Cryst. Res. Technol. ‘ 33 ‘ 1998 ’778‘ 977-1008

H.-J. FREUND, M. BAUMER, J. LiBuDA, H. KUHLENBECK, T. RISSE,
K. AL-SHAMERY, H. HAMANN

Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4-6, D-14195 Berlin, Germany

Metal Aggregates on Oxide Surfaces:
Structure and Adsorption

1. Introduction

The growth of metals on oxide substrates has been the subject of many studies in the
past (e.g. see the review article of Campbell (CAMPBELL 1997) and references cited
therein). One of the reasons for the interest in these systems results from the potential
they have as model systems for supported metal catalysts, since they facilitate a detailed
investigation of the interplay between the structure of such composite systems and their
interaction with adsorbates.

There are several examples showing that it is within reach to establish correlations
between particle size and electronic properties on the one hand and adsorption behavior
or catalytic activity on the other hand (LAMBERT 1997, FREUND 1997-1).

Typical metal support systems are those in which the metal is a transition metal, and
the support is, for example, composed of SiO,, Al,O3, or MgO. We can produce well-
ordered layers of MgO (Wu 1992 and 1993, HE 1992, HEIDBERG 1993, HENZLER 1993,
SCHWENNICKE 1993, TRUONG 1993, VESECKY 1994, ZECCHINA 1996, SCHRODER) and
Al,O3 (JAEGER 1991, WuTTIG 1991, JAEGER 1993-1 and -2, LiBUDA 1994-1 and -2,
CHEN 1994, Wu 1995, WuU). The preparation of ordered SiO, layers still gives difficul-
ties (STEMPEL). We have focused our attention until now on the support system Al,Os,
and, thus in the following, initially the structure and properties of the support (JAEGER
1991, LIBUDA 1994-2) as well as the possibilities of its chemical modification by functio-
nalization (LIBUDA 1996-1) will be considered, and, thereafter, the growth, morphology,
electronic and magnetic structure as well as adsorption and reaction behavior of the
metal films deposited (LIBUDA 1995, LiBUDA 1996-1 and -2, FREUND 1993, WINKEL-
MANN 1994, WOHLRAB 1996, BERTRAMS 1995, BAUMER 1995, SANDELL 1995, 1996,
1997 and 1998).

2. Structure of a Support

A well-ordered, thin Al,O3 film can be generated on a (110) surface of a NiAl alloy
single-crystal by oxidation and tempering at 900 K (JAEGER 1991, LiBUDA 1994-2). The
choice of this system has several advantages. If one tried to produce an Al,O film on an
Al substrate, a film would be produced that covers the whole surface, and thus to order
this film, the temperature would need to be raised to such an extent that the substrate
would melt. In contrast, NiAl has a high melting point of 1638 °C. AlyO3 is produced on
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the surface by oxidation; the freed Ni dissolves in the NiAl bulk through heating, be-
cause the thermodynamically most stable phase in the NiAl system is the nickel-rich
NizAl. The dissolution of nickel in the bulk can be monitored, for example, by ESR
spectroscopy (KATTER 1993). The thickness of the film was determined to be 4-5 A
from angle-dependent X-ray photoelectron spectroscopy (ADAM 1991) and from Auger
spectroscopy (ISERN 1989). The stoichiometry of the film corresponds within the limits
of experimental error to that of Al,O3 (JAEGER 1991). Photoelectron spectroscopy and
EEL spectroscopy were used to show that the film contains no metallic Ni and no NiO
(JAEGER 1991). The film is chemically unreactive, and CO adsorbs on it only at low
temperatures (<80 K) (JAEGER 1993-1 and -2), whereas CO binds to the NiAl substrate

Fig. 1. Top: LEED pattern (85 ¢V) of the Al;03/NiAl(110) system with a close up of the region around the (0,0)
reflection. The spots that appear in addition to those of the oxide (marked circles) are attributed to double
scattering at the substrate and oxide structure. Bottom: Schematic structural model derived from y-Al,O3. The
rectangular unit cell of the oxide superstructure as determined from the diffraction pattern is marked
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up to significantly higher temperatures (GAYLORD 1987, MUNDENAR 1988). Thermal
desorption studies confirm that the film formed covers the whole surface of the alloy.

The Aly,Oj3 film is remarkable in the way it spreads some time over the steps of the
substrate like a “carpet”, a phenomenon that is known, for example, for the growth of
alkali metal halide films on elemental semiconductors (PFNUR 1993).

Figure 1 shows the electron diffraction pattern of the film together with a schematic
structural model (JAEGER 1991). The LEED picture still shows the reflections of the
substrate. Superimposed onto the substrate spots are the reflections derived from a
superposition of two domain LEED patterns, as indicated in the diagram. The double
diffraction reflections through scattering on the Al,Oj film and substrate exist but are
weak (see Fig. 1) (WuTTiG 1991). The two domain directions A and B are at an angle
of 24° with respect to the [110] direction of the substrate. This twist is forced by the
arrangement of the large, nearly rectangular unit cells on the (110) NiAl surface. The
arrangement of the Al,Oj layer in the [110] direction is substrate-related and commen-
surable, in the perpendicular direction, however, incommensurable.

Figure 2 shows an STM image of the domain interface (LIBUDA 1994-2), which has no
atomic resolution. Rather the protrusions show a global variation of the electronic struc-
ture about the marked unit cells. The STM image was recorded under conditions at
which electrons from the oxide layer tunnel to the tip of the scanning tunneling micro-
scope. Since the occupied density of states of the oxide begins at about 4 eV below the
Fermi energy of the alloy substrate, high tunneling voltages are required. Therefore, the
distance between the tip and the substrate is relatively large, and the lateral resolution
is limited. If small tunneling voltages are used, the electrons tunnel mainly from the
substrate through the film to the tip. This can be used to reproduce the atomic struc-
ture of the NiAl layer immediately underneath the Al,O5 film.

The thickness of the Al,O3 film is comparable with two Al-O double layers, as shown
schematically in Fig. 3.

The Al,O3 film is oxygen-terminated, as we know from ion-scattering spectroscopic
experiments (WINKELMANN 1994, WOHLRAB 1996, BERTRAMS 1995). Both, the inten-
sity distribution in the electron diffraction pattern and the measurements of the Al,Oj
band structure by angle-resolved photoelectron spectroscopy hint at the formation of
hexagonal oxygen layers (JAEGER 1991). Additional evidence for the formation of the

Fig. 2. STM image of the Al,O3/
NiAl(110) system (CCT, 210 A x
130 A, —2 V. 0.5 nA). The unit
cells of the differently oriented do-
mains A and B are indicated
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oxide layer is obtained from photoelectron spectra in the region of the Al-2p core elec-
trons (JAEGER 1991). The photoelectron spectroscopic signals of individual layers in the
film are assigned in Fig. 3: The sharp doublet arises without doubt from the alloy sup-
port; the weak shoulder at about 74 eV must stem from the interlayer region, since it
returns strongly in terms of its relative intensity when the spectrum is recorded at graz-
ing electron emission, that is, lower escape depths of the electrons (ADAM 1991); the
most intense signal in the photoelectron spectrum stems from the fully oxygen-coordi-
nated Al ions. The nature of the coordination environment (octahedral or tetrahedral)
of the Al ions is hard to decipher from this information alone. Complementary informa-
tion is provided in Fig. 3 (bottom right) from the phonon spectrum of the film (JAEGER
1991), which was recorded by using electron loss spectroscopy. Comparison with the
spectra of a- and y-Al,O3 leads to the conclusion that the coordination corresponds
more to that of y-Al,O3 than that of a-AlyO3. This means that tetrahedrally and octa-
hedrally surrounded Al ions are present.
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Fig. 3. Top: Schematic model of the Al,O3/NiAl(110) system. Bottom: High resolution photoelectron spectrum
(left hand side, hv = 150 eV, perpendicular emission) and high resolution electron energy loss spectrum (right
hand side). Substrate, interface, and oxide components are clearly separated in the photoelectron spectrum (E;, =
binding energy). The HREEL spectrum of the Al,O3 film on NiAl(110) is compared to those of Al(ox)/Al and a-
Al,O3 (AE = energy loss)
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We have thus achieved an extensive characterization of the film and established that
we are dealing with a well-ordered Al;Os film, which is free of hydroxyl groups and
which fully covers the surface. Evidently, this film cannot correspond in every way to a
bulk single crystal, since in the direction perpendicular to the surface the thickness of a
unit cell of y-Al,O3 or a-Al;O3 is not achieved. Nevertheless, it appears that in many
ways the properties of this film are typical for y-AlyO3 and the layer thickness has only
a limited influence on the observed properties.

The film prepared in this way can now be directly covered with metal, but it can also
be chemically modified prior to the introduction of the metal (LIBUDA 1996-1). Thus, it
has been possible to study the influence of functional groups on the Al,O3 surface on the
growth and reactivity of thin metal films: Of special significance in this context are
hydroxyl groups on the Al,O3 surfaces, and in the following, the ways in which chemi-
cally modified films can be prepared will be discussed briefly (LiBuDA 1996-1, ALMY
1977, PAuL 1986, CHEN 1986, COUSTET 1994, FREDERICK 1991, SCHILDBACH 1993,
McDONALD 1965, CHATAIN 1986, BAUER 1958).
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Fig. 4. Al 2p photoemission spectra of the chemically modified Al,03/NiAl(110) surface (hv = 150 eV at grazing
(70°) and normal emission). A: Clean Al,Og film; B: After deposition of 1 A Al at 300 K; C: After H,O exposi-
tion at 90 K and subsequent warming up to 300 K
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The basic concept is the following: Metallic aluminum is adsorbed onto the ordered Al;O3
film and then the layer thickness can be increased by oxidation with either pure oxygen, or,
by oxidation with HyO, a somewhat thicker hydroxylated aluminum oxide layer is achieved.

This process can be monitored by photoelectron spectroscopy (Fig. 4) (LiBUDA 1997).
The bottom spectra (A) are those of the clean Al,Oj film, on the left hand side obtained
by perpendicular electron emission, and on the right hand side by grazing electron emis-
sion. Deposition of a part of a monolayer of metallic aluminum leads to the spectra B.
From the production and the comparison with different spectra recorded at different
angles of emission, it can be seen straight away that Al lies on the surface of the Al,O5
layer. Notably, in addition to the appearance of new bands, the whole spectrum is
shifted to a higher energy range. This is attributed to the fact that depending on the
charge polarization in the interfacial layers, potential differences occur through the insu-
lator layer. These differences can also be discussed in terms of band bending (LIBUDA
1996-1) and lead to these shifts. Hydroxylation with water leads to a conversion of the
metallic aluminum to the ionic form and to the top spectrum in the series (C). At the
same time, the O 1 s spectrum indicates the formation of a shoulder, which is typical for
the presence of hydroxyl groups. It is not surprising that through this process the order
of the surface is changed, though it is by no means fully lost. The concentration of func-
tional groups can be controlled by varying the dosage of aluminum. Evidently, it is con-
ceivable that the formed OH groups can be used to further functionalize the surface.

3. Morphology of Metal Deposits

Metals can be deposited on clean and on chemically modified surfaces. Figure 5 shows
several examples resulting from metal deposition on a thin alumina film.

Remember that, for the function of catalysts the morphology and structure of the
metal deposits is very important, because it determines the activity and selectivity in
the chemical process. Different metals exhibit very different growth modes which depend
to a large extent on the strength of interaction between the metal and the oxide sub-
strate. This in turn is strongly influenced by the presence of defects, such as steps or
domain boundaries or point defects on the substrate. Silver as an example only weakly
interacts with alumina and is consequently very mobile at room temperature. It nucle-
ates at steps and forms relatively large but only few aggregates (bottom of Fig. 5).
Platinum or cobalt and rhodium, on the other hand, interact more strongly with the
oxide substrate, are less mobile and thus form small particles upon deposition at room
temperature (top of Fig. 5). Such investigations give direct insight in how the substrate
has to be conditioned for a given metal in order to prepare a certain dispersion of metal
particles. The adsorption energy F, 4, is described by the classical Young approximation
(CHATAIN 1986, BAUER 1958, LIBUDA 1997), for which approximate values are known
for the first two interaction energies, but the oxide/metal term is usually not known.

Eags = onide/gas + Emetal/gas — Lioxide/metal - (a‘)

Which growth behaviour is observed at a given temperature depends on F,q4. If Euqs < 0,
full coverage is attained, that means a layer growth of the Frank-van der Merwe type. If
E.qs > 0, three-dimensional islands are formed (Volmer-Weber growth mode) (LIBUDA
1997). If a layer-by-layer growth is replaced at a known layer thickness by a three-
dimensional growth, it is referred to as a Stranski-Krastanov mode. Naturally, the de-
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Fig. 5. STM images of Co, Rh and Ag deposited on Al,03/NiAl(110) at 300 K

tailed defect structure of the substrate and the introduced particles play an important
role for these processes, since the defects of the oxide layer are nucleation centers for the
deposited particles, as is apparent from Fig. 5 (middle panel).
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Fig. 6. Pd growth on Al,03/NiAl(110): a) STM image after Pd deposition at 90 K (CCT,
+1.6 V, 2.2 nA). b) STM image after Pd deposition at 300 K (CCT, +0.4 V, 0.5 nA). ¢) LEED
pattern after deposition of 20 A Pd at 300 K (right hand side) and intensity profile of an area
close to (00)-spot (left hand side)
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However, it is not just a question of the existence of defects per se but also their
nature. Palladium, for example, has a growth behavior that is influenced by the exis-
tence of domain boundaries, as well as by the steps of the substrate and point defects in
the oxide layer (BAUMER 1995). This is illustrated in Fig. 6a, in which Pd was deposited
at 90 K.

The Pd particles partly decorate the domain interfaces, as can be seen in the figures.
In addition, there are particles on the terraces. If the same amount of Pd is deposited at
room temperature, the mobility is increased and clearly larger aggregates form. Some of
the aggregates in Fig. 6b adopt the shape of small crystals. That these crystals are
limited by planes with a (111) orientation is apparent from the electron diffraction dia-
grams, such as that shown in Fig. 6c (BAUMER 1995). The oxide reflections are two
diffuse, but clearly definable, hexagonal (111) superstructure reflections rotated 12° to-
wards each other. The double reflections stem from the growth of the particles on both
of the Al,O3 domains. Recently, we have studied some aspects of the internal structure
of the aggregates. Using transmission electron microscopy, it has been found that the
average lattice constant of the aggregates decreases as a function of decreasing aggregate
size. The magnitude of the effect depends on the particular metal and varies between
3—8% with respect to the bulk lattice constant (KLIMENKOW 1997, NEPIJKO 1 and 2).
Also, it has been possible to atomically resolve terraces of some aggregates but imaging
the entire island including the atoms at the oxide metal interface is still difficult (HAN-
SEN).

Rhodium which is an important component in car exhaust catalysts exhibits a slightly
stronger interaction with the substrate as compared with Pd. In the middle panel on the
left of Fig. 5 rhodium has been deposited at room temperature on the clean alumina
substrate. The mobility of rhodium at this temperature is such that the aggregates nu-
cleate at the defects without coalescence due to the particular epitaxial growth condi-
tions forming strings of deposited aggregates. In order to grow aggregates in a random
distribution across the surface one could expose the surface at lower temperature as
shown in Fig. 7 or hydroxylate the surface before exposure to the metal vapor (FRANK
1997).

If the latter is done, the impinging rhodium atoms chemically bind to the hydroxyl
groups according to the reaction scheme

{APTOH } + Rh’ — {APTO* } Rh' 4 H,q, (b)

and this stabilizes smaller aggregate sizes at random distribution even at room tempera-
ture, as shown in Fig. 8. Once the aggregates have been formed and have reached a
given size, they are stable over a considerable region of temperatures.

For example, the distribution of aggregates created by deposition at low temperatures
(90 K), shown in Fig. 7, is morphologically stable up to 700 K. The rhodium aggregates
prepared on the hydroxylated surface (Fig. 8) are even more stable. We may use the
region of thermal stability of the aggregates to investigate chemical reactivities of such
an ensemble of aggregates without changing morphologies. This brings us in a position
to study a particular chemical reaction for a given particle size under very well defined
conditions and proceed a step towards bridging the materials gap (FREUND 1997-1).
Furthermore, if we are able to control the size of the deposited aggregates, then we
should be in a position to explore the size dependence of chemical reactions in such
systems. In catalytic reactions particle size selectivity of reactions has been used to
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0.1 ARh/Al O, / NiAI(110) (90 K)

Fig. 7. STM image of 1/20 monolayer of rhodium deposited at 90 K onto an alumina model
substrate. The light protrusions represent the deposited metal aggregates. The structure of the
oxidic support is represented by the finer structure and the broad linear features are due to the
antiphase domain defect structure at the surface

steer these reactions to certain products. CO dissociation has to be considered as one
reaction channel in connection with automotive exhaust control, because it can lead
to the deposition of carbon on the catalyst which in turn may poison its activity. We
have chosen to investigate this very simple reaction, i.e. CO dissociation on rhodium
aggregates. It is known from the study of the interaction of CO with rhodium aggre-
gates deposited on alumina powders that CO shows a varying tendency to dissociate
into carbon and oxygen atoms apparently depending on the size of the deposited rho-
dium aggregates. By varying particle sizes via the methods of nucleation and growth of
metal particles on the alumina model substrate, we are now in a position to study the
particle size dependence of this simple reaction in detail. The result of such a study is
shown in Fig. 9.
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Fig. 8. STM image of rhodium deposited at room temperature onto a prehydroxylated alumina
model substrate. In comparison with the rhodium deposit in Fig. 5 (which represents the non-
hydroxylated surface) the distribution is considerably more uniform

The main result is the maximum in the dissociation rate observed for aggregates con-
taining about 1000 atoms while for smaller as well as larger aggregates the dissociation
rate is lower. It is well known for flat metal single crystal surfaces that CO does not
dissociate upon adsorption but rather binds to the surface reversibly as a molecule. The
introduction of steps on the surface is known to induce dissociation indicating that there
are specific sites necessary for the dissociation reaction. A detailed analysis of the struc-
ture and morphology of the deposited aggregates as a function of size indicates that it is
the creation and finally the diminution of steps that steers the reactivity. Again, resort-
ing to Fig. 9 and following the dissociation rate curve from the left it has been shown
that the smallest particles grow as two-dimensional layers and before the aggregates
contain 100 atoms, the second layer starts to grow. Eventually, three dimensional parti-
cles grow but their height never exceeds their width. When the particles contain less
than about 1000 atoms, the particles coalesce and the island density decreases consider-

66 Cryst. Res. Technol., Vol. 33, No. 7—8
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ably. This is when the dissociation rate decreases and the maximum has been surpassed.
Thus, it is quite easy to understand how the size-dependent reactivity comes about in
this case. It turns out that the size of particles near 5 nm where we find highest dissocia-
tion rates indeed coincides with those sizes where high catalytic activities have been
observed in various, also much more complex chemical reactions. Obviously, for a given
metal/substrate combination certain particle sizes stabilize a maximum of active sites
and thus maximizes the reaction rate. This, however, is only one ingredient in optimiz-
ing a catalytic reaction. Selectivity is another issue that has to be addressed in the
future.

4. Electronic structure and adsorption

Photoelectron spectra can be taken of the systems morphologically characterized in this
way (SANDELL 1995, 1996 and 1998). With valence ionization as well as with ionization
of inner shell electrons the dependency on the particle size can be established. We dis-
cuss for the clean adsorbate free particles only the inner ionization. Figure 10 summarizes
for Pd deposits some 3d spectra, which were taken with synchrotron radiation.

The binding energy and the line width observed for the largest aggregates are practi-
cally the same as for the solid Pd(111) surface. One observes a clear shift to higher
binding energies with decreasing particle size and at the same time a clear line broad-
ening. Many effects could contribute to both of these observations (MAsSON 1983,
WERTHEIM 1987 and 1989). Generally it can be said that charge transfer phenomena as
well as so called initial state effects and also such influences which come about in the
ionized state of the system could play a part. The discussion of line widths turns out to
be especially difficult (MasoN 1983, WERTHEIM 1987 and 1986, MARKs 1990,
SCHONHAMMER 1977 and 1978). At the moment one can only suspect that the non
equivalence of the different metal atoms within the differently sized aggregates and the
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interaction of a part of the metal atoms with the substrate combined with the final state
effects are responsible for the spread.

In contrast, the interpretation of binding energy shifts which are graphically summar-
ized on the right of Fig. 10a for Pd aggregates and in Fig. 10b for Rh aggregates turns
out to be somewhat clearer (WERTHEIM 1989, DICENZO 1985). Specific metal/support
interactions (SCHONHAMMER 1977), in the sense, that charge is transferred from the
metal to the support can be discussed using initial state effects. The discussion of final
state effects is here also urgently necessary since the screening of the positive charge
formed through ionization leads to clear binding energy shifts. Whilst for a bulk crystal
a fully delocalised positive charge results, the charge delocalisation is limited for a metal
aggregate not centrally bound to the substrate. Then a charge distribution builds up on
the particle, whose size depends in accordance with the average radius of the particle
(WERTHEIM 1989, DICENZO 1985)

E.x R (c)

and the binding energy shifts to higher binding energies with smaller radii. There is a
number of experimental results (WERTHEIM 1986, 1987 and 1989, MARKS 1990,
SCHONHAMMER 1977 and 1978, DICENZO 1985) which are in accordance with equation
(c) along with the explanation of the binding energy shift described in Fig. 10b. The
shifts are put down fundamentally to final state effects. One would expect with a pro-
nounced influence of charge transfer processes in a non ionized system a strong influence
on the bonding energy of the substrate, which lies however in our case at 10% of the
total effect. Possible reasons why pronounced charge transfer effects were observed with
Pd (Ocawa 1995, SARAPATKA 1993-1 and -2) and Ni deposits on Al,O3 layers which
are on Al substrates, could be found for the different interactions on the metal/oxide
interface depending on the defect density and stoichiometry of the film.

Binding energy shifts and line shapes change considerably if one adsorbs onto the
metal deposits carbon monoxide. CO adsorption offers itself for study, because one has
at one’s disposal extensive comparative material of CO adsorption on metal single crys-
tals (FREUND 1988 and 1997-2, KING 1990, MARTENSSON 1995). Figure 10 compares
the Pd 3d spectra with and without CO coverage for desposits at 90 K and 300 K. If
one looks at the available spectra after CO saturation at 90 K, the highest Pd coverage
(corresponds to a mean island size of 70 A) shows again clear similarities to the Pd(111)
surface (ANDERSEN 1991 and 1994, BJORNEHOLM 1994). The Pd 3d signal of the clean
surface shows a bulk and a surface component which are shifted towards one another by
about 0.3 eV (FREUND 1988) and could not be resolved. CO adsorption leads to a shift
of the surface component of ca. 1.1 eV to a higher binding energy whereby both sections
(see shoulder in spectrum) could be well separated. The bulk portion amounts to 40% in
this case, decreases to 13% with 2 A Pd (average island size of 22 A) and can no longer
be distinguished at 0.2 A Pd (average island size 7.5 A). The comparison of the CO
induced core level shifts shows that this grows with decreasing island size to ca. 1.5 eV.
Experiments on single crystals show that the observed binding energy shifts depend on
the number of coordinated CO molecules (ANDERSEN 1991, BJORNEHOLM 1994). Also a
further analysis of the data (LIBUDA 1996-1) leads us to suspect that for smaller aggre-
gates the number of coordinated CO molecules per surface Pd atom increases from one
to two. The observed coordination numbers for transition metal carbonyls were never
achieved (L1IBUDA 1996-1). Nevertheless where one is able to compare the metal ioniza-
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tion in carbonyl compounds with those from the deposited particles (FREDERICK 1987),
the observed ionization energies from the carbonyl compounds with those of the smallest
aggregate are in agreement. Figure 10b shows the comparison for Rh ionization. The
obtained binding energies for the smallest aggregates are in agreement with the exact
island sizes in the region of two to six nuclear metal carbonyls (FREDERICK 1987). The
well known Rh(CO), species on an Al,O3 surface shows with 310.2 eV an even higher
binding energy (FREDERICK 1987). Owing to the limited comparability of the substrate
used, barriers are naturally set to such a comparison.

Further indications to the electronic structure of the systems can be derived from the
valence as well as the Cls ionization of the adsorbed CO and also from thermal de-
sorption spectroscopy (TDS). In Fig. 11 the TD-spectra of several Pd deposits are
placed together (SANDELL 1996).

One finds with large Pd coverages a desorption spectrum which shows a large simi-
larity to a spectrum of an adsorbate on a single crystal (Guo 1989). The relatively
sharp, slightly intensive desorption maximum at 240 K stems from a hydrogen impur-
ity (LiBUDA 1996-1). With decreasing size of the deposited particles comes a de-
sorption maximum between 250 and 300 K. A possible objection regarding the com-
parability of the system prepared at 90 K with the films produced at higher growth
temperatures refers to the fact that the thermal stability of the system is obviously
limited. It is therefore fundamentally conceivable that the observed desorption be-
tween 200 and 300 K comes from a thermally limited structural reorganization of the
metal aggregate alone due to the low growth temperature. A corresponding experi-
ment based on the warming of the CO saturated systems to 300 K following a CO
saturation at 90 K, shows however a virtually identical desorption spectrum (LIBUDA
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1996-1). The low temperature desorption in the region of 200 to 300 K is an inherent
property of very small Pd aggregates.

Figure 12 conveys the impression of the changes caused through CO adsorption in the
region of the valence electrons (SANDELL 1996).

Firstly, one recognizes in the region of 11 eV and 8 eV binding energy the 40 or 50/
17 emission of the chemisorbed CO. The clearly higher intensity for the 90 K deposit in
relation to the film prepared at room temperature is easy to understand with con-
sideration of the growth behavior in the sense of a clearly larger surface area in the first
case (LIBUDA 1996-1). The interaction of the valence states of the metal with the adsor-
bate leads to considerable changes in the region of Pd 4d emission. Also here the con-
siderable difference in size of the aggregate shows clearly its dependence on the con-
ditions of preparation: owing to the low proportion of bulk atoms at small coverages,
CO saturation leads to even larger changes in the region of the Fermi level for the 90 K
deposits.

The Cls spectra in Fig. 13 are typical for molecularly bound CO and therefore com-
parable to spectra of transition metal carbonyls (ANDERSEN 1991, BJORNEHOLM 1994,
FREDERICK 1987) shown in the middle part of the figure and the Cls spectrum from
CO adsorbed on Pd (111) shown above (ANDERSEN).

The weakly defined fine structure in the last shown spectrum is due to CO molecules
on different adsorption sites. The Cls spectrum for 12 A Pd is apart from an insignifi-
cant broadening identical to the spectrum of the single crystal adsorbate. By a transi-
tion to smaller aggregates one finds a significant shift to higher binding energies, an
increase in the line width and an increase in the intensity of so called “shake-up” satel-
lites (FREUND 1981-1, FUGGLE 1978, SCHONHAMMER 1980, GUNNARSON 1978, UMBACH
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1982, NiLssoN 1989, TILLBORG 1993, Bacus 1981). After the removal of part of the
CO through a short warming to 300 K a shift to lower binding energies as well as a
decrease in line width, asymmetry and “shake-up” intensity is observed.

“Shake-up” satellites are one of the after discussed in the physics literature and well
understood consequences of the fact that ionization is a complex many particle process
and leads despite the emission of a single electron to the simultaneous excitation of
many ion states (FREUND 1981-1, FUGGLE 1978, SCHONHAMMER 1980, GUNNARSON
1978, UMBACH 1982, NILsSON 1989, TILLBORG 1993, BAGUS 1981). How intensive these
different ion states appear in the spectrum of an adsorbate depends on among other
things, how strong the bond is between CO and metal (FREUND 1981-1 and -2, VON
BARTH 1982). A detailed theoretical analysis shows that the charge transfer satellites in
this respect have large intensities by a weak chemisorption coupling between CO and
metal (FREUND 1981-1 and -2, BAGuUs 1981). That means one may conclude, in agree-
ment with the TDS experiments, from the change of the satellite intensities on an im-
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portant change appearing with decreasing particle size: while the strength of the chemi-
sorption bond sensitively depends for small aggregates on the coverage, this is not so
much the case for large particles or single crystal surfaces. The lacking of well ordered
crystal surfaces in the case of small aggregates leads inevitably to the situation that a
distribution of different geometries must be taken into account and that these decisively
contribute to the observed line broadening. Further effects can also contribute to the
line width (TILLBORG 1993, NILSSON 1992-1) but shall not be discussed further here.

The observed binding energy shift must, as when dealing with the Pd ionization lead
back to screening processes in the final state of the ionization (WERTHEIM 1989). In
Fig. 14 compiled X-ray absorption experiments (LIBUDA 1996-1) verify this.

With the shown X-ray absorption the excitation is dealt with of a Cls or an Ols
electron, respectively, into the unfilled 27 orbital of the CO molecule (STOHR 1991, VON
BARTH 1982, NILSSON 1992-2 and 1995, BJORNEHOLM 1992). Since the excited electron
in the 27 orbital remains in the molecule, it takes care of a large part of the core hole
screening. Whereas in the case of the Cls ionization the screening and with it the bind-
ing energy shift is strongly dependent on the particle size, one expects with X-ray ab-
sorption a much smaller influence from the particle size itself on the signal. Rather the
strength of the bonding interaction between CO and metal influences the signal in the
following way: the synergetic s-donor-p-acceptor bonding mechanism leads to an interac-
tion between unfilled CO 7 orbitals and filled Pd 4d orbitals. Since the 4d orbitals form
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Fig. 14. X-ray absorption spectra of Cls and Ols — s* resonances for CO/Pd/Al,03/NiAl(110). Left: After CO
saturation at 90 K. Right: After short warming up to 300 K. The vertical marks show the position of the corre-
sponding photoemission signals on a binding energy scale
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a band, the interaction with the 27 orbitals of the CO molecule leads to a 27 state
density distribution, whose width relative to the Pd 4d band width depends on the
strength of the CO metal interaction. As systematic experiments on single crystal ad-
sorption have shown, the lifetime of the excitation, vibrational excitations and intermo-
lecular interactions play clearly a minimal role (BJORNEHOLM 1992). Two effects domi-
nate: the width of the resonance increases for systems with the same geometry with
increasing chemisorption energy, it also increases with increasing coordination of the CO
molecule, that is by the transition from atop to bridge to hollow site. One can use these
ideas for the interpretation of the resonance positions and widths in Fig. 14.

While the ionization energy shifts to larger values as a function of the decreasing
particle size hinted at by the spike in the Cls — 2m-spectrum, the Cls — 27-resonance
stays more or less at the same energy. At the same time with larger aggregates it is
broader as one expects by increasing chemisorption energy. The same is valid for the
Ols — 27-resonance in the case of the deposition at 90 K. After heating to 300 K the
resonance is wider in unison with the discussion conducted above. A clear indication of
the strength of the bond! All experimental methods applied in complete agreement,
point to a strong chemisorption bond in the region of small CO coverage for the Pd/
Al,O3 system for all island sizes. For small Pd aggregates the strength however de-
creases considerably for increasing coverage and lies finally for the smallest Pd aggregate
and CO saturated coverage only in the region of weakly chemisorbed systems.

The comparison with Rh deposits is interesting here. Thermal desorption as well as X-
ray absorption spectroscopy point to very much modest changes of the CO adsorption
properties dependent on the aggregate size for Rh/AlyO3. Only the smallest islands show
a slightly different desorption behavior. A possible explanation for the different behavior
could lie in the differences of the smaller aggregates saturated CO adsorption geometry.
It is known that Rh tends on the relevant adsorption sites to an overall higher coordina-
tion through the adsorbate in the sense of dicarbonyl species (Guo 1989). This is also in
unison with the experiments not looked at in detail here (VAN'T BILK 1983, SOLYMOSI
1985 and 1990, Basu 1987, ADELT), which indicate a reconstruction of the Rh islands
after CO exposure at 300 K, provable by corresponding LEED profile measurements,
which lead after CO exposure at 90 K to an increased adsorption capacity (LIBUDA
1996-1).

The unique electronic properties of the deposited aggregates are also obvious from
measurements where the aggregates are excited by electrons and the emitted light is
spectroscopically collected (ADELT). The results of such cathode luminescence measure-
ments are exemplified in Fig. 15 where a photograph of the experimental observation is
shown together with two spectra recorded for two different average size distributions of
deposited Pd aggregates.

The experimental set up is simple: The electrons are emitted from a cold field emitter
tip and are accelerated towards the sample. The emitted light is collected via a spectrom-
eter involving a I-N5 cooled CCD camera. The blue spot is the light emitted from the
sample as observed by the naked eye. The spectra are complex and we refer to the
literature for details. Briefly, they contain a section up to 2.6 eV luminescence energy
that involves excitations in the oxide/alloy substrate and another part between 2.6 and
5 eV which corresponds to emission from the deposited particles. The observed emission
maxima change in energy position and intensity as a function of average aggregate size.
This documents the quantum confinement of the electrons within the deposited metal
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Fig. 15. The photograph shows the rectangular probe with a luminescent spot on its lower part. The ceramic
holder of the field-emitter tip as well as the emitter wire can be seen. Two cathodoluminescence spectra are
shown for clusters with an average size of 10 and 15 A, respectively. The high energy bands are characteristic for
such small particles while the bands at lower energy are also found for the pure substrate

aggregate as expected from a simple electron-in-a-box-approach. Detailed theoretical cal-
culations have yet to be performed to allow for a final interpretation. One aspect is
interesting with respect to a use of the light emitting properties of the aggregates,
namely the expectation that these emissions could also be stimulated optically. This
would allow us to probe the dynamics of electronic processes such as energy dissipation
within the aggregate as a reaction is proceeding on the particle. We feel that the use of
ultrafast lasers will help in the not too distant future to tackle some of these questions.

5. Adsorbate Vibrations

Vibrational spectroscopy is considered to be one of the most powerful tools to investi-
gate the interaction of small metal aggregates with molecules adsorbed from the gas
phase. We first discuss IR-studies for CO saturation on Pd aggregates (WOLTER 1998).
Figure 16 contains corresponding data where on the left-hand side the Pd aggregates
were grown at a substrate temperature near 90 K and on the right-hand side at a sub-
strate temperature near 300 K.

The aggregates deposited at 300 K are crystalline with (111) facets parallel to the
substrate. Such a situation can be described by aggregates of cubooctahedral symmetry
(LAMBERT 1997, BAUMER 1995).
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We note from Fig. 17 that the amount of adsorbed CO as judged by the integrated
CO signal intensity is considerably larger for the low temperature Pd deposits than for
the room temperature deposits for a given amount of deposited metal. This is due to the
larger surface area exposed by the irregularly shaped aggregates deposited at low tem-
perature. As a general observation from Fig. 16 we realize that the positions of the
bands for deposits at both temperatures are comparable. Furthermore, the line widths
observed in Fig. 16 are, perhaps not unexpectedly, larger for the low temperature depos-
its due to the inherent higher degree of microscopic heterogeneity of Pd positions in
those aggregates. It is possible to assign three regimes of frequencies for both sets of
deposits based on the spectra for saturation coverage shown in Fig. 16. Those regimes
are: 1930—1970 cm ™!, 1970-2000 cm ™' and 2090-2120 cm ™. On the basis of arguments
presented below for the coverage dependent studies we assign these bands to bridge
bonded species on the terraces of the aggregates (1930-1970 cm™), to bridge bonded
species on the edges of the aggregates (1970-2000 cm™'), and to terminally bonded CO
(2090-2120 cm™") not necessarily situated on the terraces, of course. The bands that we
assign to CO bridge bonded on the edges of the aggregates have previously been as-
signed to CO on Pd(100) sites (BADRI 1992, RAINER 1996, EvANs 1996, TUSHAUS
1990-1 and -2, KUuHN 1992). The intensity of the absorption band in this region together
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with the results from earlier SPA-LEED and STM-studies (FREUND 1997-1, BAUMER
1995) lead us to a different interpretation (see below).

For the low temperature deposits there is a clear trend if we compare the intensity
in the region of bridge bonded species with the intensity in the region of terminally
bonded species as a function of aggregate size (Fig. 18, top). It is found that the frac-
tion of bridge bonded species increases rapidly with the size of the aggregates until it
reaches a saturation value. This is consistent with an increase of sites with two Pd
atoms at the proper distance to be bridge bonded by CO molecules. If we compare
this with the situation for the room temperature deposits also plotted in Fig. 18 (bot-
tom), we realize the much slower increase starting from a higher level. Clearly, this is
caused by the higher degree of order for the room temperature deposit already at the
lowest metal coverage where the particles expose small terraces with atomic arrange-
ments allowing for a considerable number of bridge bonds to be formed. Once the
aggregates have assumed their regular shape, the relative ratio of bridge bonds to
terminal bonds is only expected to change slowly (LAMBERT 1997, BAUMER 1995). On
the other hand, Pd(111) terraces bind CO molecules in a terminal geometry only at
very high CO coverages (6 > 0.7) (LiBUDA 1994-2). On Pd(111) the terminally bonded
CO with an adsorption band at about 2100 cm™" is always accompanied by an intense
band at about 1900 cm™* which is assigned to a species adsorbed on threefold-hollow
sites (TUSHAUS 1990-2, KUHN 1992) (The shift of this band from about 1830 cm™ at
very low CO coverages is caused by dipole coupling (FERNANDEZ 1997)). At this high
coverage the population of bridge sites is extremely low on Pd(111) (see above). The
peak at about 1900 cm™', characteristic for CO molecules bound in threefold-hollow
sites at high coverages, is not found in our spectra with corresponding large intensity
but, if at all, as a weak shoulder. On Pd(111) for coverages of about 8 = 0.6-0.7 the
amount of terminally bonded CO is nearly zero and the CO is predominantly bridge
bonded (see above) (BJORNEHOLM 1992). Combining all arguments the spectra indi-
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cate on one hand that on the facets of the Pd clusters the saturation coverage is
smaller than saturation coverage (6 = 0.75) on a Pd(111) single crystal, and the CO
molecules are preferentially bridge bonded on the aggregates. On the other hand, the
above reasoning also explains why the intensity in the region of terminally bonded CO
is considerably lower for the room temperature deposits, which exhibit well-ordered
facets, i.e. because the coverage is below 6 = 0.75. In the spectral region assigned to
the bridge bonded species there is a marked redistribution of intensity between the
two sites, i.e. on the terraces and on the edges, favoring the edge bonded species for
larger aggregates. This increase in intensity is too large to be understood on the basis
of an increase in the number of sites (VAN HARDEVELD 1969) if we consider a cubooc-
tahedron. We suggest here that it is due to dynamic intensity transfer via dipole cou-
pling between the terrace bridge species with stretching frequencies at lower frequency
towards the edge bridging species at higher frequency. Such an intensity transfer
through dipole coupling would be consistent with what is known from single crystal
surfaces (HOLLINS 1985 and 1992, PERSSON 1981). It is also consistent with the trend
observed in Fig. 16 as the particle size increases. The larger the terraces grow and the
more well-ordered the adsorbed CO islands are, the more pronounced the intensity
transfer in the IR spectra becomes. After all the intensity transfer is a collective phe-
nomenon depending on the size of the active domain (HOLLINS 1985 and 1992, PERS-
SON 1981).
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As the next step we investigate the CO coverage dependence of the spectra (Fig. 19).
We do this by starting at saturation coverage and subsequently heat the sample to the
given temperatures. The spectra are then recorded again at 90 K. It is, of course, impor-
tant for a consistent interpretation to keep in mind that upon heating above certain
values the morphology of the aggregates may change. Figure 19 shows the coverage
dependence for a smaller (i.e. 2.2 A average thickness) and a larger (i.e. 12 A average
thickness) Pd exposure created at a substrate temperature of 90 K. The spectra for the
highest coverage (lowest temperature) are similar to those reported in Fig. 16 and repre-
sent saturation coverage. We note the stronger relative population of bridge sites for the
larger deposits. Upon decrease of coverage the peak in the area of terminally bonded CO
(2090-2105 cm™") loses intensity and decreases in width until above room temperature
the signal has almost completely disappeared. When the sample was heated (before re-
cording the spectra at 90 K) above 200 K the band appeared to be split with a compo-
nent located near 2070 cm™' growing in relative intensity. It is possible that this signal
is due to isolated terminally bonded CO molecules (KUNDIG 1972, GELIN 1984). As
already discussed in connection with Fig. 16, the band due to bridge bonded species on
the edges gains intensity before it undergoes a substantial transformation for the larger
deposits. This transformation of band shape is more pronounced compared with the bands
observed for the smaller amount of deposited material where changes are moderate.



Cryst. Res. Technol. 33 (1998) 7—8 1001

Pd/ALOJNIAI110) 20LCO atS0K
IRAS Pd deposition at 300 K
atoms per particle: 2000 atoms per particle:7500
i 750K 520 K At
1830em” | 1906em” 1801em’ 180Tom
W i 445K A4S K[, v
-.F‘ Pehng
M e 370K STOK [T
.'“ I\l | \'M..M'
Y- 335 K [t e
;,,’l\‘m\ E,%*wﬂ'lw 335K l\|| M |<-¢1
@ / Vo
5 W o 300 K fArs, | o
- el
Z Wy " \ fv.J
ﬂ\h s 300 K ' '||
= i | |
5
I 205 K [urumn, (| o g
% )
e, | |*“*fo Mad 205 K " Hl |
krh |.|' 1‘ *|
| || Y zom1cm |
tn Ly i 150 K !
\
phod ™ |
f WK = ™
Fig. 20. IR-spectra of CO (20 L) My | ey N | W
adsorbed at 90 K on two different w"lﬂ‘lll(w"]l‘ 14 LS 105 ey | oy {3 ey
300 K Pd deposits (average thick- w1 | e I| o
ness: left: 1 A; right: 12 A). The 01% | ||| 0.2% |
systems were annealed to the tem- 198Ten J,mn, - o 198dem’
peratures given . ———— L
1800 1900 2000 2100 2200 Energy [cm’] 1800 1500 2000 2100 2200

To complement the discussion on the low temperature deposits again with corresponding
data on the high temperature deposits, we show in Fig. 20 the coverage dependence for
Pd deposited at 300 K.

On the left, a small amount of Pd (i.e. 1 A average thickness) and on the right, a
larger amount of Pd (i.e. 12 A average thickness) has been evaporated onto the alumi-
num oxide substrate. In comparison with Fig. 19 the observed band widths are gener-
ally somewhat smaller and the frequencies are shifted but overall similar bands are
found as discussed above. This is in particular true if only small amounts of Pd are
deposited. The relative population of bands due to bridge bonded species is higher
again but the coverage dependence up to an annealing temperature of 335 K is very
similar to what has been observed for the low temperature Pd deposits. Above 335 K
it is possible to completely desorb the bridging molecules on edges and to have only
the bridging molecules on terraces as well as another species present. This extra spe-
cies shows an absorption band near 1830 cm™ and seems to be the most stable CO
species on the aggregate. By comparison with data for low CO coverage on Pd(111) it
must be assigned to adsorption in threefold-hollow sites, i.e. those sites which domi-
nate adsorption on Pd(111) single crystal surfaces between small and half monolayer
coverages (FERNANDEZ 1997).
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For larger Pd deposits the situation at saturation coverage is different from the smal-
ler Pd deposits. Due to the formation of more well-ordered facets and sufficiently low
coverage (see above) the population of terminally bonded CO is very low. The bridge
site region dominates the spectrum up to an annealing temperature of 370 K. Upon
annealing to high temperature we also find population of threefold hollow sites, typical
for the Pd(111) single crystal surfaces (KUHN 1992, FERNANDEZ 1997). However, by
comparing the present data with single crystal data of well-ordered surfaces it is obvious
that there are very pronounced differences. The adsorption behaviour on the aggregates
compares best with defect rich single crystal surfaces (LIBUDA 1996-2), i.e. spectra of a
Pd(111) single crystal surface with a high density of defects also show an absorption
band in the region of 1970-2000 cm™' (BJORNEHOLM 1992).

So far we have shown spectra recorded at low temperature. Figure 21 shows a set of
spectra recorded for a small Pd deposit at 300 K, comparable to Fig. 20 but recorded at
room temperature.

The on-top signal at 2064 cm™ is, not surprisingly (see above), very low. The bands
in the bridging region are broader than at 90 K and the change after subsequent heating
cycles resembles the one found in Fig. 18. We believe that the larger widths of the lines
are due to the fact that the molecules are rather dynamic on the aggregate, i.e. other
sites become accessible at elevated temperatures. We show these spectra because they
compare well with those reported in the literature for small metal aggregates (GOYHE-
NEX 1996). Those have also been assigned to bridge bonded species. Henry et al (Goy-
HENEX 1996) have published a similar spectrum for Pd deposited on MgO(100) where
the aggregates also expose predominantly Pd(111) facets. However, Pd(111) and
Pd(100) show similar spectra for saturation coverage at 300 K (BRADSHAW 1978) so that

Pd/ALO,/NiAI(110)

IRAS 20L CO at300K
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1800 1900 2000 2100 2200
Energy [cm’]




Cryst. Res. Technol. 33 (1998) 7—8 1003

a discrimination between the facets on the basis of the IRAS data recorded at 300 K is
not really possible.

We have undertaken a corresponding study for Rh deposits on the clean as well as on
the hydroxylated alumina surface. These results are fully comparable with those re-
ported for the Pd aggregates. In addition, we also see the formation of geminal Rh-dicar-
bonyls, a species known from in-situ IR studies on real catalysts.

A final analysis has yet to be carried out, but the IR results so far available show that
this technique will give us major insight into details of chemical processes on aggregates
even though a straight forward deduction of adsorbate structure from an analysis of
vibrational shifts may not always be possible.

6. Magnetic Properties

In addition to investigations on electronic properties it is interesting to develop tools
which allow us to study magnetic properties. Bases upon the experience we have devel-
oped with using electronic spin resonance (ESR) on radicals adsorbed on single crystal
surfaces (SCHLIENZ 1995, KATTER 1997, RIsSE 1998) we have started measurements of
the ferromagnetic resonance (FMR) (HILL 1 and 2). To this end we prepare either a
bulk single crystal oxide surface or an epitaxial thin oxide film under ultrahigh vacuum
conditions and grow the metal aggregates on it. Such a sample is brought into a micro-
wave cavity and the FMR is recorded. The sample, which is attached to a manipulator
may be oriented with respect to the external field, and therefore the orientation of the
direction of the magnetization is accessible.

Figure 22 shows such a measurement for Co particles on Al,O3(0001), deposited at
room temperature.

An uniaxial orientation is found with a single minimum at orientation of the field
parallel to the surface plane. This means that the magnetization is also oriented in this
way (HILL 2).

A very similar behavior is found for iron as plotted in Fig. 22b. The smaller asymme-
try is a property of the specific metal. While upon heating the behavior does not change
for Co, it becomes more complex for iron (see Fig. 23) (HiLL 3).

A B
Co | Fe sample geometry HO [G]
r 10000
_-_-4_,-,--;@- L 8000
6000
Fig. 22. Angular dependence of the resonance 2.3A 4000
field for various amounts of Co and Fe deposited 46 A
at room temperature on an Al,O3(0001)-single
crystal surface. 6 denotes the angle between the t 2000
crystal surface and the static magnetic field. The
deposited amounts are given in terms of the ef- 6.9 A
fective layer thickness ; ; . . . . ; . 10
-80 -40 0 -80 40 0
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Co Fe FMR
46 A 48 A Tgep = 300 K
——v/r/\/‘—_’J\/\/\, - 90°
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g=-50° Fig. 23. Comparison of thg angular
dependent FMR-spectra of Co and
Fe on Al,O3(0001) after heating the
deposits prepared at 300 K to 870
K. The spectra were recorded at 300
e K. 6 denotes the angle between the
0=0 . .
static magnetic field and the crystal
surface. The deposited amounts are
x1,5 given in terms of the effective layer
thickness
T T T T T T T T T T
1 3 5 7 1 3 5 7
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This is indicative for the survival of uniaxial magnetism in the hexagonal cobalt and
its breakdown for the body centered cubic iron. Fe(bcc) has three easy axes of magneti-
zation and the formation of more crystalline aggregates is likely to be the reason for the
observation.

Since atomic resolution is very hard to achieve on the small aggregate at present,
these experimental observations in the ferromagnetic resonance are very useful.

FMR can also be used to follow adsorption of the aggregates. We find that chemisorp-
tion of CO quenches the surface magnetism of the small particles. Oxidation of the small
particles leads to the formation of an oxide skin on a ferromagnetic kernel. Since the
oxide signal occurs at very different fields only the FMR of the kernel has been recorded.
Such measurements may be used to follow the formation of oxide aggregates deposited
on oxide supports which would have interesting catalytic properties.

7. Photochemistry

The small deposited aggregates lend themselves to photochemical studies, in which the
influence of the aggregate size on the photochemistry on the surface of the particle is
explored. In particular the photodesorption cross sections of small molecules such as NO
from Pd aggregates have been studied (KAMPLING 1). In this case we heavily drew on
our experience with photodesorption from oxide surfaces (AL-SHAMERY 1996). Very re-
cently, photodesorption and photodissociation of methane from Pd aggregates of vari-
able size has been investigated (KAMPLING 2). A gradual development of the chemistry
towards the one observed on the compact single crystals is found. The smallest aggre-
gates exhibit properties which are different from those expected for metals in line with
some of the observations described for their electronic properties above.
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