tip—sample interactions
are approximated by pairwise integrations of Lennard-Jones
6-12 atom—atom interactions (no electrostatic, magnetic, and
chemical interactions). The model of a sphere to represent
an extended tip has previously been shown to be appropriate
for ncAFM [6]. The conical part of the tip remote from the
spherical end of radius Ry, does contribute a significant portion
of the total force when the end of the tip is at distances from
the substrate comparable to or greater than R;,. However, the
integral over distance which determines the frequency shift in
ncAFM is primarily determined by the forces at the closest
approach distance (in the absence of electrostatic, magnetic,
or other long-range forces) [6]. Two Pd cluster or particle
shapes, each in two sizes, are considered: (a) one-atom-high
close-packed (i.e., (111)-like) hexagonal clusters of either 19
or 91 atoms with widths of 1.4 or 3.0 nm, and (b) continuum
spherical particles with diameters of either 2.0 and 4.0 nm.
The substrate is represented as a semi-infinite continuum with
properties chosen to represent o-alumina or Pd.

The electronics in ncAFM measure the resonant frequency
[ of the tip—cantilever system (tip) as it is forced to oscillate
between a closest approach distance z (measured here from
the edge of the substrate to the edge of the tip) and a distance
Z + 2A from the edge of the substrate to the edge of the tip,
where A is the oscillation amplitude of the tip. For ncAFM
topography measurements, a feedback circuit adjusts the tip—
substrate closest approach distance z to maintain a constant
frequency shift Af = f — fy, where fy is the resonant
frequency when the tip is far away from the substrate. Typical
ncAFM measurements are made in the region where the tip—
sample interaction is attractive (‘attractive force’ region). In
order for the ncAFM distance feedback circuit to function
stably, the motion of the ncAFM tip must be in a region
where the frequency shift Af changes monotonically with z
(Af increases in magnitude (becomes more negative) with
decreasing z).

Our calculations indicate that the heights of clusters are
seriously underestimated (as small as 12% of the actual height)
when the tip diameter is large compared with the lateral
extent of the particle, consistent with recent experimental
observations [4, 5]. The errors are reduced somewhat for
clusters with Hamaker constants higher than the substrate.
The attractive van der Waals interaction has been previously
shown to cause ncAFM errors in topography measurements
near steps [7] as well as in the difference in the apparent height
of adsorbed molecules [8].

2. Simulation parameters and geometries

2.1. Potentials

The calculations used Lennard-Jones 6-12 atom—atom pair
potentials V; to represent the effective interactions of atoms
in the tip (subscript 1) with atoms of Pd (subscript 2) or atoms
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of alumina (subscript 3).
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where ry; is the distance between the centres of the two atoms,
and o1; and &;; are species-dependent constants determined
as indicated below. Such a potential has been used in a
number of published ncAFM simulations, such as for the
ncAFM interaction between one Si tip atom and one layer
of xenon atoms [9, 10]. Summation of this pairwise potential
over the atoms in two bodies yields the net van der Waals
interaction between those bodies [11-13]. Exact analytical
integrals of this interaction [S] were used instead of short-
distance approximations [12]. This potential was integrated
over a continuum sphere used to model the AFM tip and then
either summed over Pd atoms in the one-atom-thick clusters
or integrated over Pd atoms in spherical Pd clusters. This
potential was also evaluated for the interaction between a
spherical tip and a semi-infinite slab of either Pd or alumina,
which is used to model AFM tip—substrate interactions.

2.2. Lennard-Jones parameters

Hamaker constants were used to determine the attractive
(London dispersion) component of the Lennard-Jones
equation (1). These were obtained from full-spectrum
calculations [14] using experimentally measured bulk optical
constants for Si and SiO, [15], Pd [16], and alumina [14],
and are listed in table 1. These Hamaker constant calculations
are based on Lifshitz quantum electrodynamics theory [17],
taking into consideration both the effects of retardation and an
arbitrary number of materials layers in the configuration, and
have been applied to sub-nanometre materials configurations
previously [18]. The subscript v in H;,; represents the vacuum
layer which is taken as the variational layer in each of these
free energy calculations of the London dispersion interaction.
The Hamaker constants for the tip—cluster interaction (Hy;)
and the tip—substrate interaction (Hy, for Pd substrate or Hiy3
for Al,O3 substrate) given in table 1 were calculated for two
different materials configurations of the tip, either a bare Si
tip, or a tip on which a 1 nm thick layer of SiO, had formed.
The apparent heights of the clusters studied turned out to be
dependent on the ratio of the tip—cluster Hamaker constant
to the tip—substrate Hamaker constant, which we define as
a = Hyy,/H)ys, where the subscript s refers to the substrate
which is either Pd (j = 2) or Al,O3 (j = 3). This ratio for Pd
on Al,Oj3 is not strongly affected by a SiO, layer on the Si.

The attractive part of the van der Waals interaction was
then determined from bulk particle densities p; and from the
Hamaker constants by

Hlv‘
de, 00 = — Y 2
€1j07; Py (2)
where the value of o1; was obtained from
o1 = (o1 +0j;)/2. 3)

When both tip and substrate or tip and particle are treated
as continua, the sphere-to-plane or sphere-to-sphere integral
involves the same product p;p; as equation (2) and one can
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Table 1. Volume densities p;, Hamaker constants (H;, ;) where v corresponds to vacuum (Vac.), and van der Waals parameters o;; and &;;.

Materials and configuration pi (102 m=3%)  H,, i(@J )b H;yj ratio” o;j (nm) g (eV)
Si|Vac.|Si 5.00 Hpy =212° 0.280 2.66 x 1072
Pd|Vac.|Pd 6.80 Hoy = 375¢ 0.252 5.24 x 1072
Al,05|Vac.|Al,O4 7.07* Hiyz = 168° 0.249 2.23 x 1072
Si|Vac.|Pd Hy, = 271°

Si|Vac.|ALL O3 Hyy = 175"

H (Si|Vac.|Pd)/H (Si|Vac.|Al,O3) a=1.55

Si|l nm SiO,|Vac.|Pd Hiy, = 1658 0.266 2.17 x 1072
Si|l nm SiO,|Vac.|Al,0O4 Hiyz = 1108 0.264 1.46 x 1072
H (Si|1 nm SiO,|Vac.|Pd)/H (Si|l nm SiO,|Vac.|Al,03) a=1.50

H (Si|1 nm SiO;|Vac.|Pd)/H (Si|1 nm SiO,|Vac.|Pd) a =1.00

* Assuming 3 O quasiatoms per Al,Os.
® 1 zeptojoule (zJ) = 107! J.

¢ Calculated from optical constants in French et al [15] for a vacuum gap less than 1 nm.

4 Calculated from optical constants in Palik [16] for a vacuum gap less than 1 nm.
¢ Calculated from optical constants very similar to those used in French [14] for a vacuum gap less than 1 nm.

f Calculated for a vacuum gap less than 1 nm.

¢ Calculated for a vacuum gap less than 1 nm when there is a 1 nm thick SiO, layer on the Si surface.
" The tip—surface H;,; ratio is defined as @ = H,,»/H),s where s refers to the substrate, which is either Pd (j = 2) or AL,O; (j = 3).

] Y AS L /
Top view
0.8F | of cluster
Side view
of tip
~ 0.6
£
£
N 04
0.2} Calculated profile
Side view of cluster

0 L L L L . L
-8 -6 -4 -2 WHW 2 4 6 8
x(nm)
Figure 1. Calculated topography profile z versus x for an
R, = 20 nm tip scanned across a 19-atom Pd cluster on an Al,O;
continuum substrate at z < 0. The cluster is shown in top view in
the inset at upper left; the dotted line is the path of the tip for the
profiles shown for clusters. Outside of the inset, the vertical z scale
is exaggerated by a factor of 10 relative to the horizontal x scale.
The centre of the Pd atoms is located at 0.112 nm (0.5 of the bulk
Pd(111) interplanar spacing) above the edge of the continuum
representation of Al,O3. The diameter of the Pd atoms shown is the
same as the lateral spacing of the Pd atoms, which is assumed to be
the bulk nearest-neighbour spacing of 0.275 nm. All calculations
assumed a cantilever spring constant of k = 40 N m~! and an
oscillation amplitude of A = 10 nm.

then show that the value of o7 affects only the repulsive part
of the interaction potential. For simplicity in calculation, we
assumed arbitrarily that the tip, Pd, and alumina are all face-
centred-cubic (fcc) solids with the number density of atoms
per unit volume p;. The parameters o;; were determined from
the nearest-neighbour distance (d;;) from the relationship for
a zero temperature fcc solid bound by the 6-12 potential [19]

Oji = d,,/109 (4)
The tip density p; was taken to be that of bulk Si. The alumina
solid was modelled as a uniform fcc solid of three quasiatoms

per AlO3 unit. The ‘atomic radius’ of these quasiatoms was
determined by their number density in Al, Os. (This is assumed
to approximately represent the finding of Soares et al [20] that
the Al-O bonds of the surface Al atoms are almost parallel to
the surface atoms in the top layers of alumina.) Table 1 shows
the values of the parameters. For this choice of quasiatom for
Al,O3 the number density per unit volume is very similar for
Pd and Al,O5. Results not shown here indicated that the choice
of 0 does affect the frequencies, but it does not significantly
affect the apparent heights or widths of the clusters.

2.3. Geometries

In order to locate the Pd atoms relative to the substrate, we
assumed that the edge of the continuum substrate is located at
one half the bulk (111) interplanar spacing from the centre of
the atoms in the outermost layer of the substrate (0.112 nm for
Pd). Figure 1 shows the geometry of the smallest cluster and
the end of a 20 nm radius Si tip along with an apparent height
profile to be discussed below. Except for the inset that shows a
top view, the vertical scale on this figure has been exaggerated
by a factor of 10. The diameter of the Pd atoms shown is
identical to the nearest-neighbour spacing (0.275 nm) of bulk
Pd. The spherical Pd particles were positioned so their edge
contacted the edge of the continuum substrate.

3. Profiles derived from simulations of frequency
shift

Simulating the topography profile (z as a function of lateral
position x) requires calculating the frequency shift as a function
of z (vertical axis in figure 1) for each lateral position x (i.e.,
at a number of positions along the horizontal axis in figure 1).
Calculations are presented here for lateral positions x along a
symmetry axis of a Pd cluster (shown as a dotted line in the
inset of figure 1 for the 19-atom cluster) or along the centre-line
of a Pd spherical particle

Tip—surface forces in the z-direction were calculated from
a numerical derivative of the total potential at instantaneous
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Figure 2. Calculated frequency shifts Af/f, versus z (b), (c), (e), (f) and topography profiles z versus x ((a), (d)) for 20 and 5 nm radius
silicon tips scanning over 19- and 91-atom clusters of Pd atoms located near the edge of an Al,O3 continuum as shown in figure 1. The
frequency shift Af/ fy is plotted as a function of the closest approach distance z between the edge of the tip and the edge of the substrate and
is shown for lateral positions x starting over the centre of the cluster (the curve with the most negative minimum near z = 0.34 nm) and

moving by intervals of 0.3 nm for R;, = 5 nm ((e), (f)) or 0.5 nm for

Rip = 20 nm ((b), (c)) laterally away from the centre until only the

substrate contributes (the curve with least negative extremum near z = 0.17 nm). Horizontal dashed lines indicate the frequency shifts

Af/f, used for the lateral profiles: —5.0 x 107 (b), —=9.0 x 107 (c)

,—1.9 x 107 (e), and —2.0 x 10~* (f).
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Figure 3. Calculated frequency shifts Af/f, versus z (b), (c), (e), (f) and topography profiles z versus x ((a), (d)) for 20 and 5 nm radius
silicon tips scanning over 2 and 4 nm diameter continuum Pd particles just contacting the edge of an Al,O3 continuum. The frequency shift
Af/fo is plotted as a function of the closest approach distance z between the edge of the tip and the edge of the substrate and is shown for
lateral positions starting over the centre of the cluster (the curve with the minimum at the largest z) and moving by intervals of 0.3 nm for
Rip, = 5 nm ((e), (f)) or 0.5 nm for R, = 20 nm ((b), (c)) laterally away from the centre until only the substrate contributes (the curve with
least negative extremum near z = 0.17 nm). Horizontal dashed lines indicate the frequency shifts A f/f, used for the lateral profiles:

—0.8 x 107* (b), —1.0 x 10~* (c), —5.0 x 107> (e), and —8.0 x 107> (f).

tip—surface distance intervals of 0.01 nm. The frequency shifts
Af/fo were then calculated from the tip—surface forces using
a discretized method described by Giessibl [21]. Note that
the resonant frequency shifts are only affected by the forces
perpendicular to the surface. The results presented here are
for tip oscillation amplitude A = 10 nm and a spring constant
k = 40 Nm~'. Calculations not shown here indicated that
the topography profiles were approximately independent of
amplitude for A > 0.1 nm.

Examples of the frequency shifts Af/fy plotted
versus the nearest approach distance z are shown in
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figures 2(b), (c), (e), (f) for one-atom-thick Pd atom clusters
and in figures 3(b), (c), (e), () for spherical Pd particles. In
each of these figures there are several Af/fy versus z curves,
corresponding to different lateral positions x of the tip across
the particle. The frequency shifts were calculated at several
horizontal positions along a symmetry axis of the cluster or
particle, starting over the centre (e.g., the curve with the most
negative minimum near z = 0.34 nm in figures 2(b), (c), (e), (f)
or near z = 2 and 4 nm in figures 3(b), (e) and (c), (f),
respectively) and moving by intervals of 0.5 nm for Ry, =
20 nm (panels (b), (c) in figures 2 and 3) or 0.3 nm for
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Ri, = 5 nm (panels (e), (f) in figures 2 and 3) laterally away
from the centre until the x position is far enough from the
cluster or particle that only the substrate force remains (the
curve in each panel with the least negative minima located
near z = 0.17 nm). The frequency shifts are more negative for
the larger tip and for the larger cluster or particle where there
is a much greater tip interaction.

As the tip moves laterally away from the centre of the
cluster (x increasing from 0) and thus interacts less strongly
with the cluster, the negative extremum of the frequency shift
for figures 2(c), (e), (f) and figures 3(c), (f) becomes more
positive, with the largest effect for the Rj, = 20 nm tip in
figures 2 and 3. As the x position of the tip subsequently
moves further away from the centre of the cluster, the negative
extremum starts to become more negative and moves to smaller
z as the tip is able to approach closer to the substrate. The
negative extremum becomes more negative than for the bare
substrate at a point where part of the tip is attracted to the
cluster and part is attracted to the substrate, with the largest
effect for the clusters in figure 2.

The line profiles in figures 2(a), (d) and 3(a), (d) were
determined from the largest z position (as the tip approaches
the surface) for each position x at which the frequency shift
Af/fo was equal to the setpoint shown by horizontal dashed
lines in figures 2(b), (¢), (e), (f) and in figures 3(b), (¢), (e), ().
In other words, each data point along a profile curve z(x)
is obtained from the Af/fy versus z curve calculated at that
value of x by finding the largest z where the frequency shift
setpoint condition is met. These profiles are what would be
obtained from an ncAFM image made with close to optimal
feedback conditions. Accurate measurement of the heights
of small clusters or particles requires that the Af/fy setpoint
(used for topography feedback in ncAFM) be as negative as
possible consistent with a monotonic increase in frequency
shift with increasing distance z between the closest approach
of tip and the sample for every x, y position included in a scan.
In other words, a more negative frequency shift setpoint allows
a more accurate measure of true nanoparticle height (up to a
point, as discussed below). This is illustrated by an example
in figure 4 where the change in apparent height as a function
of the frequency setpoint is shown for a 91-atom cluster of Pd
on Al,Oj3 interacting with an Ry, = 20 nm Si tip.

However, if the frequency shift setpoint is too negative
the topography feedback will become unstable in regions of
the sample where the frequency shift cannot reach the setpoint
(i.e., the Af/ fo versus z curve minimum value is less negative
than the setpoint value). In all the examples shown in figures 2
and 3, the setpoint must be at a less negative frequency
than the most negative frequency over the bare substrate. In
figures 2(c), (e), (f) and 3(e), (f), the setpoint must also be
at a less negative frequency than the most negative frequency
over the centre of the cluster or particle in order to satisfy the
stability criterion for every x, y position over the cluster. Note
that for a less negative frequency shift setpoint, the apparent
height of the particles is smaller, as illustrated in figure 4.

Figures 5 and 6 compare the topography profiles for Pd on
Al,O3 shown in figures 2 and 3 (dotted line, shifted to give zero
height over the substrate) with the profiles that would result
from a freely sliding contact between the end of the spherical
tip and the cluster or particle (solid line). For the sliding contact

0.20
L]
0.16} * .
91 atom Pd cluster
g 012} ALO; substrate b4
~ Rtip =20 nm
= 0.08} .
.
.
0.04 | o]
0.00 t . . .
-0.0010 -0.0008 -0.0006 -0.0004 -0.0002 0.0000
Af/f,

Figure 4. The apparent height /1, of a 91-atom cluster of Pd on
Al,O; interacting with a 20 nm Si tip shown as a function of the
frequency shift setpoint A f/ ;. Note that the apparent height
becomes larger as the setpoint is made more negative. At setpoints
more negative than shown here, the feedback becomes unstable, as
discussed in the text.

profiles, we have somewhat arbitrarily assumed (1) that the
contact point between the tip and the Pd atoms in the clusters
occurs at the edge of the Pd atoms described in figure 1, and
(2) that the contact point of the tip with either the continuum
spherical Pd particles or the continuum planar substrate occurs
at the edges of the continua. Using these criteria, the profiles at
the setpoints used for figures 2 and 3 (dotted lines in figures 5
and 6) give an apparent height of each cluster or particle that
is less than the true height in each case. Profiles are also
shown by dashed lines for a less negative frequency shift
setpoint (approximately 1/10 the magnitude of the value used
in figures 2 and 3) where the apparent height of the particles is
even smaller, as expected from figure 4. These dashed lines in
figures 5 and 6 illustrate that the underestimation of actual
particle sizes by ncAFM becomes more extreme when the
ncAFM frequency shift setpoint is much less negative than
the close optimum value used for the dotted lines. This will
almost always be the case in actual ncAFM experiments, as
the optimum setpoint value can only be found in experiment
by gradually increasing the magnitude of the setpoint until
the scanning feedback becomes unstable. Thus the height
values calculated in this work should be taken as indicating
upper limits on the actual heights one would obtain in actual
experiments on metal clusters.

Table 2 summarizes the ratio between the apparent height
and actual height for both Pd clusters and particles on an Al,O;
substrate (where the ratio of Hamaker constants defined earlier
isa = 1.50 for figures 2 and 3) and for similar calculations for
Pd on Pd (where a = 1.00). It is evident from this table that
the most accurate height measurements occur when the lateral
extent of the cluster or particle is comparable to or larger than
the radius of the tip and when the Hamaker constant for the
interaction of the tip with a cluster or particle is larger than that
for the tip with the substrate.

Widths of profiles in ncAFM are typically measured from
a point where the height increases by a certain amount above
the value far away from the cluster, such as 0.03 nm for the
experimental results of Tait et al [4]. Figures 5 and 6 show
that the apparent widths of the profiles are approximately the
same for the setpoints used for figures 2 and 3 (dotted lines) as
those of a sliding contact (solid lines). The widths of profiles
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Figure 5. Comparison of topography profiles for Pd clusters on Al,O5 for a sliding contact between tip and surface (solid lines) with
profiles for the frequency setpoints used in figure 2 (dotted lines) and with profiles for frequency setpoint about a factor of 10 less in
magnitude than those used for figure 2 (dashed lines). The Pd clusters with 19 atoms (panels (a) and (c)) and 91 atoms (panels (b) and (d))
are 1.4 and 3.0 nm in diameter, respectively. The apparent widths are greater than the actual widths due to the finite size of the tips: 5 nm for
(a), (b) or 20 nm for (c), (d). Note that the apparent heights approach the real heights as the lateral extent of the clusters becomes

comparable to or larger than the tip radius.

X (nm) X (nm)
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
a4l (a) 2 nm particle, Rtip =5 nm (b) 4 nm particle, R‘ip =S5nm |4
13
g
{2 &
N
11
0 + e Y. t } t 0
4}  (c) 2 nm particle, R‘ip =20 nm 14
13
=
L E
~N
11
0

10 12 14

0 2 4 o6 8
X (nm)

Figure 6. Comparison of topography profiles for Pd particles on Al,Os for a sliding contact between tip and surface (solid lines) with profiles
for the frequency setpoints used in figure 3 (dotted lines) and with profiles for frequency setpoint about a factor of 10 less in magnitude than
those used for figure 3 (dashed lines). The Pd particles are 2 nm (panels (a) and (c)) and 4 nm (panels (b) and (d)) in diameter. The apparent
widths are greater than the actual widths due to the finite size of the tips: 5 nm for ((a), (b)) or 20 nm for ((c), (d)). Note that the apparent
heights approach the real heights as the lateral extent of the clusters becomes comparable to or larger than the tip radius.

at the smallest setpoints shown (dashed lines) are a bit wider
than for the values used for figures 2 and 3 (dotted lines).

A surprising feature of the present calculations where
the clusters are represented by atoms is that, for the 5 nm
radius tip interacting with a 91-atom Pd cluster on a Pd
continuum substrate, the frequency shift similar to that shown
in figure 2(f) is more negative on the cluster than over the
substrate. Additional calculations show that the frequency shift
over the centre of a one-layer-high atom cluster monotonically
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increases as the number of atoms in the cluster increases and
that a complete Pd layer represented as a plane of atoms above
a continuum Pd substrate has a more negative frequency shift
than a bare Pd substrate represented as a continuum. This
seems unrealistic because adding a complete layer to a real
solid will change only the absolute location, but not the depth
of the extrema in potentials, forces, and frequency shifts. The
most likely explanation is that mixing an atom-by-atom model
of a cluster with continuum models of the tip and substrate is
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Table 2. Ratio of apparent height to actual height for two tip radii Ry, and two different values of @ = H),»/H,y,, where s refers to the
substrate, which is either Pd (j = 2, a = 1.0) or ALLO; (j = 3, @ = 1.5). Note that the ratio of apparent height to actual height approaches
1.00 as the lateral extent of the clusters becomes comparable to or larger than the tip radius Ry, and as the Hamaker constant for the
interaction of the tip with a cluster or particle becomes larger than that for the tip with the substrate.

R=20nm R=20nm R=5nm R=5nm
Lateral diameter a=1.0 a=1.5 a=1.0 a=1.5
1.4 nm cluster (19 atoms)  0.12 0.19 0.37 0.49
2.0 nm spherical particle ~ 0.44 0.57 0.73 0.82
3.0 nm cluster (91 atoms)  0.56 0.70 0.77 0.92
4.0 nm spherical particle ~ 0.78 0.83 0.92 0.95

not a completely accurate representation for the small distances
shown here. A similar mix of continuum and atomistic models
has been used by other investigators in ncAFM calculations
without comments about possible difficulties [1, 8, 22]. While
representing the substrate as a series of planes may provide
somewhat more accurate results than the continuum model,
the qualitative features of the results presented here are not
expected to change.

4. Summary

Simulation of the topography profiles in ncAFM obtained for
very small clusters or particles on flat surfaces imaged by
spherical tips shows that the apparent heights produced by
the ncAFM technique underestimate the true particle height
by as much as 80%. The apparent heights approach the real
heights as the lateral extent of the clusters or particles becomes
comparable to or larger than the tip radius and as the Hamaker
constant for the interaction of the tip with a cluster or particle
becomes larger than that for the tip with the substrate. In
addition the apparent widths of the clusters and particles for
the topography profiles are close to those for a sliding contact
between tip and substrate

The present calculations form a basis for more detailed
future calculations that would include effects known to be
important for atomic resolution on flat surfaces, such as short-
range chemical forces, distortion of the tip, cluster, or substrate
due to short-range forces, and nanotips that protrude from the
end of spherical tips [1, 6, 23]. In the presence of nanotips,
Barth and co-workers [24] have shown both experimentally and
theoretically that the lateral extent of flat-topped clusters such
as the 19- and 91-atom clusters shown here is more accurately
measured by a constant-height mode, where the feedback on
the frequency shift is too slow to respond as the tip is scanned
over a cluster. However, the height of a cluster must at present
be estimated from measurements with feedback on frequency
shift if individual atomic layers cannot be resolved.
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