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Abstract
For the first time, high quality images of metal nanoclusters which were
recorded in the constant height mode of a dynamic scanning force
microscope (dynamic SFM) are shown. Surfaces of highly ordered pyrolytic
graphite (HOPG) were used as a test substrate since metal nanoclusters with
well defined and symmetric shapes can be created by epitaxial growth. We
performed imaging of gold clusters with sizes between 5 and 15 nm in both
scanning modes, constant � f mode and constant height mode, and compared
the image contrast. We notice that clusters in constant height images appear
much sharper, and exhibit more reasonable lateral shapes and sizes in
comparison to images recorded in the constant � f mode. With the help of
numerical simulations we show that only a microscopically small part of the
tip apex (nanotip) is probably the main contributor for the image contrast
formation. In principle, the constant height mode can be used for imaging
surfaces of any material, e.g. ionic crystals, as shown for the system
Au/NaCl(001).

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The study of metal nanoclusters deposited on oxide surfaces
forms a large domain in catalysis, since these model systems
provide great insight into the nature of fundamental catalytic
reactions [1, 2]. A characterization of the clusters concerning
their structure and morphology is of utmost importance, and
has previously been done mainly by high resolution TEM [3]
and STM [3, 4]. For an in situ characterization and for
substrates of insulating materials such as MgO or Al2O3, only
the scanning force microscope can be used. Especially in its
dynamic mode, the SFM offers in principle the ability to image
surfaces with high resolution—in the best case with atomic
resolution [5–7].

However, for a characterization of the cluster size and
shape, the scanning force microscope was mainly used in the

3 Author to whom any correspondence should be addressed.
4 The CRMCN is associated with the University of Aix-Marseille II and III.

contact mode [8, 9]. In this mode, the tip apex strongly
influences the shape and size of small clusters in the images
due to tip convolution [10–13] which can be partially reduced
by numerical reconstruction [14, 15]. Only a few works
can be found in the literature which deal with dynamic
SFM imaging of nanoclusters so far [16–18]. Recently, we
started to study the contrast formation in dynamic SFM of
nanoclusters which were imaged in the topography imaging
mode. We found out that the tip apex is also the main limiting
factor [19, 20]—similar to the characteristics appearing in the
contact mode [10]: as soon as the cluster size is smaller than
the tip apex, the tip is mostly imaged [19].

In this paper we propose to use another scanning mode
of the dynamic SFM for imaging nanoclusters—the constant
height mode. This mode is similar to the one frequently
used in scanning tunnelling microscopy (STM), especially
for real time STM [21, 22], and was already introduced in
dynamic SFM for atomic resolution imaging of insulating
surfaces [23]. It is a complementary scanning mode to the
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Constant height mode imaging of clusters

topography imaging mode, which images the lateral shape and
size of nanoclusters.

We recorded images in the constant height mode of the
dynamic SFM of gold nanoclusters grown on HOPG with the
tunnelling current and the detuning as the feedback signal. This
surface served as a test system, offering small clusters with
well defined, symmetric shapes. We could observe a significant
improvement of the image quality in constant height images.
The clusters exhibit lateral shapes and sizes which are more
physically representative than the ones which can be seen in
topography images of the same clusters. We show that the high
quality is likely due to a strong tip–surface interaction between
an atomistic small part of the tip, called the nanotip, and the
cluster. Due to the nanotip, the tip convolution effect is reduced
to a large extent.

2. Experiment

2.1. Samples and instruments

HOPG samples were bought from Union Carbon Corporation
(UCAR, USA) and cleaved in air prior to their transfer into
UHV. The samples were further annealed in UHV at 400 ◦C
overnight in order to remove possible contaminants from the
surface. Crystals of NaCl had a purity of ∼99.5% and were
produced in our laboratory by the Czochralski growth method
in a similar way as described in [24, 25]. The surfaces
of the crystals were prepared by UHV cleavage at room
temperature parallel to the (001) cleavage plane with high
precision [26]. After cleavage the crystals were annealed in
a UHV oven at 100 ◦C for 30 min in order to reduce charging
after cleavage [26, 27].

Gold clusters were epitaxially grown by condensing a
calibrated beam of neutral gold atoms from a Knudsen cell
on HOPG and NaCl(001) surfaces at a temperature larger than
450 and at 200 ◦C, respectively. We used a constant flux of
neutral gold atoms of 1 × 1013 atoms cm−2 s−1 (no nucleation
of clusters in the gold beam).

Scanning force experiments were performed at room
temperature in UHV (∼10−10 mbar base pressure) with a
dynamic SFM (Omicron STM/AFM) equipped with a digital
demodulator (Nanosurf). Dynamic SFM measures the change
in frequency (detuning � f ) of an oscillating cantilever due to
the interaction of a tip at the end of the cantilever with the
surface [5–7]. Before taking measurements, the fast scanning
direction was changed during scanning in the constant � f
mode by an adjustment of the scanning angle until the fast
scanning direction was parallel to the surface with an error of
a few degrees. We used p-doped silicon cantilevers (1.5 � cm,
Nanosensors) which we did not sputter before experiments,
and hence were oxidized by exposure to the ambient. The tips
were regularly in contact with the surface before taking images,
so that the tip apex was most probably covered by a thin silicon
oxide layer and with material of the surfaces.

2.2. Imaging modes

The set-up of our SFM is based on the beam-deflection
principle [28] and equals the design of Howald et al [29]. The
dynamic mode of the SFM is realized as described in [30] and
further characterized in [31, 32]. With the help of figure 1 we

Figure 1. Principle of a dynamic SFM. Note that the drawing above
is only a simplified diagram of the function principles. Detailed and
precise circuits of the electronics can be found in [31, 32].

give a brief overview of the main signals of the control loops to
which we refer throughout the paper. Afterward, a description
of the constant � f and constant height mode is given.

The force microscope has basically two independent
control loops, the amplitude control loop (top grey box) and the
distance control loop (remaining components). The amplitude
control loop is based on the self-excitation principle and keeps
the amplitude A constant on its pre-set value Apre−set, whereas
the energy per cycle which must be put into the system is called
damping (�). More details regarding the damping can be found
in [32] and in the references therein.

Depending on the feedback mode that is chosen, the
distance control loop measures either the detuning � f of the
free cantilever oscillation (detuning feedback mode) or the
tunnel current I (current feedback mode) which is taken from
the tip and which can be used only for conducting materials.
The tunnel current is thereby averaged over several cycles
of the cantilever oscillation [33]. The characteristics of the
distance control loop is similar for both feedback modes and
we describe them with the help of the detuning feedback
mode in the following. For the current feedback mode, the
parameters � f and � fpre−set must only be changed by I and
Ipre−set (pre-set value of the current), respectively.

The actual detuning is compared with a pre-set value
� fpre−set, amplified by the integrator (I) and the loop gain (LG)
and coupled to the z-piezo of the scanner. The voltage at the
z-piezo is translated into a distance and yields the topography
signal (Z ). The extent to which the distance control loop keeps
the detuning � f constant does strongly depend on the loop
gain and on the scanning speed vScan. If the scanning speed
is low (vScan < 1–2 Hz) and the loop gain high, changes
in the detuning � f which appear during scanning are on
a timescale which is similar to the time response τ of the
integrator and loop gain, and the detuning is kept constant at
� fpre−set by an adjustment of the tip–surface distance Z . The
tip follows the contours of the surface topography (pathway (1)
in figure 2). All information on the tip–surface interaction is
included in the topography image, whereas the detuning image
shows a uniform contrast with only residual, small changes
of the detuning in the range of a few per cent and less. This
scanning mode is frequently called the topography imaging
mode or constant � f mode and is explained more in detail
for the imaging of clusters by Fain and co-workers [34]. In the
following, we call corresponding images constant � f images.

S129



C Barth et al

Figure 2. A drawing explaining the differences between the constant
� f mode (1) and the constant height mode (4). Pathways (2) and (3)
correspond to intermediate scanning conditions between both modes.

If the tunnelling current is used as the feedback signal, the
scanning mode and corresponding images are called constant
current mode and constant current images, respectively.

As soon as the loop gain decreases and/or the scanning
speed increases, the distance control loop is no longer capable
of regulating on constant detuning � f = � fpre−set. The finite
time response τ is larger than the time in which changes in
� f appear. The result is that the tip only partially follows the
topography (pathways (2) and (3) in figure 2). The longer the
time response, the more the topography becomes blurred and
the more a contrast in the � f image develops. Further, due
to the long integral response of the distance control loop, a
memory of the tip pathway is present so that the cluster profiles
in Z along the fast scanning direction become asymmetric,
which we will explain in detail in section 3.1.

For very small loop gains and high scanning speeds, the
tip follows only the inclination of the surface with respect to
the fast scanning direction (pathway (4) in figure 2) and, in the
extreme case, only in the surface plane. The detuning image
then includes all information on the tip–surface interaction,
whereas the topography image includes only the surface plane,
which is mostly inclined to the fast scanning direction. The
latter scanning mode is frequently called constant height mode
for both feedback modes. Corresponding images are called
constant height images in the following.

3. Loop characteristics

In this section we discuss and compare the main features in
images of the signals z, � f and I which were recorded in
the constant current and detuning mode with the same types of
images recorded in the constant height mode. Since HOPG is a
conductor, we first used the tunnelling current as the feedback
signal of the distance control loop. Then we show that constant
height mode imaging can also be performed if the detuning � f
is used as a feedback signal.

3.1. Current feedback mode

In the first set of experiments we used the tunnelling current I
as the feedback signal for the distance control loop for imaging
gold clusters on the HOPG surface. In figure 3 three images
of the signals Z (a), � f (b) and I (c) are shown, which
were recorded simultaneously during one measurement in the
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Figure 3. Gold clusters on HOPG imaged in the constant I mode
with the tunnelling current as the feedback signal. The images show
the topography Z (a), detuning � f (b) and tunnelling current I (c).
All images were slightly FFT filtered except the topography image.
The arrows indicate the fast scanning direction. (d) Drawing of the
detuning versus distance curves above HOPG and the clusters.
� f� f mode is the pre-set value of the detuning for the measurement
shown in figure 5. Gold with a nominal thickness of 3 ML was
deposited at 500 ◦C with additional annealing for 10 min at 500 ◦C.
(37 × 37 nm2, Ipre−set = 0.01 nA (mean value), UDC = 0.5 V,
LG = 6.7, vScan = 100 nm s−1 (2.7 Hz), f0 = 267.9 kHz,
k = 32 N m−1, Ap−p = 6.4 nm.)

constant I mode. During scanning, the scanning speed and
loop gain5 were adjusted so that the tunnelling current was
nearly constant at each position in the image. The image of
the tunnelling current shows only slight changes from the pre-
set value Ipre−set.

The topography image in figure 3(a) shows two clusters
which are attached at a cleavage step of HOPG. They appear
with an apparent mean size of ∼15 nm and a height of ∼2.5 nm
and exhibit relatively flat top facets with straight edges. The
detuning image (b) also shows a strong contrast of the clusters
with similar lateral shapes. The detuning above the clusters is
smaller (� fCluster = −1 Hz) than above the HOPG surface
(� fHOPG = −4 Hz), so that it seems that the tip–cluster
distance was larger than the one above the HOPG surface.
However, due to the very small tip–surface distances, which

5 The scale for the loop gain of our dynamic SFM is logarithmic. The values
mentioned in this paper are the same as the ones which are used for the remote
control of the SFM.
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Figure 4. The same gold clusters as in figure 3 imaged in the
constant height mode. The tunnelling current was again the feedback
signal. The images show the topography Z (a), detuning � f (b) and
tunnelling current I (c). The arrows indicate the fast scanning
direction. (d) Drawing of the detuning versus distance curve above
HOPG and the clusters. � f� f mode is the pre-set value of the detuning
for the measurement shown in figure 5. (37 × 37 nm2,
Ipre−set = 0.01 nA (mean value), UDC = 0.5 V, LG = 0.05,
vScan = 200 nm s−1 (5.4 Hz), f0 = 267.9 kHz, k = 32 N m−1,
Ap−p = 6.4 nm).

are kept in a range of some ångströms during normal regulation
on the tunnelling current, the tip was already in the repulsive
part of the detuning as shown by the detuning versus distance
curves in (d). The contrast in the display of the data is
then inverted, so that smaller detuning values mean effectively
smaller tip–surface distances. As will be shown in section 3.2,
a detuning of � f� f mode = −23 Hz was needed to image
clusters in the detuning feedback mode with the same tip,
where the tip was in the attractive part of � f .

After the measurement above we performed measure-
ments in the constant height mode above the same clusters (fig-
ure 4). We first increased the tip–surface distance by reducing
the pre-set value of the tunnelling current during scanning. The
tip was then at a safe distance to the surface during the fol-
lowing increase and decrease of scanning speed and loop gain,
respectively. Afterward, the pre-set value for the tunnelling
current was carefully increased until a contrast of the clusters
could be seen in the images.

For the measurement in figure 4, a twice as high scanning
speed was used and the loop gain was reduced from 6.7 to

0.05. The time response of the distance control loop was
therefore much smaller by orders of magnitude than before.
Only changes of several hundreds of picometres can be seen in
the topography image (a) within single scanning lines, which is
about one-tenth as high as the apparent cluster height of 2.5 nm
in the constant current image in figure 3(a).

The residual contrast in the topography image figure 4(a)
shows that the distance control loop was obviously able to
regulate on changes of the tunnelling current to a small extent
during scanning. The features in the image are typical for
a regulation with a very long time response of the distance
control loop. First, the image shows a fuzzy dark/bright
contrast at the edges of the clusters perpendicular to the
scanning direction. This is mainly due to three sections of
linear tip pathways (1–3), as can be seen in the corresponding
profile below the topography image (a). Since the feedback
signal I is nearly constant, but different from its pre-set
value in each section, the integration in each section yields
a straight tip pathway with a slope which changes after each
drastic change of the current. Only straight tip pathways
are visible, since the distance control has no time to regulate
the current I on its pre-set value due to the long time
response τ in comparison to the fast changes in I . Due to a
memory effect of the distance control loop, the latter scanning
characteristic strongly depends on the fast scanning direction
in that an inverted contrast at the edges can be observed in the
topography image of the reversed fast scanning direction (not
shown).

The second type of image feature, which is typical for
imaging with large time responses of the distance control loop,
is stripes and regions parallel to the fast scanning direction
(dark stripes and the blue region in image (a)) in which the
mean height is much lower than the one of regions above the
clusters. Profiles taken in the blue region (not shown) exhibit
that the tip was approached to the surface to a distance of
∼2.5 nm. The reason is that as soon as the tip completely
passes a cluster, the tip scans only above the HOPG surface.
Although the time response of the distance control loop is
very long for one scanning line, it is comparable, however,
with the time needed to pass several scanning lines during
scanning. As a consequence the tip approaches the HOPG
surface by a distance which equals the height of the clusters
after a couple of scanning lines. In the latter case, features of
the HOPG surface are imaged—such as the cleavage step in
the blue region, which can also be observed in the detuning (b)
and current (c) images.

In contrast to the topography image in figure 4(a), the
detuning image in (b) presents much more detail of the lateral
cluster shape and size. The size and shape are different in
comparison to those in the images which were taken in the
constant I mode (figure 3) on which we will concentrate in
section 4.1. The detuning image exhibits no detuning above
the HOPG surface on the left and right sides of the clusters
(� fHOPG ≈ 0). In these surface regions the tip was too far away
to detect a tip–surface interaction, and this is also confirmed by
the current image (c), where the current is zero in the same
surface regions. Above the clusters, the detuning is indeed
negative, but very small (� fCluster = −3 Hz). Tunnelling
currents of 50–300 pA can be observed in the image of the
current (c). Also here, the detuning values above the clusters
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Figure 5. Gold clusters on the same HOPG surface as shown in
figures 3 and 4, but taken from a different surface region. The
clusters were imaged in the constant � f ((a) and (b)) and constant
height mode ((c) and (d)), with the detuning � f used as the feedback
signal. The fast scanning direction was from left to right for all
images. (60 × 60 nm2, � f = −23 Hz, UDC = 0.4 V,
f0 = 267.9 kHz, k = 32 N m−1, Ap−p = 6.4 nm; (a) and (b)
LG = 6.2, vScan = 200 nm s−1 (3.3 Hz); (c) and (d) LG = 0.01,
vScan = 510 nm s−1 (8.5 Hz).)

were due to a very short tip–cluster distance where the tip was
already in the repulsive part of the detuning � f (z) as shown
by the detuning versus distance curves in (d).

3.2. Detuning feedback mode

We repeated similar measurements on the HOPG surface, but
with the detuning � f as the feedback signal for the distance
control loop (figure 5). The same tip and surface was used as
for the experiments presented in section 3.1.

First, we performed a measurement in the constant � f
mode ((a), (b)). During scanning, the tip was approached as
close as possible to the surface. The topography image (a)
was taken at a detuning of � f� f mode = −23 Hz with a high
loop gain, so that only a residual contrast in the image of the
detuning (b) is visible. Much smaller detunings did not result
in significantly better contrast of topography images than those
in (a). The detunings of a few hertz in figures 3(b) and 4(b)
were therefore due to a short tip–surface distance, where the

tip was already in the repulsive region of � f (z). Note that the
reason that figure 3(a) is much better than figure 5(a) is that the
averaged tunnelling current decays with distance much faster
than the detuning.

The topography image in figure 5(a) shows a group of
clusters with apparent cluster sizes of ∼10 nm and a mean
cluster height of ∼1.5 nm. The clusters appear as round and
rather fuzzy objects, which is due to the influence of the finite
tip size in the contrast formation [19]. In particular, the tail
at the top of each cluster, which makes an angle of 45◦ with
the fast scanning direction, is a sign of a tip convolution effect.
However, the tip was obviously sharp at the nanometre scale
and close enough to the clusters since flat top facets with
partially triangular shapes of some clusters can be roughly
estimated, e.g. in (b).

After this measurement, we performed one in the constant
height mode which is shown in figures 5(c) and (d). Similarly
as described in section 3.1, we first retracted the tip during
scanning in the constant � f mode by using much less negative
pre-set detuning values. The scanning frequency was then
doubled and the loop gain decreased from 6.2 to 0.01, so that
the time response of the distance control loop was again very
slow. The tip was then approached to the surface by choosing
more negative pre-set values for the detuning as long as a
contrast in the images could be seen.

The topography image (c) shows only subtle contrast
changes of about 50 pm. The specific tip movement of straight
pathways is similar to that in figure 4(a) as discussed in
section 3.1. Note that a mean subtraction routine6 was used
for this topography image for increasing the residual contrast
of the image.

In contrast to the topography image, the detuning image
(d) includes all information on the tip–surface interaction. It
can be clearly seen that the clusters appear with highest quality.
The strong contrast is due to a detuning of more than −100 Hz
at the clusters, which is much more negative than the detuning
above the HOPG surface, which measures −20 Hz. Note that,
here, the tip was always in the attractive part of the tip–surface
interaction � f (z), so that the detuning above clusters is more
negative (dark) than above the HOPG surface (bright), which
is the opposite case in comparison to the situation described in
section 3.1.

3.3. Advantages and limits of the constant height mode

Although the surface height information gets lost in the
constant height mode, it is not a serious disadvantage. The
approximate height information can be obtained in the constant
� f or constant current mode, which completes the whole set
of information. In fact, the constant height mode has rather a
big advantage, in that images with a high quality can be gained.
The images exhibit a higher contrast with well defined lateral
shapes in the constant height mode than in any other mode.
Further, in all cases the clusters have a reduced size in constant
height images compared to constant � f images, which points
out that the tip convolution effect is minimized. We will focus
on this issue in section 4.

6 The mean routine calculates the mean Z -value of each scanning line and
subtracts these from the respective scanning line of the original data [31].
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Figure 6. Gold clusters deposited on the NaCl(001) surface (0.6 ML
gold at 170 ◦C). The clusters were imaged in the constant height
mode with the detuning as the feedback signal. They are attached at
cleavage steps of the NaCl(001) surface. The fast scanning direction
was from left to right for both images. ((a) 100 × 100 nm2,
� f = −51.6 Hz, vScan = 1502 nm s−1 (15 Hz); (b) 26 × 26 nm2,
� f = −51 Hz, vScan = 302 nm s−1 (11.5 Hz); all, UDC = 3.3 V,
LG = 0.1, f0 = 274.4 kHz, k = 44 N m−1, Ap−p = 13.6 nm.)

The constant height mode can be used in principle for
surfaces of any material and cluster size. We also tested
the application of the constant height mode for surfaces of
insulators like on the (001) surface of NaCl on which we
deposited 0.6 ML of gold at 170 ◦C. The image in figure 6(a)
also shows the same high quality contrast of clusters as in the
case of Au/HOPG. In images with a higher magnification (b)
the lateral shape of some clusters can be clearly seen—the
labelled cluster forms an elongated hexagon, probably due to a
three-dimensional cluster shape of a truncated octahedron on a
threefold symmetry axis, which is known to occur at the early
stage of epitaxy of gold on NaCl(001) [35].

Independent of the feedback signal � f or I , imaging
with a much larger scanning frame can be performed without
crashing the tip into the surface as shown by the large scale
image (250 × 250 nm2) in figure 7(a), which was taken on
HOPG. Amazingly, high resolution can be achieved even with
such large scanning frames, as can be seen by the cut-out in (b)
which was taken at the position of the dotted square in image
(a). The cluster with the triangular shape is the same cluster
as in the images in figure 5 and shows similar details to image
figure 5(d).

The much better contrast in constant height images in
comparison to constant � f images is only one advantage.
Another advantage of the constant height mode is the
high scanning speed, which minimizes the influence of the
instrumental drift in the images. The scanning speed is mainly
limited by the frequency f0 of the cantilever oscillation. The
triangular cluster in image figures 5(d) and 7(b) was imaged
with three high scanning speeds: 13, 65, 195 Hz. The
corresponding images in figure 7(c) show that the cluster
becomes more blurred with increasing speed, especially at the
highest speed of 195 Hz. At the latter speed the tip stays only
for 1/(195 × 512) = 10 µs above one pixel for an image with
512 × 512 pixels. This time is comparable to one period of the
cantilever oscillation (1/ f0 = 1/268 kHz = 3.73 µs) so that
the tip performs only 2.7 periods for one pixel. If n = 512
is the number of pixels for a scanning line and if ten periods
are taken as the smallest periods per pixel for a reasonable
contrast (equals image in (c) taken at −65 Hz), then we get
vScan = f0/(10×n) ≈ 60 Hz and 15 Hz as the highest scanning

Figure 7. Constant height images (� f feedback mode) of clusters in
the same surface region as in figure 3 except (e) which was taken on
another HOPG surface (5 ML Au at 360 ◦C + additional annealing
for 10 min at 360 ◦C). (a), (b) Large scale image (250 × 50 nm2).
Image (b) is a cut-out that was taken at the position of the dotted
square in image (a). (c) Cluster with triangular shape imaged with
different scanning speeds (13, 65, 195 Hz). The fast scanning
direction was from left to right for all images. ((a)–(c) UDC = 0.4 V,
LG = 0.2, f0 = 267.9 kHz, k = 32 N m−1, Ap−p = 6.4 nm; (a), (b)
� f = −18.2 Hz, vScan = 6.3 Hz; (c) 15 × 15 nm2, � f = −21.8 Hz;
(d) � f = −51.6 Hz, UDC = 3.3 V, LG = 0.1, vScan = 15 Hz,
f0 = 274.4 kHz, k = 44 N m−1, Ap−p = 13.6 nm;
(e) � f = −20.4 Hz, UDC = −0.02 V, LG = 0.1, vScan = 9.8 Hz,
f0 = 70.9 kHz, k = 2.8 N m−1, Ap−p = 35 nm.)

speeds for 300 and 70 kHz tips, respectively, which are still
amazingly large values.

4. Image analysis

The main question that arises is whether the real lateral cluster
shapes and sizes are imaged in the constant height mode. In
the following, we first compare two images recorded in the
constant I and height mode of the same clusters, and comment
on the tip convolution effect. Then we compare the lateral
cluster shapes with those previously observed in TEM images
exhibiting the correct lateral shapes and sizes. Finally, we
comment on how the contrast formation of clusters is realized
and to what extent the tip convolution effect is reduced in the
constant height mode.

4.1. Comparison

For a comparison of lateral cluster sizes and shapes, we
examine the topography image in figure 3(a) recorded in the
constant current mode and the detuning image in figure 4(b)
recorded in the constant height mode.

The main observation is that the clusters appear wider
in the topography image in figure 3(a) than in the detuning
image in figure 4(b), especially in the horizontal direction.
Vertically, the cluster length is equal in both images (15 nm);
however, horizontally, both clusters have a width which is
about 5 nm larger in the topography image than in the detuning
image. Note that the broadening of the clusters in figure 3(a)
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Figure 8. (a) Truncated pyramidal cluster (8 × 12 × 2 nm3) used in
simulating tip convolution (xy- and z-coordinates in nanometres and
ångströms, respectively). (b) The different tip models considered: (I)
sharp tip, (II) blunt tip, (III) asymmetric tip. The height of the tips
measures 22 nm. The tip shapes are defined as being proportional to
different polynomial shapes, with the following forms: sharp tip
y = x1.6; blunt tip y = x4; asymmetric tip y = x3. The asymmetric
tip is formed by combining two polynomial tips where the smaller
one is shorter by 1 nm.

was coincidentally parallel to the scanning direction and not
due to a too slow time response of the distance control
loop; the topography images in the forward scanning direction
(figure 3(a)) exhibit the same image details as the topography
image in the backward scanning direction (not shown).

The cluster lateral shapes and sizes in the detuning image
are supposed to be the correct ones; the clusters in the
topography were then imaged with an asymmetric tip, where
the apex had a more elongated lateral shape in the horizontal
direction.

In general, the measurements in figures 3 and 4 and
many other images (not shown) show that the clusters always
appear smaller in constant height images than in corresponding
topography images. The cluster sizes are reduced by up
to 50%, which is a typical convolution factor as shown
by a comparison of contact SFM and TEM images [13].
Further, most of the constant height images show lateral
cluster shapes which are comparable to previous TEM
measurements [36–38], on which we will concentrate in the
following.

Different and precisely formed lateral shapes of the
clusters can be identified on HOPG: aside from some
complex cluster shapes, polygonal shapes such as triangles,
pentagons and hexagons can be mainly observed in the images.
Triangular clusters only appear rarely, e.g. in figure 5(d), which
is due to the large average cluster size of more than 5 nm. As
has been shown before for supports with a threefold symmetry
axis, the clusters grow in the (111) epitaxy and have a three-
dimensional tetrahedral shape [8, 36], which they keep up to
sizes of a few nanometres [2]. Clusters with larger sizes than
5 nm exhibit different equilibrium shapes, namely truncated
tetrahedrons [2], as shown by TEM and STM [36–38]. Clusters
with these three-dimensional shapes are mostly imaged as
hexagons with the force microscope, which is in agreement
with the lateral shapes we found in our images as shown in
figures 7(d) and (e). However, due to an unfinished growth
to the hexagonal cluster shape at equilibrium and due to a
coalescence of clusters at high temperatures, the lateral cluster
shape can deviate from the ideal hexagonal shape so that
pentagonal and more complex lateral cluster shapes appear (see
images in figures 7(d) and (e)) [2].

Figure 9. Images of the cluster in figure 8(a) calculated with the
three types of tips (sharp, blunt and double tips) shown in figure 8(b)
for constant � f and height modes. Images on the left ((a), (c), (e))
are topography images, the ones on the right detuning images. The
detuning images were simulated at −45 Hz (a), −30 Hz (c) and
−45 Hz (e). The constant height images were simulated at a distance
of 3 nm from the substrate surface.

4.2. Contrast formation

Following the experimental comparison, we now try to explain
the image contrast formation and the tip convolution effect
from a theoretical point of view. Since we are not interested
in atomic contrast and we know that van der Waals forces
dominate the attractive tip–surface interaction at nearly all
tip–surface distances [20], for this study we consider only
the van der Waals force between the tip and cluster. We
performed numerical simulations in which we consider three
tip models imaging a cluster on the surface. The cluster shown
in figure 8(a) has a truncated pyramidal shape and a size of
8 × 12 × 2 nm3—a similar dimension to the clusters imaged in
the experiments shown above. The three tip models are shown
in figure 8(b): a sharp tip (I) with a width of about 5 nm at
half the height shown, a blunt tip (II) with a width of 17 nm at
half height and an asymmetric tip (III) with the same width as
the blunt tip, but split into a double tip. In order to calculate
the image contrast for such arbitrary shapes, we built the tip
and cluster from many thin cylinders and sum the interaction
between them [39]. A Hamaker constant of 6.50 × 10−20 J
was used, representing the interaction of a silica tip with an
insulating surface.

In figure 9 the simulated images of the three different tip–
cluster systems are shown for both scanning modes. Images
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(a) and (b) show that the sharp tip gives a fairly representative
image of the cluster in both imaging modes. The constant
height image (b) provides a finer image of the cluster, but the
difference is not very significant. Tip convolution is much
more clearly demonstrated in the images with the blunt tip,
shown in (c) and (d). Although the outline of the cluster can be
estimated at the centre of the image, convolution of the blunt
tip with the cluster causes the contrast to be smeared out. Here
the difference between the imaging modes is more pronounced,
with the constant height image being closer to the real lateral
cluster size, if not the lateral shape.

For the asymmetric tip, the topography image (e) clearly
shows the effect of the double apex. The outline of the cluster
can be seen, with a similar, but extended, contrast to that of
the sharp tip shown in (a) at the centre of the image. However,
the lower part of the image shows that the cluster is effectively
imaged again by the second apex, producing a weak shadow
contrast feature. However, the detuning image gives a much
better representation of the lateral cluster shape (f).

The simulations clearly demonstrate that in the constant
height mode the convolution effect of the tip can be
significantly reduced for blunt and asymmetric/multiple tips.
Sharp tips, however, provide an excellent image of the cluster
in either mode. In terms of multiple tips, the simulations
agree well with experiments—the measurements shown in
figure 5 exactly represent qualitatively what is demonstrated
in simulations shown in figures 9(e) and (f).

However, for the images shown in figures 3 and 4 it is
also clear that none of these simplistic tip models reproduce
the difference between the two modes. The simulations lead us
to another, more complex model, which probably explains the
high contrast of clusters in our images and which was already
introduced in atomic resolution imaging [23]. It is clear that
the tip apex is not smoothly round as in the case of our tip
models, but rather composed by one or several microscopic
small nanotips. Since only the sharp tip (I) yields a strong
contrast in the simulations (figures 9(a) and (b)), we strongly
anticipate that mainly nanotips, which might have even smaller
size than the sharp tip (I), contribute to the contrast formation
of clusters in the constant height mode.

Analysis of detuning versus distance curves over the
NaCl surface (1) and a cluster (2), which is shown in
figure 10(a), demonstrates that the tip–surface interaction
experiences a rapid increase as the tip approaches close to
contact—characteristic of short range chemical and van der
Waals forces. Since the high resolution constant height images
of the clusters were generated in this strong interaction region
(substrate � fSubstrate = −51 Hz, cluster � fCluster = −95 Hz
≈ 2 × � fSubstrate), this suggests that contrast is dominated
by the short range interaction of a nanotip (or nanotips) with
the cluster. During scanning in the constant height mode, the
tip is moved at constant height above the clusters so that the
strong tip–cluster interaction drastically drops from � fCluster to
� fSubstrate as soon as the tip passes the cluster due to the much
larger tip–substrate surface distance (figure 10(b)).

The model we propose here shows qualitatively that the
lateral cluster size and shape is likely determined by the
nanotip since it is only the nanotip which is located in the
short range tip–cluster interaction and not the blunt part of
the tip. This is also supported by our preliminary results

Figure 10. (a) The same image as shown in figure 6(b). Below:
detuning versus distance curves taken above the NaCl(001) surface
(1) and the cluster (2) (zero point of z-axis arbitrarily chosen). Three
� f (z) curves were taken for each surface site. (b) Drawing
explaining the contrast formation of clusters in the constant height
mode. The tip keeps a pathway with constant height as shown by the
thick dotted line. The upper � f (z) curve is the one when the tip is
above the cluster, the lower curve for the case in which the tip is
above the substrate surface. The region I in the lower � f (z) curve is
the one of the short range tip–surface interaction; region II marks the
long range, macroscopic tip–surface interaction.

from simulations including the chemical interaction. The tip
convolution effect would therefore be reduced to an amount
comparable to the size of the nanotip which can have sizes of
only a few nanometres or, in the best case, some ångströms.
Further, it means that high resolution can also be achieved with
blunt tips as soon as they carry a nanotip. However, if the tip is
scanned in the constant � f or I mode, the macroscopic parts
of the tip also interact, reducing the accuracy in the images.

5. Summary and discussion

For the first time, we show high quality images of metal
nanoclusters which were recorded in the constant height mode
of the dynamic SFM. The Au/HOPG system was taken since
it provides metal clusters with well defined and symmetric
shapes suitable for a characterization of the constant height
mode.

Images recorded in the constant height mode show a
much better quality in comparison to images recorded in
the constant � f mode, with the clusters exhibiting more
reasonable lateral cluster shapes and sizes in comparison to
TEM images. Due to the high scanning speeds, the constant
height mode minimizes the influence of instrumental drift in
the images. We demonstrate that the constant height mode can
also be used for surfaces of a non-conducting material such as
Au/NaCl(001).

In order to understand the imaging process and to verify
to what extent the tip convolution effect can be reduced,
we performed numerical simulations with a sharp, blunt and
double tip based on a van der Waals tip–cluster interaction. The
simulations show that for blunt tips which exceed cluster sizes
an improvement of the image resolution can be seen. Only
sharp tips with sizes equal to the cluster sizes or even smaller
tips yield a high resolution. We believe that especially small
microscopic parts of the tip apex, so called nanotips, mainly
contribute to the image contrast.
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To our mind, the results presented here form a large step
forward in the microscopy of metal nanoclusters which is very
important for the characterization of the cluster structure and
morphology in catalysis. In future we will perform further
comparisons between calculated and experimental images of
similar clusters with an additional comparison with TEM in
order to unambiguously prove our model of nanotips. The most
ambitious objective is, however, to receive high resolution on
top of the clusters, e.g. atomic resolution in this specific mode.
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