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ABSTRACT The evolution of the morphology of gold clusters
grown in nanometer-sized pits on graphite at T = 623 K was
investigated for a broad range of cluster sizes. We observed
a transition from a three-dimensional growth for small cluster
sizes (< 103 atoms) to a mainly lateral growth after the forma-
tion of hexagonal (111) facets on top of larger clusters (> 104

atoms). With scanning tunneling microscopy we determined the
facet size and shape together with the cluster height for more
than 100 individual clusters. Based on this data, we developed
a description of the size-dependent cluster morphology which
includes both growth regimes.

PACS 61.46.-w; 68.37.Ef; 81.10.Bk; 68.53.Md; 68.65.-k

1 Introduction

In general, the electronic properties of clusters, i.e.
small particles with a few up to several thousands of atoms,
can only be interpreted if the cluster morphology is also well
characterized. In previous studies [1, 2] we used a combina-
tion of scanning tunneling microscopy (STM) and transmis-
sion electron microscopy (TEM) to measure the height and
the lateral size of silver and gold clusters grown in nanometer-
sized pits (nanopits) on highly oriented pyrolytic graphite
(HOPG). This sample system also proved to be well suited
for a study of the electronic cluster properties using a combi-
nation of photoemission [3, 4] and scanning tunneling spec-
troscopy (STS) [5, 6].

Using macroscopic concepts, the three-dimensional equi-
librium crystal shape (ECS) of a solid is governed by the
orientation-dependent surface energy γ . The minima in γ for
close-packed surfaces correspond to a small number of dif-
ferent facets defining the ECS [7]. Thus, the ECS at T = 0 K
is formed by well-defined polygonal facets with sharp edges
between them. Recently, it was shown that the simple ap-
proximation of the broken-bond rule [8] considering only the
number of next-neighbor broken bonds is in good agreement
with full potential ab initio techniques with respect to the ratio
of the surface energies for different close-packed surfaces [9].
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While surface energies are mostly calculated for a tempera-
ture T = 0 K, e.g. [9, 10], experiments for the shape of µm-
sized particles [7, 11–14] use temperatures which are high
enough so that the equilibrium shape is reached in a suitable
time [15]. The orientation-dependent surface energy changes
with temperature. The anisotropy reduces with T approaching
the melting temperature TM [13], which is equivalent to more
and more spherical particles with small facets [11, 12]. Also,
the step energy gets more and more isotropic at higher tem-
perature, which results in nearly circular facet shapes close
to TM [14]. A quantitative comparison with calculations re-
quires an exact study of the ECS in a broad range of different
temperatures [13].

Generally, the shape of clusters differs from the macro-
scopic ECS. The size-dependent cluster structure was studied
intensively for free clusters, e.g. rare-gas clusters [16] or
alkali-metal clusters [17]. Electronic effects can be important
for the cluster shape as, for example, recent studies of free
noble-metal clusters [18] or the height distribution of Pb is-
lands [19] reveal. For clusters in contact with a surface the
cluster morphology is modified due to the cluster–surface in-
teraction. In general, this is a complicated problem for small
clusters [20, 21] but, using macroscopic concepts in the limit
of large particles, the resulting shape can be predicted using
the substrate surface and interface energy [22, 23].

We did not observe faceted cluster shapes for silver clus-
ters. In contrast, for gold clusters grown at elevated tempera-
tures (623–873 K) a preferential orientation with the (111)
surface parallel to the substrate could be measured with elec-
tron diffraction [24] and hexagonal (111) facets on top of
larger gold clusters were observed with STM [25, 26] and
TEM [27]. For gold clusters with more than 104 atoms, STS
data measured on the (111) facets could be successfully inter-
preted with Shockley surface states confined to the hexagonal
facets [6]. The STS spectra of smaller gold and silver clus-
ters are not yet fully understood [5, 26], partly because the
morphology of individual clusters cannot be determined from
STM data alone, due to the effect of the tip shape in STM
imaging [2].

The purpose of the present study is to investigate the evo-
lution of the morphology of gold clusters grown in nanopits
on HOPG over a broad range of cluster sizes. We find a three-
dimensional growth with a ratio between diameter and height
of d/h ≈ 1.4 for smaller gold clusters, as previously meas-
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ured with the combination of STM and TEM. For larger gold
clusters there exists a transition to a mainly lateral growth
connected with the formation of (111) facets on top of the
clusters. With scanning tunneling microscopy we determined
the facet sizes and shapes together with the cluster heights
for more than 100 individual clusters. We compare our data
for larger clusters with the limiting ECS predicted for macro-
scopic crystals. Based on this data, we can model the growth
process and the size-dependent morphology in more detail,
which will also be important for the interpretation of the elec-
tronic cluster properties.

2 Experimental

For a growth study, as performed here, an exact
calibration of the amount of evaporated gold is necessary.
The evaporator [28] allows an in situ flux measurement uti-
lizing the small fraction of ionized atoms produced by the
electron-beam heating of the tungsten crucible filled with gold
(current Iem at a voltage of 800 V). A part of these ions is col-
lected in the orifice of the evaporator (Iflux) and, similar to
the function of an ion-flux pressure gauge [29], the evapora-
tion rate is then given by κIflux/Iem, with κ a constant given
by the geometric shape of the setup for a fixed material and
electron-acceleration voltage. To avoid defect production by
accelerated ions we use a sample bias of +900 V. To de-
termine useful parameters for the electron-beam heating and
measure κ for a new evaporant, we use a quartz microbalance
in a separate vacuum chamber. But, the accuracy for the cali-
bration of κ is limited in this case, due to possible differences
in the geometric placement of evaporator and substrate and
the non-negligible influence of thermal drifts of the microbal-
ance if small evaporation rates are used, similar to those in
the cluster-growth experiments. Significantly higher rates are
not recommended, since the proportionality of the evapora-
tion rate to Iflux/Iem is not guaranteed in this case, e.g. due
to space-charge effects for high electron or ion currents. So,
we used here for the exact calibration of κ the homoepitax-
ial growth of gold on Au(111) in the same setup and with
similar evaporation rates as for the gold-cluster growth. For
this purpose a Au(111) surface with atomically flat terraces
(several (10 0 ×1 00)nm2 large) was prepared by sputtering
and heating (T = 623 K for 1 h) a gold film on mica. To ob-
tain monoatomic islands with a diameter of a few tens of
nm, a substrate temperature of T = 273 K was used during
the gold deposition. At this temperature we can safely as-
sume a condensation coefficient of 1 for the gold atoms on the
Au(111) surface. In Fig. 1 we show an STM image after gold
was evaporated for 20 s with Iem = 29 mA and Iflux = 10 µA.
With the microbalance data this should result in roughly 1/3
of a gold monolayer (ML). From height histograms of the
STM images taken on large flat terraces the gold coverage
could be determined to be (0.23 ±0.01) ML. This results in
κ = 33 ML/s, which was used for calculating the gold cover-
age in the cluster-growth experiments.

For the preparation of the gold-cluster samples we used
a method which is described in detail in [1, 2]. We give a short
summary together with the explicit parameters used here. On
the surface of highly oriented pyrolytic graphite we produced
nanometer-sized pits, one-monolayer deep and with a diam-

FIGURE 1 STM image of gold deposited at T = 273K on Au(111). The
STM image shows a coverage of 0.23±0.01 ML gold

eter of about 10 nm, by introducing surface defects with the
impact of argon ions in ultra-high vacuum (UHV) and a sub-
sequent oxidation of these defects with 2% oxygen at atmo-
spheric pressure [2, 30]. After the pit formation the samples
were again transferred into UHV and cleaned by heating to
T = 873 K for 1 h. The preformed pits then acted as con-
densation centers for the growth of clusters when gold was
evaporated on these surfaces. For the samples shown here we
used a surface temperature of T = 623 K when we deposited
the gold coverage with a rate between 3 ×10−3 ML/s and
1.4 ×102 ML/s. The cluster morphology was then measured
with STM at T = 5 K. At this low temperature it was pos-
sible to keep a tip shape which is capable of imaging the facets
on top of the larger clusters (see below) for days. Such well-
defined tungsten tips with a tip radius of a few nm, which
prevent a strong broadening of the lateral cluster shape [2] and
allow us to image the facet edges, were produced using ex situ
electrochemical etching and an in situ preparation with heat-
ing and field-emission sputtering [31].

3 Results and discussion

In Fig. 2 we show an image of the HOPG with
nanopits measured before the gold evaporation. In addition to
small pits with diameters of a few tens of nm, one can also ob-
serve larger pits with diameters of up to 100 nm. We cannot
avoid completely the growth of these larger pits on the HOPG
surface, and their frequency varies from sample to sample. We
attribute them to the catalytic influence of surface contamina-
tion [32], which may be introduced in the ex situ oxidation
step, or may be included in the sample, though we use high-
quality HOPG [33]. But, this inhomogeneity in the pit size and
shape is not very important, because the pit size does not de-
termine the lateral cluster size. Instead, the pit edges serve as
condensation centers, where the cluster growth starts. One can
observe this clearly in Fig. 3, which shows the HOPG surface
after evaporation of 0.10 ML gold (sample A). We could con-
firm that the clusters grow neither only below nor only above
the step for more than about eight different clusters, by using
the otherwise unwanted effect that individual clusters are dis-
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FIGURE 2 STM image of a HOPG surface with nanometer-sized pits.
10±1 pits per (100×100)nm2

placed by the STM tip, e.g. during STS measurements. For
such displaced clusters we compared images in which a clus-
ter was at least partly visible before the displacement with
images afterwards, when the underlying pit edge became vis-
ible. In all cases the pit edge crossed the (previous) cluster
diameter, even if we corrected the lateral cluster size for the
broadening by the tip shape, considering a cluster diameter of
1.4 times the cluster height, as discussed below. We conclude
that the clusters start to grow at the pit edge and finally take
on an equilibrium shape overlapping the edge. Therefore, the
height, which we always measure with respect to the sample
surface, i.e. the upper edge, will be slightly underestimated.
But, the error will be at most about 1/2 ML = 1/2 (0.35 nm)
for the nanopits that have a depth of 1 ML.

In Fig. 4 we present STM images after deposition of more
gold on the same surface, in total 0.23 ML (sample B) in
Fig. 4a and 0.92 ML (sample C) in Fig. 4b. The surface was
also heated to 623 K for these subsequent deposition pro-

FIGURE 3 STM image of sample A after evaporation of 0.10 ML gold.
18±1 clusters on (100×100)nm2, height distribution (1.5±0.4)nm. Calcu-
lated coverage (with (1)) 0.032 ML

FIGURE 4 a STM image of sample B after evaporation of 0.23 ML gold.
16± 1 clusters on (100× 100)nm2, height distribution (2.1± 0.4)nm. Cal-
culated coverage (with (1)) 0.078 ML. b STM image of sample C after
evaporation of 0.92 ML gold. 18±1 clusters on (100×100)nm2, height dis-
tribution (2.4±0.4)nm. Calculated coverage (with (2)) 0.44 ML

cesses, while STM was always measured at 5 K. For other
samples, on which we deposited similar amounts of gold in
one step, we did not observe significantly different cluster
sizes or shapes. While the clusters in Fig. 4a still show the
shape of hills without internal structure like in Fig. 3, one can
clearly observe flat hexagonal facets for the clusters in Fig. 4b.

We will now discuss these results using different models
for the cluster morphology. In previous experiments [1, 2, 24]
we used a combination of STM for measuring the cluster
height and TEM for measuring the lateral cluster size. With
this a diameter-to-height ratio of d/h ≈ 1.4 was measured for
several samples in the range of h = 1.8–6.7 nm for the mean
cluster height. The model of a truncated sphere then leads to
the cluster volume

Vts = (πh2/3)(3d/2 −h) = 1.15 h3 . (1)

As we will show below, this calculation cannot be applied to
the larger faceted clusters, but in this case the measured facet
geometry together with the cluster height allows a detailed an-
alysis of the cluster morphology solely using the STM images.
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For the larger, faceted clusters we analyzed in a first step
the observed facet shapes. They could be classified into four
different types which are shown in Fig. 5 with typical STM
images. Types I and II display a symmetry which is in ac-
cordance with the expected shapes for a small fcc crystallite,
while types III and IV cannot be identified with a correspond-
ing equilibrium morphology (see below). The equations for
calculating the facet area Ω from the measured lengths of the
edges a, b and c, respectively, are inserted in the STM pictures.
In most cases the facets in the STM image were sufficiently
flat so that we could extract the facet area more easily using
a height histogram to identify its fraction in a small frame sur-
rounding the facet.

The observed STM images can be compared to the ex-
pected ECS for a fcc crystallite. Though in our case the tem-
perature is much lower than in the experiments for µm-sized
gold crystallites, the extrapolation of the time for shape equi-
libration (∝ R4) [12, 15] into the range of our cluster sizes
suggests that at a temperature of 623 K the ECS is reached
much quicker than the time scale for the evaporation process.
The ECS for a free crystallite can be obtained with the Wulff
construction [34]. For T � TM the ECS is formed mainly by
plane facets with rather sharp edges. Calculations and experi-
ments [7, 9, 10] suggest that for the noble metals the ratio of
surface energies γ (100)/γ (111) is close to the value of the
broken-bond rule considering only the next-neighbor broken
bonds. There are three broken bonds for the (111) and four
broken bonds for the (100) surface per surface atom, which
results in a ratio of γ (100)/γ (111) = 2/

√
3 for the surface

energies per surface area within this model. This is exactly
the ratio of the distances to the center h(100)/h(111) = 2/

√
3

for the squares and hexagons, all with a common side length,
forming the (100) and (111) planes, respectively, if the ECS

FIGURE 5 Typical STM images for the four different types of facets ob-
served for larger gold clusters. The facet area Ω dependent on the length of
the edges a, b and c is given for the different facet shapes

is given by a truncated octahedron. From previous electron-
diffraction experiments [24] we know that we have (111)
facets on top of the clusters. Therefore, a reasonable model
of the cluster morphology is the truncated octahedron shown
in Fig. 6. The area of the top facet is Ω; the facets on the
side of the cluster are (111) and (100) facets making angles
of 109.47◦ and 125.30◦ to the substrate surface, respectively.
Assuming a facet of type I this gives a cluster volume of

Vto = 0.217 h3 +0.987 h2
√

Ω +hΩ . (2)

The cluster shape as depicted in Fig. 6 with the cluster–
substrate interface just below the square-shaped (100) side
facets is in fact the limiting case for the exact applicabil-
ity of (2). If we describe the facet area by a facet diameter
dΩ = 2

√
Ω/π, this shape corresponds to h = dΩ/2.23. For

clusters with larger ratios h/dΩ some facets of the ECS would
point towards the substrate. These facets cannot be imaged
with the STM, and are not included in (2).

For simplicity and because the facet area was evaluated
for the majority of facets using a height histogram, we also
used (2) for the less symmetric facet types. The resulting
error for the cluster volume is small, which can be checked
with the cluster in Fig. 5d, which is the one with the largest
asymmetry. With h = 3.4 nm and the parameters a = 3.95 nm,
b = 5.66 nm and c = 7.84 nm the exact formula

Vtype IV = 0.217 h3 +0.531 h2(a +b + c)

+0.866 h(a(b + c)+bc) (3)

leads to Vtype IV = 403 nm3, while (2) with Ω = Ωtype IV as
given in Fig. 5d results in Vto = 399 nm3. For other clus-
ters with less asymmetric facet shapes the error will be even
smaller.

Here we discuss the fact that facets of types III and IV are
not expected for the equilibrium shape of a fcc truncated oc-
tahedron. As shown in Fig. 6 the side facets of the truncated
octahedron are (111) and (100) facets alternately. Of course,
the top edges of these two differently oriented facets can have
different lengths because the simple broken-bond model as
discussed above may not be exactly valid, but this would lead
to a facet shape of type II. For facets of types III and IV, op-
posite facet edges, one expected to belong to a (111) and the
other to a (100) facet, have the same length, different to other
facets. This points to a non-equilibrium shape for facets of
types III and IV, which is supported by their larger size, as
compared to other facet types (see below).

More than 300 heights were measured for the samples
A and B; more than 100 heights and corresponding facet areas

FIGURE 6 Truncated octahedron as a model for the morphology of the
faceted clusters
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were measured for sample C. The statistical results of the
STM images together with the calculated gold coverage using
(1) for samples A and B with no facets, and (1) and (2) for
sample C, are summarized in Table 1. The condensation coef-
ficients are given as the quotient dividing the calculated gold
coverage on the sample by the amount of evaporated gold.
We do not give error bars for the coverage and the condensa-
tion coefficients. But, due to, for example, tip artifacts and the
limited scan areas, we estimate that the absolute numbers may
include systematic and statistical errors of a few tens of per-
cent. However, the trend for different coverages, given by the
relative values, should be more accurate.

The gold coverage is increased by a factor of 2.3 going
from sample A to B and by a factor of 4 from sample B to
C. Nevertheless, the number of clusters per area stays con-
stant within the experimental error. This shows the effect of
the preformed condensation centers, given by special pos-
itions, like kinks or small cups at the edge of the pits, as was
observed in the cluster-manipulation data discussed above.
For the samples A and B the cluster height increases sig-
nificantly with the coverage, and the model of the truncated
sphere gives reasonable results for the condensation coeffi-
cient when compared to TEM experiments for the growth of
gold islands on HOPG under similar conditions reported by
Anton and Kreutzer [27]. These authors reported condensa-
tion coefficients of about 0.1 at 623 K for particle densities of
about 1011 cm−2, which corresponds to 10 particles on (100×
100)nm2. Also, they observed an increase of the condensation
coefficient with increasing coverage and explained this on the
basis of a diffusion model, leading to a mean diffusion length
before desorption of (5.8 ±2.4) nm on defect-free HOPG at
623 K. In contrast, the application of (1) to sample C also,
with its only slightly larger cluster height than for sample B,
would result in a quite small increase of the calculated cov-
erage, from 0.078 ML for sample B to 0.13 ML for sample
C. This would lead to a strong reduction of the condensation
coefficient as compared to the samples A and B, which is in
contradiction to diffusion models as used in [27, 35], which
always predict an increase with the coverage, because the al-
ready existing clusters act as condensation centers for the new
material. A much better agreement is obtained using the meas-

Sample A B C

Coverage 0.10 ML 0.23 ML 0.92 ML
(evaporated)

Number of clusters 18±1 16±1 18±1
on (100×100)nm2

Height distribution (1.5±0.4) nm (2.1±0.4) nm (2.4±0.6) nm
mean value and width

Coverage as calculated 0.032 ML 0.078 ML 0.13 ML
with Vts from (1)

Condensation coefficient 0.32 0.35 0.14
with Vts from (1)

Coverage as calculated – – 0.44 ML
with Vto from (2)

Condensation coefficient – – 0.47
with Vto from (2)

TABLE 1 Statistical results of the STM images for samples A, B and C,
together with the calculated gold coverage using (1) and (2), respectively

ured facet areas and (2) for calculating the gold coverage on
the sample C, which gives a sticking coefficient of 0.47.

This change from a three-dimensional cluster growth cor-
responding to (1) with a constant d/h ≈ 1.4 to a more lateral
growth when the formation of facets starts can also be seen
by plotting the facet diameters dΩ = 2

√
Ω/π versus the clus-

ter height as measured for the individual clusters of sample
C (cf. Fig. 7). All faceted clusters of sample C had a height
larger than 1 nm and, in contrast to the large variation of
about one order of magnitude for the diameters, the cluster
heights are mostly around 1.5 nm to 3.5 nm. We have intro-
duced the straight line hmin(dΩ) = 1.0 nm+dΩ/8 into Fig. 7,
which gives a lower limit of the cluster heights for a cer-
tain cluster diameter. The slope of 1/8 for hmin(dΩ) illustrates
the lateral growth, with a strongly increasing facet area and
a small increase of the height. The open circles correspond
to four facets which had the shape of types III and IV. The
fact that they have larger diameters as compared to other clus-
ters with similar heights points to a non-equilibrium shape
induced by the coalescence of two clusters.

The two cluster morphologies as given by (1) and (2) are
summarized in Fig. 8, in which the cluster height is plot-
ted as a function of the cluster volume. The cluster volume
V ∝ h3 of (1) is displayed in this double-logarithmic graph
as a straight line including per definition all clusters of sam-
ples A and B. The function hmin(dΩ) for the lower limit of
the cluster height, inserted into (2), results in the curved line
V(hmin). The open circles show the cluster heights and vol-
umes for all clusters of sample C; the filled squares show
additional data points for another sample used in a second,
independent experiment [6] (sample D). Both fit into the re-
gion above the lower limit V(hmin) but well below the height
that would correspond to a truncated sphere with d/h ≈ 1.4
as given by (1). For very large cluster volumes the lower
limit V(hmin) also approaches V ∝ h3, which would corres-

FIGURE 7 Experimental data for the heights h and facet diameters dΩ for
sample C. The crosses belong to clusters grown in pits with a depth of more
than 1 ML; therefore, their height, measured with respect to the surface, is un-
derestimated. The open circles belong to clusters with facets of types III and
IV; their large facet area and asymmetric facet shape can be explained due to
coalescence. All other clusters are displayed as filled circles. The straight line
hmin(dΩ) gives a lower limit of the cluster height for a given facet diameter
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FIGURE 8 Experimental data for the height and the volume of individual clusters, as calculated using (2) with the measured facet areas. The open circles
belong to sample C, the data points marked with crosses in Fig. 7 were not used. The filled squares represent clusters for another sample used in a second,
independent experiment. The dashed line depicts the volume Vts(h) for a truncated sphere with d/h ≈ 1.4. We assign the cluster volume V to the horizontal
axis in order to focus on the change of morphology with the cluster size. The solid line results from the combination of hmin(dΩ); see Fig. 7 and (2). It repre-
sents a lower limit for the cluster height of the faceted clusters. The dash-dotted line results from (2) if a constant ratio dΩ/h = 2.23 is assumed. See text for
further discussion

pond to a three-dimensional growth, and one can assume that
large clusters in the bulk limit will have a certain equilibrium
shape, determined by a Wulff construction and the interface
energies of the cluster and the surface [22, 23]. To illustrate
this large-cluster limit we show with the dash-dotted line in
Fig. 8 the cluster volume for the above-mentioned truncated
octahedron with the cluster–substrate interface just below the
square-shaped (100) side facets. This shape is described by
h = dΩ/2.23 and lies therefore in between the large-cluster
limit for the minimal cluster height (hmin ≈ dΩ/8) and the vol-
ume to height ratio for the truncated sphere (which would cor-
respond to h = dΩ/0.67 in the model given in Fig. 6 and (2)).

In the range of intermediate size, which corresponds to
sample C, the clusters show mainly a lateral growth, which
can be verified by the comparison of the two samples in
Fig. 8: while the height is only slightly larger for sample
D, h(sample C) = (2.4 ±0.6) nm → h(sample D) = (2.9 ±
0.9)nm, the facet area has strongly increased, Ω(sample C) =
(23 ±18)nm2 → Ω(sample D) = (47 ±19)nm2.

With the present data we cannot deduce what will be the
equilibrium shape for large clusters in our sample system. The
results of Heyraud and Metois [11] show that the interface
energy between µm-sized gold crystallites and HOPG results
in a wetting angle of about 127◦, so that the truncated oc-

tahedron with the cluster–substrate interface just below the
square-shaped (100) side facets and h = dΩ/2.23 is flatter
than their results. The stronger cluster–substrate interaction
indicated by the more lateral growth of the faceted clusters in
our experiments can be due to the small cluster size, but there
may be also some influence of the underlying pit edges.

4 Summary

For gold clusters grown in nanometer-sized pits on
HOPG we observed two different morphologies. Small clus-
ters show a three-dimensional growth with a ratio of diameter
to height d/h ≈ 1.4, and no facets could be imaged for these
clusters. With increasing gold coverage the cluster size grows,
and we observed facets on top of the clusters. The growth of
the faceted clusters is mainly lateral, at least for the cluster
sizes as observed here. The two different models for the clus-
ter morphology in these regimes join continuously with the
formation of facets for cluster heights above 1 nm, and we can
extrapolate them to the case of macroscopically large clusters.
In this limit we again expect a three-dimensional growth with
an equilibrium shape given by minimizing the surface ener-
gies. A model for the size-dependent cluster morphology is
a necessary prerequisite also for the description of the evolu-
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tion of the electronic cluster properties for the different cluster
sizes.
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