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Probing the atomic structure of metallic
nanoclusters with the tip of a scanning tunneling
microscope

Koen Schouteden,*a Koen Lauwaet,†a Ewald Janssens,a Giovanni Barcaro,*b

Alessandro Fortunelli,b Chris Van Haesendoncka and Peter Lievensa

Preformed Co clusters with an average diameter of 2.5 nm are produced in the gas phase and are deposited

under controlled ultra-high vacuum conditions onto a thin insulating NaCl film on Au(111). Relying on a

combined experimental and theoretical investigation, we demonstrate visualization of the three-

dimensional atomic structure of the Co clusters by high-resolution scanning tunneling microscopy (STM)

using a Cl functionalized STM tip that can be obtained on the NaCl surface. More generally, use of a

functionalized STM tip may allow for systematic atomic structure determination with STM of

nanoparticles that are deposited on metal surfaces.
1. Introduction

The undiminished research in the eld of nanotechnology has led
to a diversity of routes that allow controlled preparation of
nanoparticles out of virtually any material and exhibiting virtually
any possible size and shape. Because of their broad range of
unique and tunable properties that are related to the emergence of
quantum size effects, nanoparticles offer only partially exploited
potential to build new electronic, optical and chemically sensitive
devices. For this purpose, nanoparticles are grown,1–3 deposited4,5

and manipulated6,7 on the desired surfaces. To fully exploit their
potential, detailed knowledge of the structure of the individual
nanoparticles down to the atomic level is obviously required,
allowing, e.g., the determination of active catalytic sites on nano-
particles.1,4,8 Visualization of the structure of nanoparticles with
atomic resolution remains, however, experimentally challenging.

The continuous development of transmission electron
microscopy techniques currently provides a lateral resolution as
high as 50 pm.5 However, it is still not straightforward to obtain
height information to determine the three-dimensional (3D)
geometry of nanoparticles.9,10 In particular, particles may rotate or
suffer from structural changes due to irradiation with the electron
beam.5 Scanning probe microscopy is in principle able to provide
height information of the nanoparticle surface with atomic preci-
sion, in particular whenworking in a ultra-high vacuum (UHV) and
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at low temperatures. The possibility to perform scanning
tunneling microscopy (STM) imaging simultaneously with scan-
ning tunneling spectroscopy (STS) offers unique opportunities to
study the morphology and electronic properties with very high
spatial and energy resolution. However, the number of reported
STM results that achieved to some extent imaging of the 3D
structure of nanoparticles with atomic resolution remains very
limited.11–14 This can be mainly related to tip convolution effects
that exist due to the nite size of the tip apex and that hamper
detailed imaging, in particular of non-planar objects. Therefore, an
exceptionally sharp tip is required for atomic resolution imaging of
the (typically non-planar) nanoparticle surface, implying that
systematic atomic resolution investigation cannot be performed.

Here, we demonstrate that atomic resolution imaging of
quasi-spherical nanometer size metallic particles (Co) on
metallic surfaces [Au(111)] can be achieved upon covering the
substrate with a thin insulating lm (NaCl). Via a combined
analysis of STM measurements and Coulomb-blockade related
energy gaps observed in STS spectra, we nd that the Co clusters
penetrate (at least) partially into the NaCl layer due to impact
upon deposition. Functionalization of the STM tip on the NaCl
surface15–17 yields unprecedented atomic-scale resolution
images based on which a 3D atomic model of the deposited Co
cluster can be constructed. This is complemented by a novel
density-functional-theory-based model that quantitatively
demonstrates the inuence of the STM tip apex on the visuali-
zation of the 3D structure of the clusters.
2. Methods section
2.1. Sample preparation and STM/STS measurements

A description of the STM setup (Omicron Nanotechnology) and
details on the preparation of the Au(111) surface and the
Nanoscale
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tungsten STM tips are given in ref. 29. NaCl (99.999% purity,
Alfa Aesar) is sublimated at 800 K with the substrate kept at
room temperature, aer which the sample is annealed to obtain
trilayer NaCl.20 All STM measurements are performed at 4.5 K.
Image processing is performed by Nanotec WSxM.30 Co clusters
are produced by a laser vaporization source,26,31,32 which is
connected to a UHV cluster deposition chamber with a base
pressure below 5 � 10�10 mbar. The sample is transferred from
and to the STM setup by means of a UHV transport vessel
(pressure in the 10�10 mbar range).
Fig. 1 (a) 260 � 260 nm2 and (b) 90 � 90 nm2 3D rendered STM
topography image of Co clusters on Au(111) and on NaCl–Au(111). (c)
Height histogram of the deposited Co clusters on Au(111) and on
NaCl–Au(111) determined from STM topography images, together with
the diameter abundance spectrum of the clusters in the gas phase
prior to deposition.
2.2. Theoretical background

Density functional theory (DFT) calculations are performed on
various structural models of Co clusters deposited on a bare
Au(111) surface and on a Au(111) surface covered by a trilayer of
NaCl(100). A plane-wave basis set and the GGA-PBE xc-correla-
tion functional33 are used as implemented in the Quantum
Espresso package;34 40 Ry and 240 Ry are chosen as the energy
cutoff values for the selection of the plane waves to describe the
wave function and the electronic density, respectively. The
Au(111) surface is modeled as a slab made by two layers frozen
in crystal positions according to an fcc lattice characterized by
the experimental lattice constant of gold (4.08 Å). The NaCl(100)
surface is modeled as a slab made by three layers frozen in
crystal positions according to an fcc lattice (of both the Na+ and
Cl� ions) characterized by the experimental lattice constant of
bulk NaCl (3.96 Å). A tentative atomistic structure of the Co
clusters is derived from the analysis of experimental images,
and is then used as a starting point of local energy minimiza-
tions. The atoms of the Co cluster are allowed to relax while
keeping the Au(111) and NaCl(100) frozen until the forces on
the metal cluster are smaller than 0.01 eV Å�1.

The simulation of STM images of Co clusters on
NaCl–Au(111) is conducted in two steps. First, the limit of an
innitely sharp (point) tip is assumed and DFT calculations are
performed using a Tersoff–Hamann approach.35 Second, the
effect of the atomistic structure of the tip on the STM images is
investigated using an effective model whose parameters are
extracted from the previous DFT simulations. Assuming that
each pair of atoms in the sample–tip system contributes to the
tunneling current with an additive term which only depends on
the types of atoms and their spatial distance, the current is
given by:

I ¼ P
ijAi exp(�Bjrij) (1)

where rij is the distance between the atom i of the STM tip and
the atom j of the sample and Aj and Bj are two parameters that
depend on the nature of the atom j.36 Constant-current STM
images are then easily constructed by plotting contour surfaces
of I. Note that in this model specic band structure effects37 are
not taken into account since they should not be crucial in
conductive systems as the ones considered here. Using eqn (1),
both the shape and the size of the tip apex can be easily
adjusted, thereby going beyond the standard Tersoff–Hamann
model of an innitely sharp tip.
Nanoscale
3. Results and discussion
3.1. Morphology and electronic decoupling of self-pinned
Co clusters

Fig. 1(a) and (b) present STM topography images of preformed
Co clusters that are deposited using a molecular beam on
Au(111) and NaCl–Au(111). The herringbone reconstruction can
be resolved on both surfaces.17 It can be seen that the clusters
are randomly distributed across the Au(111) and NaCl–Au(111)
surfaces. This implies that the clusters are pinned upon impact
due to the inherent kinetic energy of the clusters in the
molecular beam.18 On NaCl–Au(111), self-pinning is accompa-
nied by local damaging of the NaCl lm, which is evidenced by
the presence of atomic size defects next to the clusters (data not
shown). As will be discussed below, this indirectly has major
implications for the visualization of the Co cluster on
NaCl–Au(111) with STM.

Based on height proles taken from a series of STM topog-
raphy images recorded at �1 V and 0.2 nA, we determined the
height distribution of the Co clusters. The cluster height is
measured with respect to the neighboring surface, i.e., either
Au(111) or NaCl–Au(111) (about 100 clusters were measured for
each surface). The resulting histograms are presented in
Fig. 1(c), together with the diameter distribution of the Co
clusters in the molecular beam prior to deposition.19 The
average cluster heights are 1.9 � 0.1 nm on Au(111) and 1.7 �
0.1 nm on NaCl–Au(111), while the average diameter prior to
This journal is © The Royal Society of Chemistry 2014
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deposition is 2.5 nm. We note that the intensity of the largest
clusters in the gas phase diameter distribution may be under-
estimated because of a reduced detection efficiency for heavy
particles.

Fig. 2(a) and (b) present typical I(V) and (dI/dV)(V) spectra,
respectively, recorded on top of two different Co clusters on
NaCl–Au(111) [see the inset of Fig. 2(a)]. In addition, a spectrum
recorded on the NaCl–Au(111) surface [labeled (1) in Fig. 2(a)
and (b)] is added as a reference. The (dI/dV)(V) reference spec-
trum reveals the step-like onset of the NaCl–Au(111) interface
state.17,20 Surprisingly, the majority of the clusters on NaCl–
Au(111) (about 90%) is found to exhibit metallic behavior, such
as the cluster labeled (2) in Fig. 2(a) and (b). This implies that
the majority of the clusters on NaCl–Au(111) penetrates into the
NaCl lm sufficiently deep to be in direct electrical contact with
the underlying Au(111) surface.

A minority of the clusters (about 10%) exhibits a pronounced
gap around zero bias voltage similar to the spectrum labeled (3)
in Fig. 2(a) and (b). Fig. 2(c) presents the relationship between
the measured cluster height h (with respect to the surrounding
NaCl) and the gap size Vgap for those clusters that show a gap.21

The observed gap can be attributed to Coulomb blocking of the
tunneling current that occurs for metallic particles in a double-
barrier tunneling junction.22 Assuming – for simplicity – a
hemispherical cluster shape, an approximate value of the
Coulomb gap can be calculated as a function of the cluster
height for clusters on mono-, bi-, and trilayer NaCl [see
Fig. 2(c)].23 The theoretical values of 322 pm, 601 pm and 876
pm (ref. 24) were used for the thicknesses of mono-, bi- and
trilayer NaCl, respectively. It can be seen that the experimental
Fig. 2 (a) I(V) and (b) corresponding (dI/dV)(V) spectra taken at the
locations indicated in the inset of (a). The majority of the clusters
exhibits metallic behavior [cluster (2)], while a minority reveals a
pronounced gap in the spectra [cluster (3)]. Inset in (a): STM topog-
raphy image of two Co clusters on NaCl–Au(111). (c) Size of the
Coulomb gap observed in (dI/dV)(V) spectra taken on Co clusters
versus the height of the Co clusters. The dotted, solid and dashed lines
give the dependence of the gap expected for hemispherical clusters
on mono-, bi- and trilayer NaCl, respectively, following the parallel
plate capacitance model.

This journal is © The Royal Society of Chemistry 2014
data points are spread around the bilayer curve and are mostly
in between the calculated curves for mono- and trilayer NaCl.

The penetration of a fraction of the Co clusters implies that
the height histogram of the Co clusters on NaCl–Au(111) in
Fig. 1(c) should have a bimodal character. Indeed, upon more
careful inspection of Fig. 1(c), it can be seen that the STM based
height histogram measured on NaCl–Au(111) has a similar tail
as the height histogram measured on bare Au(111). This
conrms that a fraction of the deposited clusters does not fully
penetrate into the NaCl lm, which is in agreement with the
Coulomb gaps observed in STS spectra. The observed average
height of the clusters which are embedded in the NaCl lm is
underestimated and should to a rst approximation be
augmented by the height of trilayer NaCl on Au(111) that is
measured in STM topography images (0.4 nm (ref. 20)), yielding
an average height for the rst maximum of about 1.9 nm, i.e.
coincident with that for Co clusters on the bare Au(111). On the
other hand, taking into account (limited) deformation of the
NaCl layer for all deposited clusters, the above indicated similar
tail in the height histogram implies that the Co clusters expe-
rience less attening on NaCl–Au(111) and that they retain to a
larger extent their intrinsic spherical shape due to the reduced
interaction with the NaCl lm with respect to Au(111).25,26
3.2. Atomic resolution imaging

Fig. 3(a–c) present high-resolution STM topography images of
three different Co clusters on NaCl–Au(111). The clusters in (a)
and (c) are in contact with the Au(111) surface and exhibit
metallic behavior, while the cluster in (b) only partially pene-
trated into the NaCl layer. Remarkably, apart from the typical 1
� 1 atomic structure of the NaCl surface, clear atomic features
can also be discerned on the Co cluster surface. This observa-
tion is in contrast to Co clusters on bare Au(111), for which we
were not able to resolve the atomic structure.26 It is generally
believed that tip convolution effects, inherent to STM imaging,
make it extremely challenging or quasi-impossible to obtain
atomic resolution on spherical nanoparticles deposited on a
metallic surface,11,14 implying that reliable structural STM
investigation of non-planar nanoparticles cannot be performed
down to the atomic scale.

The enhanced resolution of Co clusters on NaCl–Au(111)
observed here can be related to a functionalization of the STM
tip, i.e. picking up of a Cl� ion with the STM tip. Here, picking
up of a Cl� ion with the STM tip is achieved by scanning the
locally damaged NaCl lm and is evidenced by the accompa-
nying drastic enhancement of the imaging resolution. Gross
et al. have recently revealed both experimentally and theoreti-
cally that an STM tip terminated with a CO molecule yields STM
images with greatly enhanced resolution. Such functionalized
tips probe the modulus squared of the lateral gradient of the
wave functions instead of the modulus squared of the wave
functions that is visualized with a bare metallic STM tip.16

Similar enhancement of the resolution can be achieved using a
Cl terminated tip and even a pentacene molecule terminated
tip.15 Recently, we achieved enhanced resolution on NaCl–
Au(111) surfaces by using a Cl functionalized tip that was
Nanoscale
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Fig. 3 (a–c) Atomic resolution STM topography image of three different Co clusters on NaCl–Au(111). Figure sizes are 7 � 7 nm2, (b) 8 � 8 nm2

and (c) 9 � 9 nm2, respectively. Tunneling settings are (a) �1.3 V and 0.65 nA, (b) �1.5 V and 0.3 nA, (c) �1.5 V and 2.0 nA. (d) Same as in (c) after
applying Fourier filtering to better resolve the atoms of the cluster surface. (e) Same image as in (c) with an adjusted color scale to better visualize
the subsequently stacked atomic layers of the cluster. (f) Height profiles taken along the colored lines in (e). Profiles are given an offset for clarity.
Note that the lateral interatomic distances are overestimated due to tip convolution effects that laterally broaden the (hemi)spherical cluster
surface. (g) Top view of a ball model of the Co cluster, constructed based on the atomic resolution image in (c). (h) Height profile taken along the
white arrow in (e), together with the corresponding cross-section of the atomistic cluster model [indicated by the black line in (g)]. The model is
arbitrarily stretched along the horizontal axis to reflect the experimental lateral broadening.
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created by scanning the NaCl surface in close proximity until a
Cl� ion was picked up.17 Here, the probability of such an event is
increased signicantly due to the fact that the NaCl lm is
locally damaged by the impact of the deposited Co clusters. This
way, atomic resolution imaging of Co clusters on NaCl–Au(111)
can be routinely achieved, as illustrated in Fig. 3(a–c).

In the following we focus on the Co cluster in Fig. 3(c) and
construct a 3D model of this cluster based on the observed
atomic structure and the height information in the STM
topography image. Clusters that are not in contact with the
Au(111) surface can have any possible orientation with respect
to the Au(111) surface. On the other hand, clusters that are in
contact with the metallic Au(111) surface adapt to a certain
extent their orientation and crystal structure to the Au(111)
surface, i.e. the atomic layers are typically oriented parallel to
the Au(111) surface.25,26

From the measured height of the cluster in Fig. 3(c) with
respect to the surrounding NaCl, we infer that the cluster
consists of 7 atomic layers, i.e. 5 layers appear above the
surrounding NaCl lm and 2 layers are below the NaCl lm
surface. This layered structure allows us to assign the observed
atomic structure in Fig. 3(c) to different atomic layers. For this
purpose, the experimental image was Fourier ltered to better
resolve the atoms at the cluster surface [see Fig. 3(d)] and, in
addition, the color code was adjusted to link the observed atoms
to different atomic layers [see Fig. 3(e)]. Each color of the cluster
(green, light blue, dark blue, purple, and grey) in Fig. 3(e)
Nanoscale
corresponds to an atomic layer. Upon careful inspection of
Fig. 3(c–e) it can be seen that the atoms of the top facet of the
cluster [grey color in Fig. 3(e)] appear to have a hexagonal
arrangement. While small Co particles typically exhibit an fcc
crystal structure,27 it is known that an hcp growth on fcc facets
can be kinetically stabilized28 similar to what occurs, e.g., during
growth of icosahedra from smaller decahedra. Fig. 3(f) presents
three height proles taken at different atomic layers of the
cluster [indicated by colored lines in Fig. 3(e)], revealing the
positions of the individual atoms in these layers. Note that the
lateral interatomic distances in the height proles are over-
estimated due to unavoidable convolution effects related to the
nite size of the STM tip. Tip convolution laterally broadens the
(hemi)spherical cluster surface in STM topography images and
consequently increases the apparent interatomic distances at
the probed cluster surface as can be seen in Fig. 3(e).40 The
distances between the probed surface atoms of the atomically
at NaCl layer obviously do not suffer from tip convolution. The
height of the cluster remains unaffected as well. We nd that
the observed atomic structure of the Co cluster can be matched
qualitatively with that of a cluster having an fcc structure and
with an hcp arrangement of the top facet atoms.

A 3D atomistic model of the Co cluster is presented in
Fig. 3(g). Finally, Fig. 3(h) presents a cross-section of (the 5
topmost atomic layers of) the 3D model together with the cor-
responding experimental height prole. Assuming a distance of
0.20 � 0.01 nm between the stacked Co layers,26,41 our cluster
This journal is © The Royal Society of Chemistry 2014
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model correctly reproduces the measured cluster height in
Fig. 3(h). On the other hand, the model is arbitrarily stretched
along the horizontal axis to reect the lateral broadening of the
imaged cluster surface due to tip convolution effects. Taking
into account the bulk lateral distance between Co atoms of
0.25 nm, the tip convolution effects result in a lateral broad-
ening by a factor of about 2. Though more complicated, the
procedure employed here may be applied as well for clusters
that only partially penetrate into the NaCl layer by taking into
account the different possible orientations of the cluster atomic
layers with respect to the Au(111) surface.
Fig. 4 Side view (a) and top view (b) of the atomistic model of a Co
cluster on bare Au(111) (left) and on NaCl–Au(111) (right) (yellow: Au
atoms; cyan: Na atoms; green: Cl atoms; dark blue: Co atoms). An
atomistic model of a pyramidally shaped STM tip (different colors
indicate atoms of different layers) is also shown in (a). DFT-based
simulations of STM images of the structure presented in (a) and (b)
using the empirical model with (c) a blunt STM tip consisting of 12
atoms and (d) an atomically sharp STM tip consisting of 13 atoms. Only
in the latter case, atomic resolution is visible on both the cluster edges
and on the top facet of the cluster. Dashed lines are added to (a–c) as
guides for the eye to highlight the lateral broadening of the cluster by
tip convolution.
3.3. Simulation of STM images

We performed theoretical simulations of STM images to inves-
tigate in more detail the role of the size and shape of the STM tip
apex in the resolution obtained in STM images of Co clusters on
bare Au(111) and on NaCl–Au(111). The geometry of the Co
cluster in Fig. 3(g) aer DFT relaxation on the Au(111) surface is
presented in Fig. 4(a) and (b). While tip convolution effects have
been the subject of numerous investigations, the effect of the size
and shape of the STM tip on the atomic corrugation of non-
planar surfaces has to the best of our knowledge not been studied
before down to the atomic level. The high amount (several
hundreds) of atoms involved (the Co cluster, the NaCl trilayer, the
Au(111) surface and the STM tip) make a full ab initio calculation
very demanding and beyond the scope of the presentmanuscript.
Therefore, we developed a versatile effective model based on DFT
calculations that allows us to conveniently simulate the effect of
the atomic structure of the tip.

Regarding the atomistic model employed to simulate the STM
images, we cut a rectangular portion of a (111) surface of gold,
extending about 35 � 98 Å2 in the xy plane; one half of this
surface was covered by three layers of NaCl according to a
stacking of (100) planes. On both the uncovered and the NaCl-
covered Au surfaces two identical Co clusters were adsorbed: each
cluster was composed of 7 (111) layers in fcc stacking (except for
the top-most one, positioned in hcp stacking) and corresponded
to a surface containing a total of 118 atoms (in our simulations,
only the surface atoms contributed to the STM signal).

The considered tips consist of 1 to 200 atoms and an increase
of the cluster dimension (lateral broadening) and a decrease of
the resolution with increasing tip size were observed as expected.
These effects converge at a certain tip size. This, however,
depends crucially on the tip shape. In particular, tip effects reach
convergence or stabilize for tips of above 50 and 100 atoms for a
tetrahedral and a pyramidal tip shape, respectively, which can be
related to the symmetry of the tip with respect to the cluster.

Fig. 4(c) and (d) present simulated STM images of the Co
clusters in Fig. 4(a) and (b), obtained using the empirical model
with (c) a blunt pyramidal STM tip consisting of 12 atoms and
(d) an atomically sharp STM tip consisting of 13 atoms.
Broadening due to tip convolution is highlighted by dashed
lines in Fig. 4(a–c). We note that in the experiment the STM tip
can be more blunt and it may also have an asymmetric shape,
leading to even more pronounced broadening and deformation
effects.
This journal is © The Royal Society of Chemistry 2014
Upon comparison of simulated STM images of the cluster on
bare Au(111) and on NaCl–Au(111) with the same STM tip [see
Fig. 4(c) and (d)], we nd that the resolution is similar in both
cases, i.e. with and without the NaCl layer surrounding the
cluster. This implies that the observed enhancement of the
resolution cannot be related to the modied tunneling condi-
tions between tip and sample upon adding the NaCl layer. In
particular, the NaCl layer signicantly lowers the work function
of the Au(111) surface.17 Moreover, the STM tip is located closer
to the NaCl–Au(111) surface when compared to the Au(111)
surface under the same tunneling conditions, which results in
the lower apparent height of the NaCl lm in STM topography
Nanoscale
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images. According to our simulations, however, imaging of the
Co cluster surface appears to remain largely unaffected.

Although the model does not allow us to take into account
the specic chemical nature of the terminating Cl atom, the
calculations clearly illustrate that an atomically sharp apex is
required to resolve the atomic structure of the top facet of the
cluster [Fig. 3(c)], as demonstrated in the simulated STM images
in Fig. 4(c) and (d). Furthermore, in order to simulate the effect
of a tip dominated by the presence of a single Cl atom picked up
from the surface, we also performed calculations with a tip
composed of a single atom and found that the resulting simu-
lated image is similar to that obtained employing an extended
tip that is composed of 13 atoms and that is terminated by a
single atom [see Fig. 4(d)]. The increased resolution on Co
clusters on NaCl–Au(111) must therefore be related to a
different tip apex, which is obtained by picking up a Cl� ion
when scanning the locally damaged NaCl lm.15–17
4. Conclusion

We investigated the morphology and electronic behavior of Co
clusters deposited on an insulating NaCl layer on Au(111). Due
to the (partial) penetration of the clusters in the NaCl lm, the
majority of the clusters is in metallic contact with the sup-
porting Au(111) surface as is evidenced by the disappearance of
the Coulomb blockade in the STS spectra. The full atomic
structure of the Co cluster surface is probed by high-resolution
STM imaging using a functionalized tip that can be conve-
niently obtained by scanning on the surrounding NaCl layer.
Relying on a DFT-based model for simulating STM images, we
demonstrate the role of the size and shape of the STM tip apex
in the visualization of Co clusters on NaCl–Au(111). Our nd-
ings open new perspectives for atomic structure determination
with STM of clusters and molecules deposited on surfaces.
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