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Geometrical and electronic structure of Pd clusters on graphite
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Abstract

Pd clusters formed by physical vapor deposition at room temperature (RT) on highly oriented pyrolytic graphite
were investigated by a combination of X-ray photoelectron spectroscopy and diffraction, angle-resolved ultraviolet
photoelectron spectroscopy, scanning tunneling microscopy and calculations based on the local density functional
theory. Different coverages with nominally 3, 5 and 10 A were studied after deposition at RT and after heat treatment at
600°C. Local ordering exhibiting growth with an fcc(1 1 1) orientation is already observed at the lowest coverage, but
with no preferred azimuthal orientation in accordance with the substrate itself. However electronic structure features
characteristic for a Pd(11 1) single crystal appear only after heat treatment.
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1. Introduction properties, are determined by the nucleation

Clusters, formed by vapor deposition onto rel-
atively inert substrates, are of great interest as
model systems because of their importance in the
field of heterogeneous catalysis and cluster physics.
Small supported clusters, especially consisting of
Pd, have frequently been investigated by means of
photoelectron spectroscopy [1]. Since atomic scale
characterization is very important to understand
catalytic properties, studies of such systems have
been intensified owing to the invention of scanning
tunneling microscopy (STM) [2-5]. If clusters are
formed by deposition from the vapor phase onto
the substrate, their final shape, and thus their
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mechanism and adsorbate-substrate interaction
which are both temperature dependent [6].

In the present paper we investigate the mor-
phology, geometrical and electronic structure of
Pd clusters grown on highly oriented pyrolitic
graphite (HOPG) by room temperature (RT)
evaporation, both, immediately after deposition
and after subsequent annealing to 600°C. Sample
preparation and experiments have been performed
in situ. STM was used to identify the formation of
clusters, the geometrical structure was determined
by X-ray photoelectron diffraction (XPD) and the
electronic bandstructure was observed by angle
resolved ultraviolet photoelectron spectroscopy
(ARUPS), what, to our knowledge, has not been
done so far. The Pd bands were identified via
comparison with full potential linearized aug-
mented plane waves (FLAPW) calculations [7].



2. Experimental

The experiments were performed in a VG ES-
CALAB Mk 1II spectrometer with a base pressure
<5 x 107" mbar. The sample stage is modified
for motorized sequential angle-scanned data ac-
quisition over 27 solid angle [8,9]. MgK,, radiation
(1254.6 eV) was used for X-ray photoelectron
spectroscopy (XPS) in order to check the cleanness
of the sample with respect to Ols or to determine
intensity ratios between the Cls and the Pd peaks.
The data acquisition mode to collect full-hemi-
spherical XPD data is described in detail else-
where [10]. ARUPS measurements were performed
with monochromatized Hel, radiation (21.2 eV).
The setup of the plasma discharge lamp with the
monochromator, which is able to separate the
different excitation lines from various gases like
He, Ne, and H,, is presented elsewhere [11]. The
energy resolution of the analyzer (angular resolu-
tion 1° full cone) for the ARUPS measurements
was set to 50 meV. STM images were taken with a
DME Rasterscope 3000 [12] in constant-current
mode. All images were collected using an electro-
chemically etched W tip.

The HOPG surface was prepared in ultrahigh
vacuum by cleaving with adhesive tape. Pd was
evaporated at RT by resistive heating of a thin Pd
wire wrapped around a Ta filament. The coverage
was monitored with a quartz crystal oscillator.
After a first characterization following Pd depo-
sition the sample was heated to 600°C (as mea-
sured by a pyrometer) for 1 h using resistive
heating of a Ta filament inside the sample holder.
Thereby, the pressure did not exceed 1 x 107
mbar. Note that it is very unlikely that Pd desorbs
during this heat treatment since its vapor pressure
at this temperature is below 10~'! mbar. Before
performing the second set of experiments the
sample was allowed to cool down for at least 2 h
after heating.

3. Results and discussion
STM measurements were carried out to con-

firm that Pd grows in clusters on the HOPG sur-
face. We believe that Pd grows in clusters on

graphite since a hexagonal structure identical to
that on a clean graphite can be detected in between
the Pd. Fig. 1 shows a set of pictures before and
after annealing for all coverages. They show that
the clusters become more regular and uniform in
size and shape after annealing. ! In addition at 10
A, one can see that the annealing process has al-
lowed the formation of large triangular clusters
with preferential orientation. Similar ones were
found by Kojima et al. [2] after Pd evaporation at
450°C.

XPS intensities of the Pd and the graphite
substrate were analyzed. In Fig. 2 the mean ratios
between the intensities of the Pd peaks (for sta-
tistical reasons, averaging was done over the 3p
and 3d intensities of Pd) and the Cls peak are
plotted for the different layer thicknesses before
(round markers) and after annealing (square
markers). We notice a decrease of the ratios after
heating. The crossed markers show the mean ra-
tios between the intensity ratios before and after
heat treatment. While for the thicker layer (10 A)
the intensity ratios experience practically no
change the ones for the thin layers decrease mark-
edly up to a factor of 1.8 (3 A). Neglecting the
possibility of Pd intercalation in HOPG [13], * two
explanations may be given. Either part of the de-
posited material desorbs during annealing, which
is very unlikely according to the vapor pressure
during the heating process, or the clusters after
having possibly coalesced, become higher and
smaller in diameter. The clusters then cover less
surface area and, therefore, the Pd/C intensity
ratio decreases. As more Pd is deposited the ratio
tends to be less altered, possibly because the
clusters have reached a more stable size which does
not change anymore after heating the 10 A de-
posit.

The local geometric structure of the clusters has
been investigated by XPD. Fig. 3 compares the
XPD patterns of the three low index faces of fcc
single crystals, i.e. the (111), the (001), and the

' The quality of the STM images is such that it does not
allow a systematic, statistical analysis of the cluster size and
height. STM is merely used to confirm the presence of clusters.

2To our knowledge there is no indication about Pd
intercalation in HOPG, see e.g., Ref. [13].



before heating

2000A

after heating

20004

Fig. 1. STM images for Pd coverages, O, of 10, 5, and 3 A on graphite before and after heating. For heating the sample was removed
from the STM stage and put back again after cooling down, i.e. the images are measured at different locations on the sample surface. X
and Y dimensions are indicated at the bottom. Note the different image sizes between the 10 A film (a,b) and the other ones. All films
show more regular shapes after annealing. All images were collected using the same electrochemically etched W tip.

(110) surfaces (Fig. 3a), to the diffraction pattern
of a 5 A Pd film after evaporation onto HOPG at
RT (Fig. 3b). The different photoemission peaks
have been measured as a function of the emission
angle and mapped stereographically in a linear
grayscale representation. High and low intensities
are drawn in white and black, respectively. Normal
emission corresponds to the center of the plot
whereas emission parallel to the surface, i.e. 90°
polar emission angle, is indicated by the outer
circle.

XPD allows a very simple interpretation in the
case of photoelectron kinetic energies above ap-
proximately 500 eV [14]. Photoelectrons leaving
the emitter atom are strongly focused in forward
direction by the neighboring atoms. The measured
intensities are therefore high along densely packed
atomic rows and crystallographic planes. In this
energy regime, the so-called forward focusing is
only weakly dependent on the atomic number Z.
Furthermore, it was shown in Ref. [9] based on
a large data set that the final-state scattering
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Fig. 2. Palladium to Carbon XPS intensity ratios for the as-
evaporated (@) and the annealed Pd on HOPG samples (&) as a
function of the nominal film thickness. Errors are of the size of
the markers. Dividing the ratios yields a value (#) that is a
measure for the shape change upon heating (see text, error bars
are indicated).

produces patterns that are virtually independent of
the initial state angular momentum. All four sur-
faces have been measured at kinetic energies near
1 keV where the high intensity features are almost
solely produced by forward focusing of elastically
scattered photoelectrons [9]. The position of the
maxima thus depends basically only on the local
geometric structure and is therefore characteristic
for an fcc structure with a particular orientation.
The comparison of the Pd signal with previous
experiments on Ag and Cu [9,15] is straightfor-
ward since all, Pd, Ag, and Cu, crystallize in the
fce structure.

The appearance of rings for the Pd pattern in-
stead of discrete maxima is remarkable. It is due to
the azimuthal random orientation of the small
graphite microcrystals of the highly textured
HOPG surface. The crystallites are only well
aligned along the c-axis [16]. The Cls XPD pattern
of HOPG (not shown here) exhibits therefore only

rings as well. However, the intensity distribution
along the polar emission angle 60, 1(0), is still
characteristic for only one facet of an fcc surface.
In order to investigate this it is useful to plot the
azimuthally averaged 7(0), normalized to the
smooth polar angle dependent background to gain
a so-called anisotropy [17,18]. As illustrated in Fig.
4a, two fcc(111) oriented single crystals deliver
similar anisotropies, demonstrating their indepen-
dence on Z. Fig. 4b also shows the similarity of
XPD patterns and anisotropies before and after
heating. It becomes clear that the anisotropies are
quite similar for single crystals and the Pd on
HOPG, as deposited and annealed. From this
similarity we learn that the amount of unordered
Pd on HOPG is negligible.

In Fig. 3c the topmost graph shows the an-
isotropy of the Pd film and is compared to the
corresponding curves for the different fcc surfaces
of Fig. 3a. High intensity features for Pd are la-
beled from A to D. Immediately, fcc(1 1 0) oriented
facets can be ruled out. For small 0, i.e. for peaks
A and B, the anisotropies for the (111) and the
(001) facet are similar and both correspond to the
Pd film. Peaks C and D, however, clearly demon-
strate the (111) alignment of the Pd film. The
features A-D have been observed for all sample
preparations, i.e. for all thicknesses before and
after annealing. Note that feature A, i.e., a for-
ward focusing maximum in normal emission di-
rection, indicates the presence of at least four Pd
layers in the cluster, since consecutive atoms along
the (111) direction occur only every fourth layer.
Therefore, at 3 and 5 A, the clusters appear to be
considerably thicker than what is expected from
the quartz microbalance, * giving an additional
indication for the presence of clusters instead of
uniform layers.

The behavior for 6 > 60° (see Fig. 3b) can be
attributed to the sample fixation on the holder,
leading to non-uniform anisotropic features for
grazing emission.

Fig. 5a shows angle-scanned energy dispersive
curves from normal emission up to 40° polar angle

* Four Pd layers in the (111) direction correspond to a
thickness of 6.74 A.
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Fig. 3. Comparison of stereographically projected XPD patterns measured (a) on Ag and Cu single crystal surfaces, (b) on 5 A Pd film
on HOPG and (c) anisotropies in azimuthally averaged polar angle cuts. Labels A-D mark the high-intensity features on the Pd

evaporated sample.

for clean HOPG and 5 A Pd on HOPG, before and
after heating. They were observed for all thick-
nesses. The spectra were taken in polar angular
steps of 2° using Hel, radiation (21.2 eV). Linear
interpolation in the direction of the angle axis was
performed before representation in a grayscale
plot. Black means high intensity. Graphite is
known to have a low density of states near the

Fermi level Er and it is therefore not astonishing
to observe only a part of a band in the lower right
corner in our dispersion plot. Evaporation of Pd
produces a large bump of apparently localized
states between —2 and —3 eV binding energy and
an increased spectral weight near Eg. Only by
heating, these states become sharper and one can
even follow the dispersion of individual bands
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Fig. 4. (a) Stereographically projected XPD patterns of two
fee(1 1 1) oriented single cristals. Cu3p was measured at 1179 eV
and Al2s at 1136 eV, both with MgK,. One can look how
similar the anisotropies are for both aluminium (x) and copper
(O). (b) Anisotropy and XPD pattern of the 5 A Pd film on
HOPG after deposition at RT (k) and after the annealing
process (/\).

from 6 = 0° up to 30° as indicated by the dotted
white lines in Fig. 5a.

In order to understand the observed electronic
structure we performed bulk band structure ‘first
principles’ calculations of pure Pd based on the

density functional theory (DFT) using the
FLAPW method [7] within the generalized gradi-
ent approximation [19] and assuming a free elec-
tron final state. The results are shown in Fig. 5b.
Ten, equally spaced polar angle cuts between
I'-M and I — K as indicated in the surface
Brillouin zone of an fec(111) surface have been
calculated and added up in order to simulate av-
eraging over the irreducible wedge of the Brillouin
zone. For small 0 the theoretical cut is in good
agreement with the experimental data for the
heated sample. On the as-prepared sample only
the diffuse feature at —2.5 eV is observed near
normal emission. The second peak at —1 eV,
characteristic for angle-resolved normal emission
spectra of Pd(111) [20], appears only upon an-
nealing to at least 520°C. For larger 0 the Brillouin
zone averaging leads to a smeared out density in
the electronic structure (see Fig. 5b) and, accord-
ingly, the measured structure becomes diffuse for
0 > 20°. The calculated band dispersing down-
ward and starting at normal emission at —3 eV is
not present in the experiment. The cluster size (or
height) may not be sufficient to produce this fea-
ture. Furthermore, our -calculations disregard
matrix elements. Hence, in order to know whether
this is intrinsic to our Pd clusters or an artifact of
the calculation it would be necessary to compare
with measurements on a Pd(111) single crystal.
These measurements indicate that, although clus-
ters formed by RT evaporation already show a
local (111) ordering, electronic band structure
features only show up when the clusters have been
heated. This is consistent with the rearrangement
of the clustershape upon annealing and possibly
the cluster size (or height) is not sufficient to
produce the downward dispersing feature starting
at =3 eV.

It is possible to speculate that such a locally
ordered structure without developed electronic
bands might indicate a dendritic aggregation of the
Pd particles on the graphite surface as was ob-
served for Au on HOPG [21]. Only after annealing
the electronic structure of Pd is observed, sug-
gesting achievement of a long range order. With
increasing deposition temperature many epitaxial
systems on closed packed substrates reveal a direct
transition from dendritic to compact islands. The
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Fig. 5. (a) Grayscale dispersion plots for clean HOPG, 5 A Pd on HOPG before and after heating. Clear dispersion near Er appears
only after annealing the Pd film. (b) Band structure calculation of bulk Pd adapted to simulate a He I measurement azimuthally
averaging over the irreducible wedge of the Brillouin zone between I' — M and I — K. The high symmetry axes and points in the
surface Brillouin zones of fce(1 1 1) Pd and HOPG are indicated on the left. The dashed line is the HOPG surface Brillouin zone. The K
points of the Pd and HOPG Brillouin zones correspond to approximately 47° and 55°, respectively.

compact islands are mostly triangles whose pre-
ferred orientation is set by the trigonal symmetry
of the dendrites preceding at low temperatures.
One of the most spectacular example is Pt/Pt(111)
which exhibits a transition from dendrites to a
series of polygonal island shapes [22].

4. Conclusion

In summary, angle-resolved ultraviolet, XPS,
and STM have been employed to characterize
the geometrical and electronic structure of palla-
dium clusters on pyrolytic graphite. The resulting



clusters have been investigated after RT deposition
and after subsequent annealing to 600°C.

STM showed the presence of clusters. XPD
demonstrates that at every stage, i.e., before and
after heating and at all coverages, the local growth
orientation is epitaxial fcc(1 11). The heated clus-
ters, as indicated by XPS and STM, get smaller
and higher after having possibly coalesced for
both first deposits (3 and 5 A) or just transform
into triangular shape at 10 A. The change in
morphology has consequences on the electronic
structure of the clusters. The ARUPS results show
a clear evolution of the electronic structure upon
annealing. The as-evaporated samples exhibit only
a broad bump at approximately —2.5 eV binding
energy showing no dispersion and increased spec-
tral weight at Fr compared to the clean HOPG.
Upon heating discrete bands appear which corre-
spond well to an azimuthally integrated band
structure calculation of bulk Pd with a (111) ori-
entation.
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