
PHYSICAL REVIEW B 15 MARCH 1998-IIVOLUME 57, NUMBER 12
Electronic and geometric structure of C60 on Al„111… and Al„110…
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Two new ordered monolayer phases of C60 on Al surfaces have been studied using electron spectroscopies
and low-energy electron diffraction~LEED!. On Al~111!, in addition to the previously reported~636! phase
formed by evaporating with Tsample5620 K, a metastable (2A332A3)R30° phase can be produced with
Tsample5300 K. This phase exhibits the first LEED pattern reported for an unannealed C60 overlayer. On
Al ~110!, when evaporations are also made with Tsample5620 K, LEED shows the presence of a monolayer with
a pseudo-c(434) structure. Al 2p photoemission for C60/Al ~110! and for (2A332A3)R30° C60/Al ~111!
reveals no evidence of strong substrate reconstruction. The perturbation of the geometric and electronic struc-
ture of the C60 molecule due to the bonding interaction with the Al surface increases in the order C60/Al ~110!,
(2A332A3)R30° C60/Al ~111!, ~636! C60/Al ~111!, as demonstrated using element-specific probing of the
valence band with x-ray absorption and C 1s shakeup. The bond has covalent character in all three cases.
Symmetry-induced splitting in the 5hu-derived level is observed using valence photoemission, and is particu-
larly clear for C60/Al ~110!. The stability of the equilibrium structures can be qualitatively understood from
considerations of the energetics of the overlayer compression and the chemical bond between adsorbate and
substrate. Work-function measurements for these and other C60 overlayer systems cannot, in general, be
understood within a simple description involving the addition of a dipole to the surface potential.
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I. INTRODUCTION

The bonding of C60 to other materials strongly influence
many interesting properties, such as superconductivity
the rich endohedral and exohedral chemistry. One appro
to understanding the bonding characteristics of C60 is to
study the interaction between this fullerene and surface
other materials. For thin films of C60, chemical bonding ef-
fects due to substrate-adsorbate interactions appear on
be important for the molecules in direct contact with t
surface,1–4 and a great deal of effort has been invested
understanding the electronic and geometric structure of s
monolayer systems. In order to describe previous work
illustrate the way in which the present study is related to
we present in Table I a summary of results for C60 monolay-
ers on a number of substrates. The table shows the evolu
of the bonding characteristics, as well as the observed g
metric structures, as the substrate-adsorbate bond stre
increases. We use the desorption temperature as a meas
this strength.

On inert surfaces such as GeS~001!,5 graphite,6,7 and8

SiO2 @row ~a! in Table I#, the desorption temperatures fo
submonolayers of C60 are all close to that at which soli
fullerite begins to sublime rapidly,9 i.e., 4502500 K. The
strength of the substrate-adsorbate interaction is, there
similar to that of the interfullerene bonding in solid C60,
implying that it is essentially van der Waals in nature. T
relative strengths of the C60 substrate and C60-C60 bonds in-
570163-1829/98/57~12!/7312~15!/$15.00
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fluence the structure of the overlayers formed on each s
strate. On these surfaces, the fullerenes form hexagonal o
layers with nearest neighbor distances~NND’s! very close to
the value of 10.04 Å reported for solid C60.

10,6 This suggests
that the adsorbate-adsorbate interaction is the most impo
factor in determining the geometry adopted. It is only
GeS~001! that, as a result of the favorable lattice matchin
commensurate overlayers are able to grow.10–13In row ~c! of
Table I is a bonding category containing Au, Ag, and C
substrates, and C60 monolayers on low-index faces of thes
metals have been extensively studied. The substr
adsorbate bond for these systems is found to be significa
stronger than for the surfaces discussed above, with des
tion temperatures for the first layer close to 800 K.14,15Com-
mon for these substrates is a strong ionic component to
bonding, with charge transferred from the metal to t
fullerene 5t1u-derived lowest unoccupied molecular orbit
~LUMO!. Shifts of the totally symmetric ‘‘pentagona
pinch’’ vibrational mode give a measure of the partial fillin
of this state.16,17 Charge from the substrate has also be
observed directly in the LUMO of C60 using photoemission
~PES! on Au~110!,18 Ag~111!,19 Cu~111!,20 and polycrystal-
line Ag and Cu.21 The effect of the partial occupation of th
LUMO in the unoccupied valence band has also been
served as a decrease in intensity of the resonance de
from this level in C 1s x-ray absorption spectroscopy~XAS!,
for C60 on22 Cu~001! and20 Cu~111!, as well as inverse pho
toemission on Cu~111!.23
7312 © 1998 The American Physical Society
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57 7313ELECTRONIC AND GEOMETRIC STRUCTURE OF C60 . . .
TABLE I. A summary of previous and present results for C60 monolayer systems. The equilibrium bond lengths given are for
lowest-energy structure, at the reported coverage, which is closest to a monolayer. The desorption temperature represents the tem
which the entire first layer is desorbed in an ill-defined ‘‘short’’ period. Where a reference is indicated with the substrate it refers t
data given in the table for that surface. Substrates for which insufficient data are available are omitted. An illustration of the spec
of the C60-Al bond discussed in the text is given by the similarity between the characteristics of columns 1 and 4 in rows~b! and ~d!, in
contrast to the the correlation between columns 2 and 3 in rows~b! and ~c!.

1 2 3 4
Approximate Equilibrium
desorption Mobility C60-C60 bond

Type of temperature at room lengths
Substrate bonding ~K! temperature ~Å!

~a! Graphite weak, 500a mobileb 10.01c

GeS~001!d predominantly 490 mobile 10.02
SiO2

e van der Waals 470 mobile

~b! Al ~110!f intermediate, 730 9.91, 11.44, 12.13
Al ~111!g predominantly 730 mobile~steps! 9.91,'10.04

covalent

~c! Ag~110! intermediate, mobile~islands!h 10.07, 10.23i

Ag~111!j predominantly 770 mobile~steps! '10
Au~110! ionic 800k mobile ~steps!l 10.04m

Au~111!j 770 mobile~steps! '10
Cu~110!n 730 9.7211.1
Cu~111!o mobile ~steps! 10.1

~d! Si~100! Strong, dissoc.e at 1070 K immobileo 9.87, 11.58p

Si~111! predominantly dissoc.q at 1100 K immobiler

Ge~111!s covalent 970 immobile 14.4
Ge~100!p 9.6, 11.52
Ni~110! dissoc.t at 760 K reduced mobilityu 10,n 10.5,n '11.6u

Pt~111!v dissoc. at 1050 K low mobility 10.060.3

aFrom Ref. 7. lFrom Ref. 2.
bFrom Ref. 24. mFrom Ref. 29.
cFrom Ref. 6. nFrom Ref. 30.
dFrom Ref. 10. oFrom Ref. 31.
eFrom Ref. 8. pFrom Ref. 32.
fPresent work. See Sec. III C 1 for a detailed discussion qFrom Ref. 33.

of the indicated bond lengths. rFrom Ref. 34.
gFrom Refs. 25, 26, 27, and present work. sFrom Ref. 35.
hFrom Ref. 3. tFrom Ref. 36.
iFrom Ref. 28. uFrom Ref. 17.
jFrom Ref. 14. vFrom Refs. 36 and 37.
kFrom Ref. 15.
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Scanning tunnelling microscopy~STM! has played a cen
tral role in determinations of overlayer structures form
upon adsorption of C60 on this group of surfaces,38 for which
the bond to the fullerenes is predominantly ionic. From o
servation of the growth of submonolayer quantities of C60, it
has become clear that at coverages of a few percent of a
monolayer, the molecules are mobile at room temperat
selectively decorating the step edges on Ag~111!,14,39

Au~110!,2 Au~111!,39,40 and Cu~111!.31 C60 forms two-
dimensional islands on Ag~110!,3,28 although it is not clear if
this occurs already at room temperature due to the annea
treatment used there. These results are summarized in
-

ull
e,

ng
ol-

umn 3 of Table I. Ordered or partially ordered monolaye
have been produced on all of these substrates by anne
films, typically to temperatures around 700 K, and at le
some degree of commensurability is always observed, in
cating the increasing substrate-adsorbate bond strength.
ther evidence for the enhanced strength of this interac
compared to the inert surfaces discussed above comes
observed reconstruction of many of these metallic substra
E.g., on Au~110! both the C60 molecules and Au atoms tak
part in a reconstruction resulting in~635! overlayer,2 while
on Au~111! the unusual (2332A3) reconstruction is modi-
fied upon C60 adsorption.41,14As shown in row~c!, column 4
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7314 57A. J. MAXWELL et al.
of Table I, however, the NND’s for the lowest-energy eq
librium structures remain close to the solid C60 value~10.04
Å!, so that the effect of the adsorbate-adsorbate interactio
still significant. We have observed that for C60/Au~110!,1 in
addition to the charge transfer discussed above, the mol
lar orbitals of the fullerene are hybridized with the substr
bands. A full understanding of the bonding for this syste
therefore also requires consideration of the perturbation
the molecular electronic structure due the chemical inte
tion with the substrate.

Finally, in row ~d! of Table I is a group of metal and
semiconductor substrates that bond much more strongl
C60. For these systems, the bonding is predominantly co
lent in character.42,43,35,36The substrate-adsorbate interacti
now tends to dominate, and on Si~111!, Si~100!, and Si~110!
surfaces, the first-layer C60 molecules are immobile at room
temperature.43–45 This is also the case for Ge~111!,35 while
on Pt~111!36 and Ni~110!,17 the surface mobility is more re
stricted than for Au, Ag, and Cu. Another consequence of
increased strength of the substrate-adsorbate bond is tha
deviation in the C60-C60 separation from the solid C60 value
is greater for the equilibrium stuctures formed on these s
strates. Values ranging from 9.6 Å~a decrease of 5%! for the
shortest C60-C60 separation on Ge~100!32 to 14.4 Å ~an in-
crease of 43%! for the lowest-energy phase on Ge~111!35

have been quoted. In these cases the fullerene molecule
forced into commensurate structures.

High-resolution electron energy-loss spectrosco
~HREELS! and PES results obtained for C60 layers on
Pt~111! ~Ref. 36! show that, in common with Si~100!,8

Si~111!,33 and Ni~110!,17 the bond strength is sufficient t
catalyze the decomposition of the fullerenes into a carb
layer at the temperatures given in column 2 of Table 1. In
case of Ge, however, C60 desorbs intact from the~111! sur-
face, although the temperature at which this occurs~970
K!,35 is actually higher than that at which C60 dissociates on
Ni~110!. As indicated in Table I, the substrates discuss
here can be classified into the following categories: we
predominantly van der Waals bonding; intermediate, p
dominantly ionic bonding; and strong, predominantly cov
lent bonding.

In the present paper, we focus on Al~111! and Al~110!,
and by combining the results presented here with our pre
ing studies, we find that in terms of the classifications giv
above, a new category of intermediate covalent bond
must be added to describe the interaction between C60 and
Al. Considering the characteristics of these systems in
order given in Table I, we find the following:~1! As reported
previously,25 the bonding for an annealed monolayer of C60
on Al~111! is covalent, which is also true for the two ne
phases reported here;~2! the desorption temperature for
ML on both of these Al surfaces is;730 K; ~3! we show
elsewhere using STM that the molecules are mobile at ro
temperature on Al~111!;27 and ~4! C60-C60 bond lengths for
these surfaces vary from 9.91 Å to 12.13 Å.

This paper is organized as follows: we present the exp
mental details in Sec. II. To simplify the organization of t
primary information gained with each experimental tec
nique we combine results and discussion in Sec. III. Sec
III A is devoted to structural characterization@low-energy
electron diffraction~LEED! and Al 2p PES#, and Sec. III B
is
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primarily to information on the electronic states~valence
PES, C 1s XAS and C 1s PES!, including work function
measurements. Some structural information is also deri
there from XAS. More detailed discussion follows in Se
III C, and we draw conclusions in Sec. IV.

II. EXPERIMENTAL DETAILS

PES and XAS data were taken at Beamline 22 of MA
lab, using a modified SX700 monochromator and a hig
efficiency electron spectrometer.46 Films were evaporated
onto clean Al~111! and Al~110! substrates from a Ta crucibl
(T'300 °C! with pressures in the low 10210 mbar range.
Ordered monolayers were produced by evaporating60
while the Al~111! and Al~110! surfaces were held at a tem
perature of 620 K. Since this temperature is well above
evaporation temperature of solid C60, only one monolayer
sticks to the surface,1 and evaporations can be made until t
coverage, as measured by the C 1s PES intensity, saturates
We define this to be 1 ML, which corresponds to 1/12 of t
Al surface atomic density~see Figs. 2 and 15!. While this
method was used for all the films studied on Al~110!, some
films produced on Al~111! were also made with Tsample5RT.
These films represent less than a full ML, since non-lay
by-layer growth occurs at this temperature, and to be s
that all molecules studied were in direct contact with t
substrate less than a complete layer was deposited. Co
mation that no second or higher layers were present c
from C 1s PES, for which multilayer growth is observed t
result in a new component at higher binding energy.47,1 XAS
was measured by recording the total electron yield as a fu
tion of photon energy above the CK edge, with a photon
energy resolution of 150650 meV. Photon energy calibra
tion was carried out by measuring the kinetic energy shift
the Al 2p spectrum excited with first- and second-ord
light. For the Al 2p, valence, and C 1s PES data, the tota
experimental resolutions were 60620 meV, 120640 meV,
and 240650 meV, respectively. Work-function measur
ments were carried out according to procedures describe
detail elsewhere.47 All measurements were made at 300
and all the PES data were recorded in normal emission.

III. RESULTS AND DISCUSSION

A. Physical structure

1. OrderedC60 monolayers on Al(111)

a. LEED. Upon deposition of C60 onto Al~111! at room
temperature, a (2A332A3)R30° LEED pattern is observed
Patterns obtained for ML-covered and clean Al~111! are
shown in Fig. 1. Pattern 1~b! corresponds to a hexagon
overlayer with a NND of 9.91 Å,'1.1% less than that o
solid C60 at 300 K ~NND510.02 Å!, but very close to the
value for the orientationally ordered low-temperature ph
~NND59.93 Å!.48 A model of this phase showing the un
cells of substrate and adsorbate is presented in Fig. 2. I
tical but weaker LEED patterns were also obtained for s
eral coverages as low as 0.25 ML; coverage calibration w
carried out by comparison of the C 1s PES intensity to that
obtained from a saturated~636! monolayer, or by using
STM.27 All molecules in a (2A332A3)R30° structure have
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57 7315ELECTRONIC AND GEOMETRIC STRUCTURE OF C60 . . .
a one-to-one correspondence with molecules in a~636!
overlayer, i.e., transformation of the former to the latter c
be accomplished in the present case by raising every t
molecule. We find that this room-temperature-evapora
phase is in fact metastable, with a phase transformation

FIG. 1. LEED patterns for the following surfaces:~a! clean
Al ~111! ~electron energy5118 eV! and ~b! 0.960.1 ML (2A3
32A3)R30° C60/Al ~111! ~electron energy527 eV!.

FIG. 2. A model of the (2A332A3)R30° phase. The dashe
hexagon encloses an overlayer-induced unit cell, while the s
hexagon encloses a unit cell of the Al~111! surface.
n
rd
d
c-

curring upon annealing the sample at 490 K, after which
~636! LEED pattern is observed. Details on the growth
this phase are given elsewhere.27

b. Al 2p PES. We present in Fig. 3 Al 2p PES for
(2A332A3)R30° C60/Al ~111!, ~636! C60/Al ~111!, and the
clean substrate. The feature for the~636! sample at 72.2 eV
has been discussed previously, and we assign it to Al at
taking part in the reconstruction of the substrate accompa
ing the formation of the~636! structure.25 That this peak is
not present in the (2A332A3)R30° spectrum is consisten
with this interpretation. The broadening in the (2A3
32A3)R30° spectrum compared to that of clean Al~111! is
evidence of a bonding interaction that perturbs the chem
environment at the interface. The Al 2p binding energy is
influenced by both the initial-state charge density and
final-state screening properties, both of which will vary d
pending on the proximity of the Al atom to the C60 overlayer.
From Fig. 2 it is clear that, due to the large size of t
fullerene molecules, there are a variety of different Al-C d
tances depending on which Al atom is probed, and we
sume that this accounts for the observed broadening.

The inset in Fig. 3 shows the variation in the intens
extracted from curve fitting of the reconstruction-induc

id

FIG. 3. Al 2p PES for the samples indicated. For all thre
samples, theJ53/2 and J51/2 components of the spin-orb
split doublet have binding energies at 72.716.01 eV and 73.116.01
eV, respectively, which is in good agreement with previou
reported measurements on the clean surface~Ref. 49!. The line is
broadened from a full width at half-maximum~FWHM! of 0.14 eV
for the J53/2 component on clean Al~111! to 0.17 eV for the
(2A332A3)R30° phase and 0.26 eV for the non-reconstruc
component of the~636! phase. The new feature observed at 72
eV in the ~636! data has been assigned previously to Al ato
taking part in the substrate reconstruction accompanying the for
tion of this equilibrium phase~Refs. 25 and 26!. Inset: Area of the
reconstruction-induced peak for the~636! spectrum as a function
of electron emission angle with respect to normal.
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7316 57A. J. MAXWELL et al.
peak for 1 ML~636! C60/Al ~111! as a function of emission
angle. Based on normal emission data, we previously e
mated that the feature observed at 72.2 eV resulted from
in six Al interface atoms. By measuring the angular variat
of the Al 2p lines we are able to check the effect of possib
photoelectron diffraction on the relative intensities of the
peaks, and give a more reliable estimate of the numbe
atoms producing the reconstruction-induced peak. The
have been modeled using two sets of Voigt functions rep
senting the two spin-orbit doublets, where the ratio of
two components in each doublet and the associated s
orbit splitting is identical. The areas obtained, together w
previous calculations of the substrate mean free path,50 allow
us to revise our previous estimate, and state that a maxim
of eight atoms per unit cell are affected. We note that a
displacement of these Al atoms away from the surface co
well enhance their contribution to the spectra away from n
mal emission, and that these results are fully consistent w
6–7 atoms directly below each displaced molecule in
~636! structure being partially drawn away from the surfac
as suggested previously.25

That the~636! reconstruction-induced Al 2p component
should correspond to atoms that are drawn away from
surface, rather than the effect of a chemical shift, is s
gested by the fact that this component is separated from
main line by a full 0.55 eV.25 It is thus not part of the con
tinuum of environments suggested by the broadening of
main line. This has been confirmed via the effects on
molecularly resolved density of states~DOS! by scanning
tunnelling spectroscopy~STS!,26 and we discuss this in mor
detail in Sec. III C 1.

2. OrderedC60 monolayer on Al(110)

a. LEED.In Fig. 4 LEED patterns for clean Al~110! and 1
ML C60/Al ~110! are shown, as well as a schematic diagr

FIG. 4. LEED patterns~electron energy547 eV! for clean
Al ~110! and for 1 ML C60/Al ~110! evaporated with the substrate
620 K. The adsorbate-induced pattern is a set of lines formin
grid, for which the points of intersection of the lines are the poi
at which spots would be observed in ac~434! pattern. The lines
indicate a lowering of the total symmetry along the given direct
in the overlayer.
ti-
ne
n

e
of
ta

e-
e
in-
h

m
y
ld
r-
th
e
,

e
-

he

e
e

representing the LEED pattern for the C60-covered sample.
The pattern for the C60-covered sample consists of a series
spots lying close together in a grid, in which the points
intersection of the lines of spots forming this grid are at t
same position as the spots would be in ac~434! LEED
pattern. The pattern observed indicates the presence of a
ering of the total symmetry along one direction in the ov
layer. Our proposed structure for this system is shown in F
5; it consists of a series of stripelike domains in whi
c~434! periodicity occurs, separated by domain boundar
across which the overlayer structure has shifted by
atomic row. In order for the present LEED pattern to
observed, the presence of domain boundaries occuring in
two distinct directions indicated in the figure is required.
description of the unit cell requires matrix notation, and
example for a domain width of three molecular rows
shown in Fig. 5. The full notation for the proposed overlay
structure is

S 4n 61

2 72 D ,

wheren is the number of molecular rows defining the d
main width.

The existence of somewhat regular superstructure spo
the LEED pattern suggests that there might exist one or m
favored domain widths. It is also possible, however, that
pattern shown represents a metastable overlayer, since
have not optimized the kinetic factors for this surface. Slig
variations in the superstructure spot positions and intens
were observed among the LEED patterns for different pre
rations. Nevertheless, the persistent lack of uniform streak
in the pattern is consistent with the idea of stable dom
widths. We return to this point in Sec. III C 1.

a
s

FIG. 5. A model of the proposed structure for 1 M
C60/Al ~110!. The single slanted lines in the figure are doma
boundaries; within each domain the molecules form ac~434! over-
layer, and the entire overlayer structure is displaced by one ato
row across each domain boundary. The solid parallelograms s
the two possible types of unit cell, corresponding to the two p
sible directions for domain boundaries as shown, and explaining
netlike LEED pattern.
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b. Al 2p PES.Al 2 p PES data for 1 ML C60/Al ~110! and
for clean Al~110! are shown in Fig. 6. As for the (2A3
32A3)R30° phase on Al~111!, shown in Fig. 4, the spec
trum for the 1 ML C60/Al ~110! phase shows a distinct broad
ening compared to that of the clean Al~110! substrate. Again,
this is evidence of the chemical bond formed between60
and the substrate. However, no new feature of the type
served for the~636! phase is seen in the spectrum, indic
ing that no such reconstruction occurs on Al~110!. This is
consistent with our interpretation of the LEED pattern,
that the symmetry reduction is achieved via displacemen
molecules in the plane of the surface, rather than perpend
lar to it as on Al~111!.25,26

B. Electronic structure of C60 monolayers on Al

In this section we describe measurements of the electr
structure of the C60 monolayers described above. Valen
PES and C 1s XAS give a consistent picture of the chara
teristics of the adsorbate-substrate interaction and the rela
bonding strength. PES is used to show as closely as pos
the effects on the DOS of adsorption on Al, including effe
near EF . Since a direct comparison of the relative bo
strengths based on an analysis of the widths of valence
tures as seen in PES is complicated by the fact that we m
sure a combination of adsorbate and substrate emission
employed core level techniques. The core-level sp
troscopies XAS and XPS/PES~Ref. 51! ~including shakeup!
give site-specific information about the core-excited sta
and allow the possibility to study the adsorbate alone. F
thermore, because the core hole is relatively well screene
the molecule,52 we expect the spectra to reflect the gene
bonding trends. To emphasize the connections between

FIG. 6. Al 2p PES for clean Al~110! and for 1 ML C60/Al ~110!
using a photon energy of 110 eV. The binding energy of theJ53/2
component is 72.71 eV, which is identical for both samples. T
spectrum is broadened upon adsorption of C60, with the FWHM of
the J53/2 component increasing from 0.176.01 eV to 0.206.01
eV.
b-
-

of
u-

ic

ive
ble
s

a-
a-
we
c-

,
r-
by
l
he

various results, we will compare the spectra from the diff
ent systems obtained with each technique as it is introdu

1. Valence PES

Valence PES data for 1 ML C60/Al ~110!, 1 ML (2A3
32A3)R30° C60/Al ~111!, 1 ML ~636! C60/Al ~111!, clean
Al ~111!, and Al~110! are shown in Fig. 7. The first two
C60-induced peaks are labeled according to their molecu
symmetry.53 The 5hu-derived band will from now on be re
ferred to as the highest occupied molecular orbital~HOMO!
and the (7hg,5gg)-derived bands as the HOMO-1. The spe
tra for the three monolayer phases on Al also include con
butions due to emission from the substrates. For clean Al
is essentially featureless with a relatively low cross secti
as seen from the figure. This facilitates a simple identifi
tion of C60-derived features, and makes interpretation of
data easier than for previous valence PES measuremen
C60 monolayer systems.1,19,21,36,54–57No new feature is ob-
served atEF for any of the phases on Al, and the HOMO an
HOMO-1 are considerably broadened compared to solid60
in all three cases. As discussed previously for the~636!
phase,25 this is strong evidence for covalent bonding. It
thus clear from the present results that covalent bonding
occurs for (2A332A3)R30° C60/Al ~111! and 1 ML
C60/Al ~110!.

In Fig. 8 we present valence PES data for the three
dered phases of C60 on Al, recorded at a photon energy of 8
eV, from which a background due to the relevant Al su
strate has been subtracted. Since an exact determinatio
the background contribution is not possible, the maxim

e FIG. 7. Valence PES at a photon energy of 110 eV is shown
the samples indicated. No new feature at theEF due to partial filling
of the t1u level, of the type observed previously on Cu, Au, and A
is present in the ML spectra on Al. For all three monolayer phas
the HOMO and HOMO-1 are considerably broadened compare
the case of C60 multilayers.
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background which does not result in zero intensity has b
removed. We note that for all three phases the C60-induced
DOS stretches to the Fermi level. It is particularly obvio
from the presence of more than one distinct feature in
spectrum for C60/Al ~110! that the fivefold degeneracy of th
HOMO is split by the symmetry breaking interaction wi
the surface. A similar effect is observed for C60/Al ~001!,58

and also suggested by data for Ag~110!.59 The apparent nar
rowness of the feature observed at 1.7 eV binding ene
indicates that one or more of the HOMO-derived orbitals
interacting more weakly with the substrate than the oth
The cross section of this feature is seen to vary strongly w
photon energy in a manner similar to the HOMO of so
C60. A careful examination of the low-energy side of th
HOMO for the ~636! and (2A332A3)R30° phases on
Al ~111! reveals the presence of a shoulder which could a
be derived from splitting in the HOMO, with the strong
bonding broadening this feature. This broadening is found
be site-dependent for the~636! overlayer using STS.26

2. C 1s PES and shakeup

In Fig. 9 we present C 1s PES results for the three mono
layer phases on Al. The main line binding-energy positio
and widths are given in Table II. We note that the observ
widths are much lower than, e.g., found for high-resolut
studies of C60/Au~110!,1 C60/Cu~001!,22 C60/Ag~111!,37 and
K fullerides.60,61

The shakeup spectra for these three phases are com
to that of solid C60 in Fig. 10, where the binding-energy sca
shown is relative to the main line. These features can

FIG. 8. Valence PES for the samples indicated, taken at a p
ton energy of 80 eV. Backgrounds have been subtracted as
scribed in the text. The presence of two components in the HO
for 1 ML C60/Al ~110! is clear, and the shape of the HOMO for th
(2A332A3)R30° and~636! phases on Al~111! suggests that such
a component is present, but greatly broadened.
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understood to derive from final states of the core-ionized60
molecule in which one electron has been promoted from
occupied to the unoccupied valence band.62 The structures
observed therefore represent a convolution of the occup
and unoccupied levels, with modifications due to the c
hole; see also the discussion in Sec. III B 3. While all t
monolayer spectra show broadening compared to the s
C60 data, the shakeup features observed for the two C60
phases on Al~111! are considerably broader than for 1 M
C60/Al ~110!. There is also a slight increase in width goin
from the (2A332A3)R30° phase to the~636! phase on
Al ~111!. These data therefore give direct evidence of
increase in C60-Al interaction strength in the series 1 M
C60/Al ~110!, (2A332A3) C60/Al ~111!, ~636! C60/Al ~111!,
confirming the trend observed in the XAS and valence P
data.

3. X-ray absorption spectroscopy

In Fig. 11 we present XAS data for the three ordered C60
monolayer systems on Al, comparing them to 1 M
C60/Au~110! ~Ref. 63! and solid C60. The broadening ob-
served in thep* levels~between 283 and 290 eV! is consis-
tent with geometrical changes expected to be associated
covalent bonding, as is the shift of the LUMO to high

o-
e-

O

FIG. 9. C 1s PES for the samples indicated. The positions a
widths of the lines are given in Table II.

TABLE II. C 1s binding energy and FWHM for the indicate
samples.

Sample Binding energy~eV! FWHM ~eV!

1 ML/Al ~110! 283.9360.05 0.43
(2A332A3)R30° 284.0560.05 0.49
~636! 283.9060.05 0.55
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57 7319ELECTRONIC AND GEOMETRIC STRUCTURE OF C60 . . .
energies. This is similar to the effects o
photopolymerization.64 The features observed above the
1s ionization potential, which is near 289.5 eV relative to t
vacuum level in all cases~see figure caption!, can be under-
stood in terms of scattering of the excited electron by
surrounding atoms. These are often described ass*
resonances.65 We have previously related broadening
these scattering-derived features to distortions in the mole
lar structure induced by the covalent bonding between60
and Al.25 We would like to point out that the data in Fig. 1
for the ~636! case replace those published previously25

which were overly broadened due to normalization diffic
ties. Common for all three phases of C60/Al is that the
LUMO11 and LUMO12 resonances cannot be resolve
and a peak derived from both these structures is observe
286.156.05 eV. The LUMO resonance is shifted to a high
energy compared to solid C60, and the energy and width o
this feature for the three samples is summarized in Table

Both thep* - and s* -derived features become progre
sively broader in the series 1 ML C60/Al ~110!, (2A3
32A3) C60/Al ~111!, ~636! C60/Al ~111!. The broadening
observed in thep* -derived levels has previously been a
signed to increased hybridization between the molecular
bitals of core-excited C60 and the substrate;25 this is dis-
cussed in more detail elsewhere.66 We do not expect the
character of the bonding to differ significantly due to effe
tively replacing one C atom~that which is excited by the
x-ray photon! with N (Z11 approximation!, since the great
majority of the excitations involve a C atom not in direc
contact with the surface.66 It is therefore of significant inter-
est that the shift to higher energy of the LUMO follows th

FIG. 10. C 1s shakeup spectra, for which the binding ener
scale is given relative to the center of the main line. The obser
broadening reflects hybridization of the occupied and unoccup
states of C60 with the substrate bands, and follows the sample
pendence observed in XAS.
e

u-

-

,
at

r
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increase in bond strength.67 As shown in Fig. 12, angle-
dependent spectra show an interesting trend of greater br
ening and increased energy of the LUMO resonance w
more normal incidence as well. This confirms the tre
shown in Table III in another way, since it corresponds to

d
d
-

FIG. 11. C 1s-XAS data for the samples indicated. The C 1s
ionization potential (;289.5 eV, see below! separates the spectr
into two primary parts: the structure below this energy is due
predominantly p* -derived unoccupied bound states whoses*
character increases as they approach this energy, while abov
ionization potential the features are often described alternatel
s* states, or in terms of scattering of the outgoing electron by
atoms within the core-ionized molecule. The pattern of increa
broadening in the series 1 ML C60/Al ~110!, (2A332A3)R30°/
Al ~111!, ~636!/Al ~111! reflects changes in the electronic an
physical structure due to the covalent bond. The C 1s ionization
potentials are as follows: Solid C60, 289.60 eV~Ref. 47!; 1 ML/
Al ~110!, 289.2 eV;~636!, 289.05 eV; (2A332A3)R30°, 289.20
eV; 1 ML/Au~110!, 289.1 eV~Refs. 18 and 1!. For the monolayers
we take theEF-referenced binding energy~Table II! and add the
work function ~Table IV!.

TABLE III. C 1 s-to-LUMO XAS resonance energy and FWHM
for the indicated samples.

Sample Photon energy~eV! FWHM ~eV!

1 ML/Al ~110! 284.6560.05 0.70
(2A332A3)R30° 284.7060.05 0.75
~636! 284.8060.05 0.80
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7320 57A. J. MAXWELL et al.
increasing ~but still moderate! overlap of the LUMO-
resonance wave function with the substrate.66

4. Work functions

One often associates the change in work function o
metal surface upon the adsorption of an atomic or molec
species with a change in the surface dipole.68 It is difficult to
place C60 into a previous model for adsorbates when cons
ering what kind of surface dipole layer one should exp
this three-dimensional adsorbate to form. For a noble g
e.g., the ground-state interaction with the substrate is w
but the chemical interaction of excited states appears to h
a determining role in the size of the dipole formed, and th
the work function change.69 An atomic adsorbate such as a
alkali metal, which is very likely to donate charge in th
ground state due to its very low ionization potential, lowe
the work function of most metal substrates.68 Adsorption of
oxygen, which has a high electron affinity of 3.1 eV,70 has
variable effects, but has a tendency to raise the work func
of metals.68 C60 has certain characteristics in common w
Xe, i.e., its large size, the fact that it is a closed-shell syst
and that the bonding of the solid can be described as lar
van der Waals. It has a gas phase ionization potential~7.6
eV! ~Refs. 71,7! that is large compared to most metal surfa

FIG. 12. C 1s-XAS data at the LUMO resonance for th
samples indicated, showing in detail the evolution of the spectr
a function of the indicated incidence angles. The observed varia
is due to a varying chemical interaction of the LUMO wave fun
tion with the substrate, as described in the text. A similar variat
was observed for the (2A332A3)R30° phase, but is not show
due to poorer statistics.
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work functions, and a reasonably large electron affinity~2.7
eV!.72 Thus C60 is not expecteda priori to donate electrons
to metal surfaces, whereas the question of how many it
accept is a more difficult issue. At the same time, it is a la
adsorbate with many possible internal excitation channels
that it might behave differently than all of the above. Com
bining our data for the present systems with previous data
C60/Au~110!, this is in fact what we observe.

In Fig. 13 we show the evolution of the work function fo
C60 submonolayers on Al~111! and Al~110! as a function of
coverage. This function is linear for the few data points
have. A linear coverage dependence is consistent with
trend for Xe adsorbed on simple metal surfaces,69 but the
positive shift is not. We compare the results of previous a
present work function measurements for monola
C60-covered metal substrates in Table IV. It is clear that
positive shift measured on Al surfaces is also opposite to
case for C60/Au~110! ~Ref. 18! and C60/Cu~111!.20 As we see
in the present paper, C60 bonds covalently to Al surfaces
while there is a significant charge transfer to the fullerene
Au~110! ~Refs. 16,18! and charge transfer has been observ
elsewhere from Cu~111! to C60.

20 The work function of clean
Au~110! is slightly over 5 eV, whereas the work function
for the Al surfaces are less than 4.5 eV. Thus, charge tran
to C60 involves a strong lowering of the work function o
Au~110! ~contrary to the dipole model!, whereas the covalen
bonding cases involve a large increase. A work-function
crease on Rh~111! was used to conclude that charge w
transferred in the opposite direction, i.e., from C60 to Rh.57

This interpretation seems unlikely to be correct, howev

as
n

n

FIG. 13. Measured work-function changes upon C60 adsorption
on Al~110! and Al~111!. The data for 0 and full ML coverage
correspond to those given in Table IV, with the samples prepare
620 K. The same preparation was used for the submonolaye
Al ~110!, whereas the submonolayer samples on Al~111! were pre-
pared at room temperature. The linear fit is discussed in the te
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57 7321ELECTRONIC AND GEOMETRIC STRUCTURE OF C60 . . .
when one considers the ionization potential of C60, and the
observed behavior for the Au~110! and Cu~111! cases. We
have no conclusive explanation for these results, but n
only that C60 adsorbed on a metal surface appears to hav
work function close to 5 eV in all cases studied thus far. T
is a pattern that is consistent with a three-dimensional o
layer, such that the nature of the chemical bond at the in
face contributes at most a correction term to the fundame
dielectric response of the C60 overlayer.

C. Further aspects of the C60-Al interaction

1. Energetics of equilibrium monolayer structures

Here we propose explanations for the structures ado
by the overlayers on the two substrates studied here. In
absence of detailed structural determinations~e.g., x-ray dif-
fraction!, we attempt to reach sensible models based on
available data. We start with the case ofc~434! C60/Al ~110!,
using the LEED and Al 2p PES data, and then develop th
discussion of the~636! that was begun in Ref. 26, and thu
obtain a consistent picture.

In order to justify the structure proposed in Sec. III A
for the equilibrium ML on Al~110!, the following simple
arguments based on energetics appear to be useful. Co
ering the equivalent structure and the almost exactly eq
bond distances for Ag~110! and Al~110!, it is interesting to
note thatc(434) domains were observed in STM studies
C60 monolayers on the former surface.28,3 Within a c~434!
overlayer of C60/Al ~110! there would be two NND’s, 9.91 Å
and 11.44 Å as shown in Fig. 5. Since 9.91 Å is somew
shorter than the van der Waals bonding distance for s
C60, a stress would be inherent in the overlayer for the t
c~434! structure.77 Thus we are led to consider the energ

TABLE IV. Work-function measurements for C60 monolayers
on metal substrates. Values quoted in parentheses for the c
substrates are taken from references other than the works in w
the C60-overlayer measurements were presented, as indicated.

Clean sample Work function
Work function with C60 ML Difference

Sample ~eV! ~eV! ~eV!

Al ~110! a 4.3560.05b 5.2560.05 10.9560.07
Al ~111!a 4.2560.05c 5.1560.05 10.9560.07
Au~110!d ~5.37!e 4.8260.05 20.4560.05
Cu~111!f 5.4 5.0 20.4
Ni~111!f 5.02 5.17 10.15
Rh~111!g ~5.40!h 4.95 20.35
Ta~110!i ~4.80!e 5.4 10.6

aPresent work.
bA value of 4.2860.02 eV was reported in Ref. 73, and is close
a recent theoretical value~Ref. 74!.

cA value of 4.2460.02 eV was reported in Ref. 73.
dFrom Ref. 18.
eFrom Ref. 75.
fFrom Ref. 20.
gFrom Ref. 57.
hFrom Ref. 76.
iFrom Ref. 55.
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ics of C60 adsorption at the boundary of ac~434! domain.
Figure 14 illustrates the possible adsorption position78

Apart from the continuation of thec~434! phase, the next
most favorable position in terms of producing bond distan
as close to the solid C60 NND as possible is one in which th
adsorbed molecule has shifted one atomic row with resp
to the originalc~434! domain. As soon as one molecule h
adopted such a shifted position, additional fullerenes ads
ing around it will take onc~434! positions in a new domain

The next issue to consider is the domain width. LEE
does not give information about positions within the surfa
unit cell, so that it is quite possible and even likely that t
C60 molecules have rearranged themselves to relax from
c~434! structure. Such a relaxation would manifest itself
a progressive displacement from the hypothetical site in
cated in Fig. 14, until the last molecule in such a displac
chain makes the jump up or down one row to start a n
domain. Thus we speculate that the domain width is inh
ently limited by the importance of the bonding site for C60 on
this substrate. This implies also that the largest separa
indicated for this phase at the stripe boundaries is likely to
an overestimate; it should in any case be taken as an u
limit.

In the case of Al~111!, the NND for all molecules in the
metastable (2A332A3)R30° C60 overlayer is 9.91 Å, iden-
tical to the shortest bond distance on Al~110!. Hence, one
explanation of why the~636! structure represents an energ
minimum can be obtained by considering the ways in wh
a hexagonal overlayer can reconstruct in the direction p
pendicular to the surface in order to increase this C60-C60
separation.77 Figure 15 is a comparison between three p
sible reconstructions:~a! alternate raised row,~b! zig-zag
alternate raised rows, and~c! ~636!. Common to all three
reconstructions is that the ratio of the number of short~9.91

an
ich

FIG. 14. Depiction of the adsorption of a C60 molecule in a
shifted-row position at a domain boundary on Al~110!. The small
black circle marks the adsorption position, which would contin
thec~434! structure. The arrows indicate possible minimal shifts
equivalent bonding sites@the site shown is arbitrary, but equivalen
to the ones indicated for thec~434! domain#. The shift of one
atomic row shown and indicated by the solid arrow is the m
favorable, in terms of relieving the compressional stress, while
maintaining a near-optimal C60-C60 van der Waals bond length.
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7322 57A. J. MAXWELL et al.
Å! to long ~'10.09 Å based on STM measurements; s
below! bond lengths is always 1:2; all other structures
volving such vertical displacements yield a larger, and the
fore energetically less favorable, ratio. The distinct feature
the ~636! structure, however, is that it requires a vertic
displacement of only 1/3 of the molecules, instead of 1/2
for the other two structures. If displacement of the molecu
away from the surface requires a net energy input in orde
partially break the Al-Al bonds, the number of such displac
ments will tend to be minimized. This energy would clea
be smaller for the~636! structure than for any other recon
struction, and this structure would therefore represent an
ergy minimum. However, it is not at all clear that a n
energy input is required for this reconstruction to occ
since STS shows that, in forming the~636! overlayer, C60
molecules are able to strengthen their bonding to Al spe
cally in the raised positions.26 This must lead to an energ
gain, partially or totally offseting the cost of breaking th
Al-Al bonds. We therefore speculate that the primary rea
that the~636! structure is favored over the alternative stru
tures may be due to the fact that no adjacent molecules
displaced in such an overlayer. If the C60-Al bond has polar
character, as is the case for, e.g., Al covalently-bonded
carbon polymers79–81 a dipole would be induced on eac
C60-Al complex, energetically disfavoring structures whe
adjacent molecules are elevated. The apparent displace
of one third of the molecules by'1.9 Å obtained from STM
~Ref. 26! suggests a bond distance of(9.9111.9)1/2

'10.09 Å, some 0.5% larger than the van der Waals N
for solid C60, and this increase in equilibrium bond distan
is consistent with the present proposition of repulsion
tween dipolar complexes.

FIG. 15. Three possible vertical reconstructions of a horizon
two-dimensional hexagonal C60 lattice, occurring in order to in-
crease the average C60-C60 separation. The thick arrows indicat
shorter bonds, and the thin arrows indicate longer, bulk-C60-like
bonds. The~636! structure is distinguished as requiring the lea
number of molecules to be displaced vertically, and for no nea
neighbors to be displaced. The ratio of long to short bonds in
three cases is 2:1.
e
-
-
f

l
s
s
to
-

n-

,

-

n
-
re

to

ent

-

2. Electronic structure of theC60-Al covalent bond

In Fig. 16 we summarize the energies of the occupied
unoccupied valence levels obtained from PES and XAS,
solid C60, the three monolayer phases on Al, and 1 M
C60/Au~110!. For the monolayer systems, the position ofEF
for the unoccupied valence band in the XAS spectra is ta
to be equal to the C 1s binding energy.82 In the case of
multilayered C60, the insulating nature of the film means th
binding energies referenced toEF of a metal substrate vary
depending on film thickness and substrate work function47

Thus the alignment used in Fig. 16 is arbitrary for this ca
However, in order to more clearly illustrate the effects
charge transfer, we align thes-like solid C60 levels ~near 5
and 7 eV binding energy! with those of~636!C60/Al ~111!,
for which the bonding is predominantly covalent. This is al
justifiable because for the occupied states we find that for
valence levels below the HOMO-1, and for the C 1s level,
the binding energies shift rigidly between these different s
tems. That the C 1s level shifts rigidly with thes-like levels
can be attributed to the uniform screening of a core hol52

which results in a similar charge distribution as in valen
photoionization. Similar considerations apply for the leve
seen in XAS above 286 eV. Charge transfer has been
served for C60/Au~110! with both PES and HREELS,18,16and
the shift seen in Fig. 16 between monolayers on Au~110! and
on Al can perhaps be related to the charge state, so tha
filling of the LUMO produces a downward shift in all othe
levels. We note that such a shift has recently been obse
for the surface layer of graphite upon adsorption of K.83 The
situation here is clearly different from K on graphite, sinc
e.g., the DOS at the LUMO is significantly larger than f
the p-derived states immediately aboveEF in graphite, and
within a simple rigid band model smaller shifts would ther

l

t
st
ll

FIG. 16. The energy levels of the C60 monolayer systems and o
solid C60, from XAS and PES measurements. See the discussio
the text.
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fore be expected here. C 1s binding energies for60 K 3C60

and a conducting superfulleride61 ~where thet1g level is
partly filled and '11 electrons are transfered to th
fullerene! are both close to 284.6 eV, implying that the fina
state screening effects are also important.

When atoms and molecules are adsorbed on simple m
surfaces, the valence levels shift to lower energy~i.e., higher
binding energy for the occupied states! as the strength of the
adsorbate-substrate bonding interaction increases.84–86 The
size of this energy shift should be related to the magnitud
the interaction matrix element, and will therefore be grea
for the more delocalizedp-like frontier levels. This is clearly
the case here for C60 monolayers on Al, and is reminiscent o
the behavior of benzene on a series of metal surface87

However such a model involving interaction of the fullere
molecular orbitals with delocalized bands may not be su
cient for a correct description of more localized bonding b
havior in the present case. We noted above in Secs. III
and III B 3 that the structure above the ionization potentia
XAS, and degeneracy lifting observed in the HOMO, refle
changes in the physical structure of the molecules. If th
atoms become moresp3-bonded as C60 bonds covalently to
Al atoms, we may expect this character to be mixed in w
the wave functions of the mainlyp-derived HOMO,
HOMO-1, and LUMO. In the case of photopolymerize
C60,

64 this has the effect of increasing the LUMO energ
and this is probably the reason for the increase in energ
the LUMO resonance with interaction strength observ
here, suggesting that this more local description is the m
appropriate. The presence of C60-derived DOS extending to
EF in the PES data for all three monolayer systems on
implies that the HOMO-derived states may become pa
unoccupied. Since the highest lying parts of the HOMO re
nance are likely to be the most C60-Al antibonding, this will
increase the strength of the bond.

3. Comparison of Al(110) and Al(111)

It may at first glance seem surprising that the interact
with C60 is weaker for Al~110! than Al~111!. Al~110! is the
more open surface, and generally considered to be the m
reactive. However, it has recently been shown using ph
electron diffraction88 and STM/STS~Ref. 27! that C60 is ad-
sorbed on Al~111! with a six-membered ring towards th
surface. Figures 2 and 15 show a possible adsorption ge
etry in which six C atoms are able to some extent to coo
nate to six Al atoms. Since there are three double bo
around each hexagon, we speculate that these can be b
~or modified! andsp3 bonds can be thereby formed with th
Al atoms in a manner similar to what is calculated to occu
Al-polymer interfaces.79–81 In the case of Al~110!, however,
no such high-symmetry coordinated site exists, due to
rectangular structure of the surface.

We find that C60 monolayers are desorbed from both su
faces at temperatures close to 730 K, and this may appe
contradict our results showing different interaction streng
on the two surfaces. However, the evidence presented
from spectroscopy data relate to the strength of the pertu
tion of the electronic and physical structure of the molec
due to the substrate-adsorbate bond, and this cannot g
ally be expected to correspond to the overall bond stren
tal

of
r

.

-
-
1

n
t
C

h

,
of
d
st

l
y
-

n

re
o-

m-
i-
s

ken

t

e

-
to
s
re
a-
e
er-
h.

If one thinks again in terms of energy balance, small diff
ences in the charge state, not observable here, could res
a new term that could increase the total bond strength
addition, the reversal of the Al~111! surface reconstruction
upon desorption of C60 would result in an additional energ
input in the desorption process, effectively lowering the b
rier for desorption on Al~111!. LEED shows that the surfac
returns to the~131! symmetry upon desorption of a~636!
overlayer, giving credence to this hypothesis.

The C60-Al interaction is therefore an interesting an
somewhat special case. First of all, Al is a simple metal w
free electron character and a work function that is lower th
those of low-index surfaces of Au, Ag and Cu.75 One model
predicts that charge transfer should increase with decrea
work function.89 However, Al adsorbed on polymer surface
is found to bond covalently with the C atoms of th
chains,79–81,90 changing the structure of the molecule as
atoms form polar-covalentsp3-like bonds with Al atoms;
similar calculations suggest a comparable pattern for bo
ing between C60 and isolated Al atoms,91 and for Al and C in
general.92 We also note that the cohesive energy of Al li
between that of alkali metals~for which, e.g., for C60 depos-
ited on K multilayers, the K moves extensively to engulf t
fullerenes61! and all of the other metals discussed in assoc
tion with Table I. The present work makes clear the pos
bilities and pitfalls in the production of tailored C60-Al ar-
chitectures, in that, e.g., transport properties93 could be
strongly dependent on the interface structures adopted
well as the manner in which the interface is constructed.94

IV. CONCLUSIONS

We have characterized two new ordered C60 monolayer
structures. In addition to the~636! structure formed at 620 K
on Al~111!,25,26 we find that C60 forms a metastable phas
when adsorbed at room temperature consisting of a (2A3
32A3)R30° overlayer. On Al~110!, a pseudo-c(434) or-
dered monolayer can be formed at 620 K. However, no n
reconstruction-induced peak is observed in the Al 2p PES
spectrum as was observed for the~636! phase on Al~111!.
Superstructure occuring in thec~434! overlayer can instead
be understood in terms of relieving of the inherent intrala
compression, causing relaxation parallel to the surface
resulting in a series of stripelike domains. The formation
the ~636! structure, on the other hand, can be partly und
stood in terms of repulsion between surface dipoles addin
the relatively small compression energy, in addition to
bonding geometry particularly favorable for a strong cov
lent bond. No evidence for charge transfer is observed
either surface at 300 K, and the interaction with the subst
is predominantly covalent for all phases of C60/Al studied
here. Measurements of the work function for these and o
C60 monolayer films are not well described within a simp
dipole model, suggesting that the fundamental dielectric
sponse of the metal-chemisorbed C60 layer is defining the
results obtained.

Symmetry-breaking-induced splitting is observed in t
valence PES data in all three systems, and the broadenin
the spectra becomes stronger in the series pseudo-c~434!
C60/Al ~110!, (2A332A3)R30°/Al~111!, ~636!/Al ~111!. C
1s XAS and shakeup show that the perturbation on the e
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tronic and geometric structure of the fullerene molecu
due to the bonding interaction with the surface increases w
the same trend. However, the desorption temperature
monolayers on both substrates are approximately 730 K,
the difference between information about the relative bo
strengths from these varying methods may be due to e
terms in the energy balance governing the desorption p
cess, e.g., resulting from small differences in charge s
and the reversal of the Al~111! reconstruction.

We suggest that the bonding of C60 to surfaces can be
divided into four categories, three of which correspond
previously studied cases: weak, predominantly van
Waals; intermediate, predominantly ionic, where charge
observed in the LUMO and Tdesorb5700-850 K; and strong
bonding where Tdesorb.1000 K or C60 decomposes, and th
bonding has mainly covalent character. In terms of mobi
on the surface and desorption temperature, the C60-Al sys-
tems studied here share many characteristics of the grou
es
ith
of

and
nd
tra
ro-
ate

to
er
is

ity

p of

metals including Au, Ag, and Cu, which bond ionically t
C60. The evidence for covalent bonding therefore puts Al
a new category of intermediate covalent bonding as far as
interaction with C60 is concerned.
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60P. A. Brühwiler, A. J. Maxwell, A. Nilsson, N. Ma˚rtensson, and

O. Gunnarsson, Phys. Rev. B48, 18 296~1993!.
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