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Metal-overlayer formation on C60 for Ti, Cr, Au, La, and In: Dependence on metal-C6o bonding
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Photoelectron spectroscopy using x rays and synchrotron radiation was used to examine surface bond-
ing and overlayer growth modes when the representative metals Ti, Cr, Au, La, and In were deposited
onto thin films of pure C60. None of these metals intermixed with C60 or formed bulk metal-fulleride
compounds. Instead, metallic clusters were produced when Au, Cr, and In atoms were condensed on
C«. For Ti and La, the first layer formed as a monolayer but subsequent depositions produced clusters.
The tendency to form a single layer for Ti and La reAects the hybridization of metal d and fullerene p or-
bitals, as with bulk carbides. In addition, limited amounts of metal carbide formation was evident for
overlayers of Ti, La, and Cr due to some disruption of C«.

INTRODUCTION

The formation of fullerene-based compounds and
derivatives suggests that new forms of solid-state materi-
als can be synthesized, possibly with important physical
and chemical properties. The discovery of superconduct-
ing alkali fullerides, ' for example, stimulated consider-
able interest. While the deposition of atoms on C60 can
result in intercalation, as for the alkali metals, there are
also several other possible behaviors. Indeed, an impor-
tant question concerns what parameters determine the
nature of the metal-fullerene interface. It is the study of
these interfaces that is of concern here.

This paper focuses on the interaction of metal atoms
and clusters with C60 thin films during the formation of
overlayers. The purpose was to investigate metal-
fullerene interface properties. Representative elements
were chosen from the metal groups so as to present a
range of properties such as reactivities with carbon, ion-
ization energies, and metal cohesive energies. Titanium
and chromium were chosen from the transition metals
because they form carbides. Gold, a common contact
meta&, ~as chosen because it is a noble metal with no car-
bidic phase. Indium was chosen because of its tendency
to form clusters when depositied on semiconductor sur-
faces. Finally, La was selected because its ionization po-
tential is comparable to those of metals that form corn-
pounds with C60, including Li, Sr, and Yb.

EXPERIMENT

Clean surface and interface photoemission results were
obtained under ultrahigh-vacuum conditions at pressures
less than 1X10 ' Torr. In the x-ray photoemission
measurements, a monochromatic Al Act beam (h v
=1486.6 eV) was focused to a 150-pm spot on the sur-
face. Photoelectrons emitted at 70 relative to the surface
normal were analyzed with a hemispherical analyzer and
a position-sensitive resistive anode at a pass energy of 25

eV. In this spectrometer, the overall resolution of the
core levels was 0.6 eV, as determined from the Fermi-
level width and broadening for standard samples.
Valence-banci spectra were acquired using photons from
Aladdin at the Wisconsin Synchrotron Radiation Center.
In this case, photoelectrons were collected with an angle-
integrated do able-pass cylindrical mirror analyzer. The
overall resolut on in these valence-band studies was 0.35
eV. In both si ',s of experiments, -63% of the photo-
emission signal:arne from the first layer of fullerenes,
enhancing the se sitivity to changes in the surface region
(the 1/e attenua ion depth was dictated by geometric
conditions}.

The fullerenes were formed by the contact arc method,
with subsequent separation by solution with toluene.
Phase-pure C60 was obtained by a liquid chromatography
process on alumina diluted with mixtures of hexanes.
The resulting C60 was then rinsed in methanol, dried, and
placed in Ta boats that were -6 cm from the substrates
onI, o which C60 was to be condensed. Following degass-
ing, C60 was evaporated by heating the boat to -820 K.
GaAs(110) surfaces were prepared by cleaving in situ to
provide clean, Aat, nonreactive substrates. For these

0
measurements, films of —50 A or -6 layers of C60 were
condensed at room temperature. Thereafter, metals were
evaporated from resistively heated boats —50 cm from
the C60 films. After thorough outgassing, the pressure
during the metal evaporation was less than 5X10
Torr. The C60 and metal thickness were measured with a
quartz-crystal thickness monitor. The C60 films were
maintained at room temperature during the deposition of
Ti, Cr, and Au, but they were heated to 425 K during In
and La deposition.

RESULTS
Au overlayers —cluster growth and bonding

Figure 1 shows representative C 1s energy distribution
curves (EDC's) for Au deposition on C6o. The amount of
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Au is given alongside each EDC. The spectra are nor-
malized to constant peak height and the satellite struc-
tures at higher binding energy are magnified to accentu-
ate changes. The EDC at the bottom shows the C 1s sig-
nature of a thick C6O layer. The main line appears at
285.0 eV and its full width at half maximum (FWHM) is
0.65 eV. The binding energy rejects the Fermi-level
alignment of the fullerenes to the n-type GaAs substrate
as a result of -0.02 electron/molecule transfer from the
semiconductor. The shake-up features demonstrate the
molecular character of the fullerene solid. In particular,
the feature at 1.9 eV higher binding energy is due to an
excitation from the highest occupied molecular orbital to
the lowest unoccupied molecular orbital (HOMO-
LUMO) induced by the sudden creation of the core
hole. ' Other sharp features shifted 3—8 eV relative to
the main line are due to monopole and dipole excitations
superimposed on a broad plasmon at -6.3 eV. ' These
observations are consistent with high-resolution electron
energy loss and optical-absorption measurements. '

The deposition of Au on C&o results in the attenuation
of the C 1s intensity. By -4-A deposition, the C 1s emis-
sion was slightly broadened and its intensity was reduced
to —80% of the clean layer, a smaller decrease than
would be expected if a uniform layer were growing.
These results indicate the formation of Au clusters. By
8-A deposition, the C 1s main line broadened to 0.8-eV
FWHM and the relative intensity and definition of the
shake-up features were reduced, as shown in Fig. 1. Fur-
ther Au deposition increased the main line width, shifted
the peak maximum to lower binding energy, and made
the satellites less distinct, as is evident from Fig. 1 for
32-A Au. For all coverages the Au 4f 7&& binding energy
was 83.9 eV and its line shape did not change, also indi-
cative of cluster formation.
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FICx. 1. Normalized C 1s energy distribution curves (EDC's)
for Au deposition on C6o. The satellite features are magnified

by 10 to accentuate differences observed for various coverages.
The top EDC is for C60 chemisorbed on a polycrystalline Au

substrate. This line shape is used to separate the emission for
32-A Au deposition into a chemisorbed and bulk fullerene con-

tribution.

For clusters growing on C6o, there will be a contribu-
tion to the C 1s emission from fullerenes in contact with
the Au. To isolate the line shape representative of this
chemisorbed layer, we deposited submonolayer amounts
of C6o on a thick Au film grown in situ. The slightly
asymmetric C 1s main line for this case was at 284.6 eV
and its FWHM was 0.9 eV, as shown at the top of Fig. 1.
In addition, the C 1s satellites were broadened, riding on
the tail of the main line. The line shape for C60 adsorbed
on Au can be explained by the formation of a chemical
bond with partial occupancy of LUMO. This affects the
C 1s line shape via changes in core-hole screening. Such
an effect is commonly observed for molecules like CO
that chemisorb associatively on metallic substrates. '

The enhanced bonding of the first C6o layer to Au can be
seen from thermal desorption of the fullerenes: multilay-
ers could be desorbed completely at 570 K, leaving the
more strongly bonded monolayer attached, as judged
from the C 1s line shapes. The monolayer could be
desorbed by heating to 620 K.

It is possible to construct the measured C 1s emission
spectra using the line shapes for C6o multilayers and C6o
molecules chemisorbed on Au. At low coverage, these
constructs are not unique, but they do account for the ob-
served broadening. At higher coverage, as for 32-A Au,
the C 1s main line can be separated into two components,
shown by the dashed lines in Fig. 1. The morphology for
this overlayer is irregular, with Au clusters dominating
but also thinner Au layers through which the fullerene
layer in contact with the Au could be seen with photo-
emission. We note that since the interaction between the
metal clusters and fullerenes was stronger than C6O-C6o
bonding it may lead to roughening of the starting surface.

Indium overlayers —cluster growth

Indium also forms clusters when deposited on C60.
Analysis of the C 1s and GaAs substrate emission showed
that all signals decreased at the same rate, demonstrating
nucleation on top of the fullerenes. In addition, the In
3d5&2 emission rejected metallic character even at 1-A
deposition, with a peak position of 443.8 eV, a slight me-
tallic asymmetry and a plasmon loss at —11.5 eV. ' The
deposition of 24 A of In at -425 K had no detectable
effect on the C 1s line shape, indicating that the clusters
were large. We found no evidence for In-C6O intermixing
under our growth conditions, and we could see no bond-
ing component that could be attributed to the In-C6o
boundary layer.

Cr overlayers —cluster growth an/ C60 disruption

Vapor deposition of Cr onto C60 films also leads to
cluster formation, as shown by analysis of the C 1s and
GaAs substrate emission attenuation and the immediate
development of an asymmetric 2@3/2 peak characteristic
of Cr metal. Figure 2 shows representative C 1s EDC's
for Cr on C6O, together with one obtained after a small
amount of C60 was deposited on a thick polycrystalline
Cr film. For C6o adsorbed on Cr, the main line at 284.2
eV was broader with a larger asymmetry than for C6O on
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could be uniquely attributed to new bonding orbitals. In-
stead, the EDC's appeared to be a superposition of Cr-
metal emission (dashed lines, Fig. 3) and broadened ful-
lerene features.

Ti overlayers —Ti-C6p bonding and C6p disruption

As with the previous overlayers, analysis of the sub-
strate emission shows that Ti atoms did not mix with the
fullerene layer. Figure 4 summarizes the valence-band
EDC s for Ti deposition onto C6o. The deposition of 1.5-
0
A Ti, corresponding to -7 Ti atoms per C6O surface mol-
ecule, shifted the valence-band features 0.5 eV lower in
binding energy and produced a new feature at -0.9 eV
below E~. There was no significant emission at EI; until

0
6-A Ti, indicating that Ti-metal species started to form at
these higher coverages. We associate the new valence-
band feature with a bonding orbital with mixed C2p-
Ti 3d character due to hybridization of LUMO with Ti
3d levels. This is the analog of the TiC valence band at
-3.6 eV (Ref. 21) but involves molecular orbitals rather
than atomic states and the structure is planar rather than
three dimensional. This interpretation is supported by
core-level analysis which showed C 1s emission consistent
with only fullerenes but not carbidic phases and Ti 2p
emission —1 eV higher in binding energy than Ti metal.
The latter contrasts the low-coverage behavior of Cr, Au,
and In core-level emission and demonstrates Ti-C6o bond-
ing.

For Ti deposition exceeding -5 A, the Ti 2p emission
evolves toward that of the metal and emission at the Fer-
mi level is increased, indicating the growth of metallic
clusters. At this stage, carbidic C 1s emission was detect-
ed, as in Fig. 2, and its relative intensity reached a max-

0
imum at —12-A Ti deposition. While the valence-band
structures represent superpositions of many bonding
configurations, we associate the enhancement of emission
at -3.5 eV with p-d hybrids formed by TiC-like bonding
configurations (see EDC at 12 A). By 40-A Ti, the
valence bands and the Ti 2p core levels were dominated
by Ti-metal emission since the interface was buried. The
development of the Ti 2y and valence-band features
shows that the initial —5-A Ti formed nonmetallic bonds
with the surface fullerenes with minimal disruption. At
higher coverages Ti nucleates at metallic clusters on this
modified surface, and again the equivalent of -0.2 ful-
lerene layers appear to react to form carbides.

La overlayers —La-C6p bonding and C6p disruption

Studies of the mixing of Ba and Yb with C6o have
shown the need to deposit at 420 K to produce intermix-
ing in the film. ' For La deposition on C60, however,
there was no significant mixing at these temperatures.
The C 1s EDC's exhibited changes similar to those for Ti
and Cr, including coverage of most of the surface after 7
A and limited carbide formation by 15 A. The La 3d
core-level EDC's for 1-A deposition demonstrated La-C6o
bonding with La 3d emission that was shifted and
broadened relative to the metal. With increased La depo-
sition, the spectra evolved to that of La metal, and inter-
mediate coverage results could be separated into contri-
butions from metallic La clusters and the La-atom-
modified surface observed at low coverage. Thus the be-
havior of La was similar to Ti, with La-C60 bonding in-
volving the surface fullerenes followed by La-cluster
growth and small amounts of carbide formation at higher
coverages.

CONCLUSIONS
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FIG. 4. Valance bands for Ti overlayers on C6p. The deposi-
tion of less than 1.5 A of Ti produced a broadening and a shift

by 0.5 eV of the C6p features. In addition, a new peak formed at
0.9-eV binding energy but there was no emission at the Fermi
level. By -5 A, a small amount of Ti metal nucleated, as
shown by the Fermi-level position on the rising edge of the lead-

ing valence-band feature.

In this paper and previous studies we have shown that
several processes are in competition during metal-atom
adsorption on solid fullerene layers. Clustering (Au, In),
limited disruption and carbide formation (Cr, Ti, La), and
compound formation (alkali metals, alkaline earth metals,
Yb) have all been observed. These processes can be
characterized by quantities such as the heat of carbide
formation, the bulk metal cohesive energy, the ionization
potentials, and the atomic (or ionic) sizes. The absence of
La mixing with C6o indicates that the large cohesive ener-

gy of the bulk metal (4.47 eV/atom) played a dominant
role because the ionization energy of La is less than Mg,
Yb, and Sr, all of which form fullerides. Moreover, its
ionic radius is comparable to fulleride-formers Sr, Ba, K,
Rb, and Cs. Metal clustering also occurs for In (cohesive
energy 2.52 eV/atom) but not for Ba (cohesive energy 1.9
eV/atom). This establishes a simple guide for determin-
ing the dominant processes for vapor deposition onto a
fullerene substrate: bulk diffusion and compound forma-
tion vs surface diffusion and nucleation.

The results summarized here also demonstrate that ful-
lerenes are susceptible to reaction. Processes that are
likely to be cluster mediated result in C6o disruption for
Ti, Cr, and La, metals that have bulk carbidic phases.
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Carbides were not formed for Sr and Yb, even though
they have carbidic phases, because fulleride formation is
favored. The amount of disruption is estimated to be
-0.2 fullerene layers, suggesting a substantial kinetic or
coordination barrier at the surface.

Finally, the M-C60 bonding tendencies of Ti and La can
be understood because La and Ti carbides are character-
ized by hybridization of metal d and carbon p orbitals. In
contrast, Cr-carbide formation involves nonbonding
states and the carbide is less stable than the La or Ti car-
bides. ' ' This bonding trend is apparent for metals de-
posited on C60, resulting in surface attachment before

cluster growth for Ti and La and subsequent monolayer
modification before clustering.
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