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Two new ordered monolayer phases @f Gn Al surfaces have been studied using electron spectroscopies
and low-energy electron diffractiof EED). On Al(111), in addition to the previously report€6x6) phase
formed by evaporating with JJ,,e=620 K, a metastable (P3x243)R30° phase can be produced with
Tsampie=300 K. This phase exhibits the first LEED pattern reported for an unanneglgdverlayer. On
Al(110), when evaporations are also made with =620 K, LEED shows the presence of a monolayer with
a pseuda(4x4) structure. Al D photoemission for g/AlI(110) and for (2/3x2+y3)R30° Gyy/Al(111)
reveals no evidence of strong substrate reconstruction. The perturbation of the geometric and electronic struc-
ture of the Gy molecule due to the bonding interaction with the Al surface increases in the ogglat(C10),
(2\/§><2\/§)R30° Gd/Al(111), (6X6) CgyfAl(111), as demonstrated using element-specific probing of the
valence band with x-ray absorption and G g¢hakeup. The bond has covalent character in all three cases.
Symmetry-induced splitting in thery-derived level is observed using valence photoemission, and is particu-
larly clear for Gy/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 othgiowerlayer systems cannot, in general, be
understood within a simple description involving the addition of a dipole to the surface potential.
[S0163-182698)00412-3

I. INTRODUCTION fluence the structure of the overlayers formed on each sub-
strate. On these surfaces, the fullerenes form hexagonal over-
The bonding of G, to other materials strongly influences layers with nearest neighbor distan¢B¥\ND’s) very close to
many interesting properties, such as superconductivity anthe value of 10.04 A reported for solids&%® This suggests
the rich endohedral and exohedral chemistry. One approadhat the adsorbate-adsorbate interaction is the most important
to understanding the bonding characteristics @f 6 to  factor in determining the geometry adopted. It is only on
study the interaction between this fullerene and surfaces d6eS001) that, as a result of the favorable lattice matching,
other materials. For thin films of & chemical bonding ef- commensurate overlayers are able to gt8w?In row (c) of
fects due to substrate-adsorbate interactions appear only T@ble | is a bonding category containing Au, Ag, and Cu
be important for the molecules in direct contact with thesubstrates, and g monolayers on low-index faces of these
surface!™ and a great deal of effort has been invested inmetals have been extensively studied. The substrate-
understanding the electronic and geometric structure of suchdsorbate bond for these systems is found to be significantly
monolayer systems. In order to describe previous work andtronger than for the surfaces discussed above, with desorp-
illustrate the way in which the present study is related to ittion temperatures for the first layer close to 808*KR>Com-
we present in Talel | a summary of results forggmonolay-  mon for these substrates is a strong ionic component to the
ers on a number of substrates. The table shows the evolutidsonding, with charge transferred from the metal to the
of the bonding characteristics, as well as the observed gedullerene 5t ,-derived lowest unoccupied molecular orbital
metric structures, as the substrate-adsorbate bond strendfHJMO). Shifts of the totally symmetric “pentagonal
increases. We use the desorption temperature as a measurgafch” vibrational mode give a measure of the partial filling
this strength. of this state'®!’ Charge from the substrate has also been
On inert surfaces such as G881),° graphite®’ and  observed directly in the LUMO of & using photoemission
SiO, [row (a) in Table I, the desorption temperatures for (PES on Au(110),'8 Ag(111),'° Cu(111),2° and polycrystal-
submonolayers of £ are all close to that at which solid line Ag and CW?! The effect of the partial occupation of the
fullerite begins to sublime rapidiyj.e., 450-500 K. The LUMO in the unoccupied valence band has also been ob-
strength of the substrate-adsorbate interaction is, thereforegrved as a decrease in intensity of the resonance derived
similar to that of the interfullerene bonding in solidsgc  from this level in C & x-ray absorption spectroscof¥AS),
implying that it is essentially van der Waals in nature. Thefor Cgo 0r*? Cu(001) and® Cu(111), as well as inverse pho-
relative strengths of the dg substrate and -Cq bonds in-  toemission on C{111).%
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TABLE I. A summary of previous and present results fay, @onolayer systems. The equilibrium bond lengths given are for the
lowest-energy structure, at the reported coverage, which is closest to a monolayer. The desorption temperature represents the temperature fo
which the entire first layer is desorbed in an ill-defined “short” period. Where a reference is indicated with the substrate it refers to all the
data given in the table for that surface. Substrates for which insufficient data are available are omitted. An illustration of the special nature

of the Gy-Al bond discussed in the text is given by the similarity between the characteristics of columns 1 and 4 {b)rand(d), in
contrast to the the correlation between columns 2 and 3 in fbyvand(c).

1 2 3 4
Approximate Equilibrium
desorption Mobility Go-Cso bond
Type of temperature at room lengths
Substrate bonding (K) temperature A)
@ Graphite weak, 500 mobile’ 10.0F
GeS001¢ predominantly 490 mobile 10.02
Sio*® van der Waals 470 mobile
(b) Al(110 intermediate, 730 9.91, 11.44, 12.13
Al(111)° predominantly 730 mobilésteps 9.91,~10.04
covalent
(©) Ag(110 intermediate, mobilgislands" 10.07, 10.23
Ag(111) predominantly 770 mobilésteps ~10
Au(110 ionic 80¢ mobile (steps' 10.04"
Au(112) 770 mobile(step$ ~10
Cu(110" 730 9.7+~111
Cu(111° mobile (steps 10.1
(d) Si(100 Strong, dissoé.at 1070 K immobilé 9.87, 11.58
Si(111) predominantly dissot.at 1100 K immobilé
Ge(111)° covalent 970 immobile 14.4
Ge(100P 9.6, 11.52
Ni(110 dissoct at 760 K reduced mobility 10 10.5" ~11.6'
Pt(112)" dissoc. at 1050 K low mobility 10:60.3
3From Ref. 7. 'From Ref. 2.
bFrom Ref. 24. MErom Ref. 29.
°From Ref. 6. "From Ref. 30.
dFrom Ref. 10. °From Ref. 31.
®From Ref. 8. PFrom Ref. 32.

fPresent work. See Sec. 11l C 1 for a detailed discussion

of the indicated bond lengths.

9From Refs. 25, 26, 27, and present work.

9From Ref. 33.
'From Ref. 34.
SFrom Ref. 35.

PErom Ref. 3. 'From Ref. 36.
'From Ref. 28. YFrom Ref. 17.
JFrom Ref. 14. YFrom Refs. 36 and 37.

KFrom Ref. 15.

Scanning tunnelling microscod$TM) has played a cen-

umn 3 of Table |. Ordered or partially ordered monolayers

tral role in determinations of overlayer structures formedhave been produced on all of these substrates by annealing
upon adsorption of & on this group of surface® for which  films, typically to temperatures around 700 K, and at least
the bond to the fullerenes is predominantly ionic. From ob-some degree of commensurability is always observed, indi-
servation of the growth of submonolayer quantities gf, @  cating the increasing substrate-adsorbate bond strength. Fur-
has become clear that at coverages of a few percent of a fulher evidence for the enhanced strength of this interaction
monolayer, the molecules are mobile at room temperaturegompared to the inert surfaces discussed above comes from
selectively decorating the step edges on (#g),**3®  observed reconstruction of many of these metallic substrates.
Au(110,2 Au(11D,°% and Cy111).3! Cg forms two-  E.g., on AY110 both the G, molecules and Au atoms take
dimensional islands on Ag10),>?® although it is not clear if ~ part in a reconstruction resulting 6x5) overlayer? while

this occurs already at room temperature due to the annealinen Au(111) the unusual (23 2+/3) reconstruction is modi-
treatment used there. These results are summarized in cdled upon G, adsorptiorf:'*4As shown in row(c), column 4
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of Table I, however, the NND'’s for the lowest-energy equi- primarily to information on the electronic statégalence
librium structures remain close to the solig,alue(10.04 PES, C B XAS and C I PES, including work function

A), so that the effect of the adsorbate-adsorbate interaction Reasurements. Some structural information is also derived
still significant. We have observed that fogO(Au(110),1 in there from XAS. More detailed discussion follows in Sec.
addition to the charge transfer discussed above, the molectl! C, and we draw conclusions in Sec. IV.

lar orbitals of the fullerene are hybridized with the substrate

bands. A full understanding of the bonding for this system Il. EXPERIMENTAL DETAILS

therefore also requires consideration of the perturbation on )
the molecular electronic structure due the chemical interac- PES and XAS data were taken at Beamline 22 of MAX-

tion with the substrate. lab, using a modified SX700 monochromator and a high-
Finally, in row (d) of Table I is a group of metal and efficiency electron spectromet&.Films were evaporated

semiconductor substrates that bond much more strongly 8N clean A{111) and A(110) substrates from a Ta crucible
Ceo For these systems, the bonding is predominantly covalT~300 °Q with pressures in the low 10 mbar range.
lent in charactef243353%The substrate-adsorbate interaction Ordered monolayers were produced by evaporating C
now tends to dominate, and on(8L1), Si(100), and S{110) while the A111) and_ AI(110) surfaces were held at a tem-
surfaces, the first-layerggmolecules are immobile at room perature -of 620 K. Since this te.mperature is well above the
temperaturé®=* This is also the case for GEL1),% while ~ €vaporation temperature of Soll%& only one monolayer
on P{111)% and Ni110),'” the surface mobility is more re- sticks to the surfackand evaporations can be made until the
stricted than for Au, Ag, and Cu. Another consequence of th&€overage, as measured by the £RES intensity, saturates.
increased strength of the substrate-adsorbate bond is that tMée define this to be 1 ML, which corresponds to 1/12 of the
deviation in the Gy-Cg, Separation from the solid g value Al surface atomic densﬂjsee.Flgs. 2 r_:md A5While this

is greater for the equilibrium stuctures formed on these subMethod was used for all the films studied on(#l0), some
strates. Values ranging from 9.6(& decrease of 5%6or the ~ films produced on AlL11) were also made with fmp=RT.
shortest Gy-Cq Separation on G&00°3? to 14.4 A (an in- These films represent less than a full ML, since non-layer-
crease of 43%for the lowest-energy phase on G&1)® by-layer growth occurs at this temperature, and to be sure

have been quoted. In these cases the fullerene molecules dh&t all molecules studied were in direct contact with the
forced into commensurate structures. substrate less than a complete layer was deposited. Confir-

High-resolution  electron  energy-loss  spectroscopyMation that no second or higher layers were present came
(HREELS and PES results obtained forgClayers on from C 1s PES, for which muItl'Iayer g'rov.vth is observed to
P(111) (Ref. 36 show that, in common with §i00)2 result in a new component at higher binding eneAFg’yXAS
Si(111 33 and Ni(110),*’ the bond strength is sufficient to Was measured by recording the total electron yield as a func-
catalyze the decomposition of the fullerenes into a carbididion of photon energy above the K edge, with a photon
layer at the temperatures given in column 2 of Table 1. In thénergy resolution of 15650 meV. Photon energy calibra-
case of Ge, however, g desorbs intact from thél11) sur- tion was carried out by measuring the kinetic energy shift of
face, although the temperature at which this oco@%0 t_he Al 2p spectrum excited with first- and second-order
K),%®is actually higher than that at whichygdissociates on  light. For the Al 2p, valence, and C 4 PES data, the total
Ni(110. As indicated in Table I, the substrates discussed@XPerimental resolutions were 20 meV, 12G-:40 meV,
here can be classified into the following categories: weakand 24G-50 meV, respectively. Work-function measure-

predominantly van der Waals bonding; intermediate, pre/nents were carri7ed out according to procedures described in
dominantly ionic bonding; and strong, predominantly cova-detail elsewheré” All measurements were made at 300 K,

lent bonding. and all the PES data were recorded in normal emission.
In the present paper, we focus on(&l1) and AK110),

and by combining the results presented here with our preced- 1. RESULTS AND DISCUSSION

ing studies, we find that in terms of the classifications given

above, a new category of intermediate covalent bonding A. Physical structure

must be added to describe the interaction betwegna@d
Al. Considering the characteristics of these systems in the
order given in Table I, we find the followingi) As reported a. LEED. Upon deposition of & onto Al(111) at room
previously?® the bonding for an annealed monolayer qf,C temperature, a (¥3x23)R30° LEED pattern is observed.
on Al(111) is covalent, which is also true for the two new Patterns obtained for ML-covered and clean(1All) are
phases reported her€?) the desorption temperature for a shown in Fig. 1. Pattern(lh) corresponds to a hexagonal
ML on both of these Al surfaces is730 K; (3) we show overlayer with a NND of 9.91 A~1.1% less than that of
elsewhere using STM that the molecules are mobile at roorsolid Cso at 300 K (NND=10.02 A), but very close to the
temperature on AlL11);?” and (4) Csy-Ceo bond lengths for  value for the orientationally ordered low-temperature phase
these surfaces vary from 9.91 A to 12.13 A, (NND=9.93 A).* A model of this phase showing the unit
This paper is organized as follows: we present the expericells of substrate and adsorbate is presented in Fig. 2. Iden-
mental details in Sec. Il. To simplify the organization of the tical but weaker LEED patterns were also obtained for sev-
primary information gained with each experimental tech-eral coverages as low as 0.25 ML; coverage calibration was
niqgue we combine results and discussion in Sec. Ill. Sectiogarried out by comparison of the G PES intensity to that
Il A is devoted to structural characterizatijiow-energy  obtained from a saturate(6X6) monolayer, or by using
electron diffraction(LEED) and Al 2p PES, and Sec. 1B STM.2” All molecules in a (2/3x 2y/3)R30° structure have

1. OrderedCgy, monolayers on Al(111)



57 ELECTRONIC AND GEOMETRIC STRUCTURE OF & ... 7315

2" ... 1  Al2pPhotoemission
£ e/ TN h v=110 eV
z [ ] 4
EO;....l....l....—- h :
0 25 50 !
Angle from normal (°) g K
AR
(6 x 6) / N \
(a) Clean Al(111) Cyo /AI(111)

-————_/

Intensity (arb. units)

(2v3 X 2V3)R30° -'"

Ceo/Al(111) /

Clean Al(111) J \/ :,

e e s s e T T N T NN

(b) (2V3x2V3)R30°Cg,/ Al(111) 74.0 73.5 73.0 725 72.0
Binding Energy (eV)

FIG. 1. LEED patterns for the following surface&@) clean
Al(111) (electron energy118 eV) and (b) 0.9+0.1 ML (23 FIG. 3. Al 2p PES for the samples indicated. For all three
X 2/3)R30° Gs/Al(111) (electron energy 27 eV). samples, theJ=3/2 and J=1/2 components of the spin-orbit
split doublet have binding energies at 72701 eV and 73.11.01
a one-to-one correspondence with molecules if6a6) eV, respectively, which is in good agreement with previously
overlayer, i.e., transformation of the former to the latter canreported measurements on the clean surf&af. 49. The line is
be accomplished in the present case by raising every thirdroadened from a full width at half-maximu@WHM) of 0.14 eV
molecule. We find that this room-temperature-evaporatedor the J=3/2 component on clean &l11) to 0.17 eV for the
phase is in fact metastable, with a phase transformation 0¢2y3x243)R30° phase and 0.26 eV for the non-reconstructed
component of thé6x6) phase. The new feature observed at 72.2
eV in the (6X6) data has been assigned previously to Al atoms
taking part in the substrate reconstruction accompanying the forma-
tion of this equilibrium phaséRefs. 25 and 26 Inset: Area of the
reconstruction-induced peak for tli@x6) spectrum as a function
of electron emission angle with respect to normal.

curring upon annealing the sample at 490 K, after which the
(6X6) LEED pattern is observed. Details on the growth of
this phase are given elsewhéfe.

b. Al 2p PES.We present in Fig. 3 Al @ PES for
(21/3%23)R30° GsifAl(111), (6X6) CeyfAl(111), and the
clean substrate. The feature for < 6) sample at 72.2 eV
has been discussed previously, and we assign it to Al atoms
taking part in the reconstruction of the substrate accompany-
ing the formation of thé6x6) structure?® That this peak is
not present in the (#3x2/3)R30° spectrum is consistent
with this interpretation. The broadening in the (2
% 2/3)R30° spectrum compared to that of clear(Jl1) is
evidence of a bonding interaction that perturbs the chemical
environment at the interface. The Ap2binding energy is
influenced by both the initial-state charge density and the
final-state screening properties, both of which will vary de-
pending on the proximity of the Al atom to thggverlayer.

I/ From Fig. 2 it is clear that, due to the large size of the
/{’ fullerene molecules, there are a variety of different Al-C dis-
tances depending on which Al atom is probed, and we as-

FIG. 2. A model of the (2/3x2/3)R30° phase. The dashed sume that this accounts for the observed broadening.
hexagon encloses an overlayer-induced unit cell, while the solid The inset in Fig. 3 shows the variation in the intensity
hexagon encloses a unit cell of the(Al1) surface. extracted from curve fitting of the reconstruction-induced
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Cgo ML/AI(110) Suggested structure

(Domain 1)

(a) Clean Al(110) (b)1 ML G/ Al(110)
Unit cell
12 1
2 -
o
(c) Schematic diagram of LEED o

pattern for1 ML Cgq/ Al(110)
FIG. 5. A model of the proposed structure for 1 ML

FIG. 4. LEED patterns(electron energy47 eV) for clean  Cgz/Al(110. The single slanted lines in the figure are domain
Al(110 and for 1 ML GAl(110 evaporated with the substrate at boundaries; within each domain the molecules fora{4x 4) over-
620 K. The adsorbate-induced pattern is a set of lines forming dayer, and the entire overlayer structure is displaced by one atomic
grid, for which the points of intersection of the lines are the pointsrow across each domain boundary. The solid parallelograms show
at which spots would be observed incé4x4) pattern. The lines the two possible types of unit cell, corresponding to the two pos-
indicate a lowering of the total symmetry along the given directionsible directions for domain boundaries as shown, and explaining the
in the overlayer. netlike LEED pattern.

peak for 1 ML (6X6) Cg/Al(111) as a function of emission representing the LEED pattern for thgg@overed sample.
angle. Based on normal emission data, we previously estifhe pattern for the &-covered sample consists of a series of
mated that the feature observed at 72.2 eV resulted from ongpots lying close together in a grid, in which the points of
in six Al interface atoms. By measuring the angular variationintersection of the lines of spots forming this grid are at the
of the Al 2p lines we are able to check the effect of possiblesame position as the spots would be irc@x4) LEED
photoelectron diffraction on the relative intensities of thesepattern. The pattern observed indicates the presence of a low-
peaks, and give a more reliable estimate of the number ddring of the total symmetry along one direction in the over-
atoms producing the reconstruction-induced peak. The datiayer. Our proposed structure for this system is shown in Fig.
have been modeled using two sets of Voigt functions repres: it consists of a series of stripelike domains in which
senting the two spin-orbit doublets, where the ratio of thec(4x4) periodicity occurs, separated by domain boundaries
two components in each doublet and the associated spigcross which the overlayer structure has shifted by one
orbit splitting is identical. The areas obtained, together withatomic row. In order for the present LEED pattern to be
previous calculations of the substrate mean free Pedow  observed, the presence of domain boundaries occuring in the
us to revise our previous estimate, and state that a maximugvo distinct directions indicated in the figure is required. A
of eight atoms per unit cell are affected. We note that anydescription of the unit cell requires matrix notation, and an
displacement of these Al atoms away from the surface couléxample for a domain width of three molecular rows is

well enhance their contribution to the spectra away from norshown in Fig. 5. The full notation for the proposed overlayer
mal emission, and that these results are fully consistent witRtrycture is

6—7 atoms directly below each displaced molecule in the

(6% 6) structure being partially drawn away from the surface, an +1
as suggested previously. B
That the(6X6) reconstruction-induced Al 2 component 2 ¥2 |

should correspond to atoms that are drawn away from the

surface, rather than the effect of a chemical shift, is SUGiperen is the number of molecular rows defining the do-
gested by the fact that this component is separated from ﬂ}‘ﬁain width.

main line by a full 0.55 eV¥? It is thus not part of the con- The existence of somewhat regular superstructure spots in
tlnu_um_ of env_lronments sugges_ted by 'ghe broadening of thﬂwe LEED pattern suggests that there might exist one or more
main line. This has been _conﬂrmed via the effects on th‘?avored domain widths. It is also possible, however, that the
moIeCL_IIarIy resolved dens'%’e of staté@_OS) by scanning pattern shown represents a metastable overlayer, since we
tunngl!mg spectroscopiSTS,™ and we discuss this in more have not optimized the kinetic factors for this surface. Slight
detail in Sec. II1C 1. variations in the superstructure spot positions and intensities
were observed among the LEED patterns for different prepa-
2. OrderedCg, monolayer on Al(110) rations. Nevertheless, the persistent lack of uniform streaking
a. LEED.In Fig. 4 LEED patterns for clean 8110 and 1  in the pattern is consistent with the idea of stable domain
ML Cgy/Al(110 are shown, as well as a schematic diagramwidths. We return to this point in Sec. lll C 1.
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FIG. 6. Al 2p PES for clean A1110 and for 1 ML Gs/Al(110) -
using a photon energy of 110 eV. The binding energy of}th&/2 Binding Energy (eV)
component is 72.71 eV, which is identical for both samples. The
spectrum is broadened upon adsorption gf, @ith the FWHM of
the J=3/2 component increasing from 02701 eV to 0.2@:.01
ev.

FIG. 7. Valence PES at a photon energy of 110 eV is shown for
the samples indicated. No new feature atEaedue to partial filling

of thet,, level, of the type observed previously on Cu, Au, and Ag,
is present in the ML spectra on Al. For all three monolayer phases,
the HOMO and HOMO-1 are considerably broadened compared to

b. Al2p PES.Al 2p PES data for 1 ML g/AI(110 and  he case of ¢, multilayers.

for clean A(110 are shown in Fig. 6. As for the (&

X 2/3)R30° phase on ALL11), shown in Fig. 4, the spec- various results, we will compare the spectra from the differ-

trum for the 1 ML G/Al(110) phase shows a distinct broad- ent systems obtained with each technique as it is introduced.
ening compared to that of the clean(AL0 substrate. Again,

this is evidence of the chemical bond formed betwegp C 1. Valence PES
and the substrate. However, no new feature of the type ob- Valence PES data for 1 ML &JAI(110, 1 ML (243

e e e SPeg U M2 QIR30° AL 1 ML (56 CogAL1, i
’ Al(111), and AK110 are shown in Fig. 7. The first two

consistent with our interpretation of the LEED pattern, in? induced peaks are labeled according to their molecular
ion i i i3 di 60"
that the symmetry reduction is achieved via displacement o ymmetry®® The 5h,-derived band will from now on be re-

g?ltic;:lzz '(;‘n”}glpl'i”?s% the surface, rather than perpendic erred to as the highest occupied molecular orl###DMO)

and the ('hg,594)-derived bands as the HOMO-1. The spec-
tra for the three monolayer phases on Al also include contri-
butions due to emission from the substrates. For clean Al this
In this section we describe measurements of the electronié essentially featureless with a relatively low cross section,
structure of the g monolayers described above. Valenceas seen from the figure. This facilitates a simple identifica-
PES and C & XAS give a consistent picture of the charac- tion of Cgp-derived features, and makes interpretation of the
teristics of the adsorbate-substrate interaction and the relativéata easier than for previous valence PES measurements on
bonding strength. PES is used to show as closely as possibféso monolayer systems:®*-3>4-5"No new feature is ob-
the effects on the DOS of adsorption on Al, including effectsserved aEg for any of the phases on Al, and the HOMO and
near Er. Since a direct comparison of the relative bondHOMO-1 are considerably broadened compared to salid C
strengths based on an analysis of the widths of valence fedn all three cases. As discussed previously for (6&6)
tures as seen in PES is complicated by the fact that we meghase’” this is strong evidence for covalent bonding. It is
sure a combination of adsorbate and substrate emission, wus clear from the present results that covalent bonding also
employed core level techniques. The core-level spececcurs for (2/3%2y3)R30° CyyAl(111) and 1 ML
troscopies XAS and XPS/PERef. 5J) (including shakeup  Cgy/Al(110.
give site-specific information about the core-excited state, In Fig. 8 we present valence PES data for the three or-
and allow the possibility to study the adsorbate alone. Furdered phases ofggon Al, recorded at a photon energy of 80
thermore, because the core hole is relatively well screened gV, from which a background due to the relevant Al sub-
the molecule? we expect the spectra to reflect the generalstrate has been subtracted. Since an exact determination of
bonding trends. To emphasize the connections between thbe background contribution is not possible, the maximum

B. Electronic structure of Cg, monolayers on Al
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FIG. 8. Valence PES for the samples indicated, taken at a pho- FIG. 9. C Is PES for the samples indicated. The positions and
ton energy of 80 eV. Backgrounds have been subtracted as d@\?idths of the lines are given in Table II.
scribed in the text. The presence of two components in the HOMO
for 1 ML Cgy/Al(110) is clear, and the shape of the HOMO for the

(243% 243)R30° and(6x6) phases on All11) suggests that such understoqd to Qerive from final states of the core-ionizgg C
a component is present, but greatly broadened. molecule in which one electron has been promoted from the

occupied to the unoccupied valence b&hdhe structures
background which does not result in zero intensity has beefPServed therefore represent a convolution of the occupied
removed. We note that for all three phases thgifduced ~and unoccupied levels, with modifications due to the core
DOS stretches to the Fermi level. It is particularly obviousCl€: See also the discussion in Sec. Il B 3. While all the
from the presence of more than one distinct feature in th&honolayer spectra show broadening compared to the solid
spectrum for Gy/Al (110 that the fivefold degeneracy of the Ceo data, the shakeup features observed for the twg C

HOMO is split by the symmetry breaking interaction with P1@seés on AL1D are considerably broader than for 1 ML
the surface. A similar effect is observed fog£AI(001),5 Ce/Al(110. There is also a slight increase in width going

and also suggested by data for(440.5° The apparent nar- from the (2/3x23)R30° phase to thé6x6) phase on
rowness of the feature observed at 1.7 eV binding energf(11D. These data therefore give direct evidence of the
indicates that one or more of the HOMO-derived orbitals isiNcréase in ge-Al interaction strength in the series 1 ML
interacting more weakly with the substrate than the othersCed/Al(110, (23X 2y3) Coy/Al(111), (6X6) Ce/Al(111),
The cross section of this feature is seen to vary strongly witionfirming the trend observed in the XAS and valence PES
photon energy in a manner similar to the HOMO of solid data.

Ceo- A careful examination of the low-energy side of the )

HOMO for the (6x6) and (2/3x23)R30° phases on 3. X-ray absorption spectroscopy

Al(111 reveals the presence of a shoulder which could also In Fig. 11 we present XAS data for the three ordergg C
be derived from splitting in the HOMO, with the stronger monolayer systems on Al, comparing them to 1 ML
bonding broadening this feature. This broadening is found t@C;/Au(110 (Ref. 63 and solid Go The broadening ob-

be site-dependent for th&x6) overlayer using ST served in ther* levels(between 283 and 290 @\s consis-
tent with geometrical changes expected to be associated with
2. C1s PES and shakeup covalent bonding, as is the shift of the LUMO to higher

In Fig. 9 we present C4PES results for the three mono- . .
layer phases on Al. The main line binding-energy positions ABLE Il C 1s binding energy and FWHM for the indicated
and widths are given in Table Il. We note that the observedmPles-
widths are much lower than, e.g., found for high-resolution

studies of GyAU(110)! Cey/C00D,# Ce/Ag(1LD, and Sample Binding energieV)  FWHM (eV)
K fullerides®t 1 ML/AI(110) 283.93-0.05 0.43

The shakeup spectra for these three phases are compar@d/ax 2,3)R30° 284.05+0.05 0.49
to that of solid G, in Fig. 10, where the binding-energy scale (sx6) 283.90-0.05 0.55

shown is relative to the main line. These features can be
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pendence observed in XAS. Photon Energy (eV)

energies. This is similar to the effects of FIG. 11. C 1s-XAS data for the samples indicated. The € 1
photopolymerizatioi* The features observed above the Cionization potential (-289.5 eV, see beloseparates the spectra
1s ionization potential, which is near 289.5 eV relative to theinto two primary parts: the structure below this energy is due to
vacuum level in all case@ee figure caption can be under- Predominantly 7*-derived unoccupied bound states whose
stood in terms of scattering of the excited electron by thecharacter increases as they approach this energy, while above the
surrounding atoms. These are often described ods ionization potential the features are often described alternately as
resonance® We have previously related broadening in o* state_s, or in terms gf spattering of the outgoing electrpn by the
these scattering-derived features to distortions in the molec(lo™s Within the core-ionized molecule. The pattern of increased
lar structure induced by the covalent bonding betwegn C roadening in the series 1 MLGgAI(llc)),_(z\/§><2\/§)R3_O /

and Al?®> We would like to point out that the data in Fig. 11 Al(11D, (6xE)AI(11]) reflects changes in the electronic and
for the (6x6) case replace those published previodsly, physica ll Strucwrefdhje to thel_govalzent bono\l) ;h:? Si'qn'lz"’,‘\;'ﬁln
vyhich were overly broadened due to normali'zation difficul—fz\cl)(ti'(t;f1 Zszr_ez aei/;(%z\évfl.zgg.logiv;s;?gg;.?\(/§()-:‘F\’.3071,, 289 20
ties. Common for all three phases offAl is that the

eV; 1 ML/Au(110), 289.1 eV(Refs. 18 and )L For the monolayers
LUMO+1 and _LUMO+2 resonances cannot b_e resolved,we take theEr-referenced binding energyable 1)) and add the
and a peak derived from both these structures is observed @bk function (Table IV).
286.15+.05 eV. The LUMO resonance is shifted to a higher
energy compared o solidgg, and the energy and width of increase in bond strengfi.As shown in Fig. 12, angle-

this feature for the three samples is summarized in Table IIIde endent spectra show an interesting trend of areater broad-
Both the 7* - and o* -derived features become progres- P P g 9

sively broader in the series 1 ML (GAI(110), (23 ening and increased energy of the LUMO resonance with

; more normal incidence as well. This confirms the trend
X 2y3) C6_0/A|(111)’ (6_X6) Cod/Al(111). Th_e broadening - gnown in Table Il in another way, since it corresponds to an
observed in ther* -derived levels has previously been as-
signed to increased hybridization between the molecular or-
bitals of core-excited £ and the substrat®; this is dis-
cussed in more detail elsewhéfeWe do not expect the
character of the bonding to differ significantly due to effec-
tively replacing one C atonfthat which is excited by the

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

Sample Photon energgV) FWHM (eV)

x-ray photon with N (Z+1 approximatiol since the great 1 ML/AI(110 284.65-0.05 0.70
majority of the excitations involr a C atom not in direct (2,3x2,3)R30° 284.70+0.05 0.75
contact with the surfac®. It is therefore of significant inter-  (6x6) 284.80+0.05 0.80

est that the shift to higher energy of the LUMO follows the
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FIG. 13. Measured work-function changes upag &lsorption
AL I L L B L B B on Al(110 and Al(111). The data for O and full ML coverage
2830 2835 2840 2845 2850 2865 2860 correspond to those given in Table IV, with the samples prepared at

Photon Energy (eV) .
620 K. The same preparation was used for the submonolayer on
FIG. 12. C 1-XAS data at the LUMO resonance for the Al(110, whereas the submonolayer samples ofLAl) were pre-
samples indicated, showing in detail the evolution of the spectra aB2réd at room temperature. The linear fit is discussed in the text.

a function of the indicated incidence angles. The observed variation K f . d blv | | ffi
is due to a varying chemical interaction of the LUMO wave func- work functions, and a reasonably large electron affif@y

72 ; P
tion with the substrate, as described in the text. A similar variationev)' Thus G is not expectea priori to donate electrons

was observed for the (Bx2,3)R30° phase, but is not shown to meta_l surfaces, _vv_here_as the question of how many it will
due to poorer statistics. accept is a more difficult issue. At the same time, it is a large

adsorbate with many possible internal excitation channels, so
that it might behave differently than all of the above. Com-
bining our data for the present systems with previous data for
Ce/Au(110), this is in fact what we observe.

In Fig. 13 we show the evolution of the work function for
Cgo submonolayers on AL11) and A110 as a function of

One often associates the change in work function of aoverage. This function is linear for the few data points we
metal surface upon the adsorption of an atomic or moleculahave. A linear coverage dependence is consistent with the
species with a change in the surface difli.is difficult to  trend for Xe adsorbed on simple metal surfatebut the
place G, into a previous model for adsorbates when consid{ositive shift is not. We compare the results of previous and
ering what kind of surface dipole layer one should expecpresent work function measurements for monolayer
this three-dimensional adsorbate to form. For a noble ga$;e;-covered metal substrates in Table IV. It is clear that the
e.g., the ground-state interaction with the substrate is wealpositive shift measured on Al surfaces is also opposite to the
but the chemical interaction of excited states appears to havase for G/Au(110 (Ref. 18 and Go/Cu(111).2° As we see
a determining role in the size of the dipole formed, and thusn the present paper, ¢ bonds covalently to Al surfaces,
the work function chang® An atomic adsorbate such as an while there is a significant charge transfer to the fullerene on
alkali metal, which is very likely to donate charge in the Au(110 (Refs. 16,18and charge transfer has been observed
ground state due to its very low ionization potential, lowerselsewhere from Gd11) to Cy0.2° The work function of clean
the work function of most metal substrafsAdsorption of ~ Au(110) is slightly over 5 eV, whereas the work functions
oxygen, which has a high electron affinity of 3.1 &4has  for the Al surfaces are less than 4.5 eV. Thus, charge transfer
variable effects, but has a tendency to raise the work functioto Cgq involves a strong lowering of the work function on
of metals®® Cq, has certain characteristics in common with Au(110) (contrary to the dipole modelwhereas the covalent
Xe, i.e., its large size, the fact that it is a closed-shell systemhonding cases involve a large increase. A work-function de-
and that the bonding of the solid can be described as largelgrease on Rfi1l) was used to conclude that charge was
van der Waals. It has a gas phase ionization potefifiél  transferred in the opposite direction, i.e., frorgy@ Rh>’
eV) (Refs. 71,7 that is large compared to most metal surfaceThis interpretation seems unlikely to be correct, however,

increasing (but still moderatg overlap of the LUMO-
resonance wave function with the substiite.

4. Work functions
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TABLE IV. Work-function measurements for g monolayers

on metal substrates. Values quoted in parentheses for the cIeaO
substrates are taken from references other than the works in whicl
the Gg-overlayer measurements were presented, as indicated. O

Clean sample Work function
Work function with Gy ML Difference

Sample (eV) (eV) (eV)
Al(110 @ 4.35+0.08 5.25+0.05 +0.95+0.07
Al(111)?2 4.25+0.05 5.15+0.05 +0.95+0.07
Au(110¢ (5.37¢ 4.82+0.05 —0.45+0.05
Cu(112f 5.4 5.0 -0.4
Ni(112f 5.02 5.17 +0.15
Rh(111)9 (5.40" 4.95 -0.35
Ta(110' (4.80° 5.4 +0.6

Presentvore OCO000O

PA value of 4.28-0.02 eV was reported in Ref. 73, and is close to FIG. 14. Depiction of the adsorption of agCmolecule in a

Ca recent theoretical valu®ef. 74. _ shifted-row position at a domain boundary on(210). The small

dA value of 4.240.02 eV was reported in Ref. 73. black circle marks the adsorption position, which would continue
From Ref. 18. thec(4x4) structure. The arrows indicate possible minimal shifts to
°From Ref. 75. equivalent bonding sitghe site shown is arbitrary, but equivalent
fFrom Ref. 20. to the ones indicated for the(4x4) domainl. The shift of one
9From Ref. 57. atomic row shown and indicated by the solid arrow is the most
PFrom Ref. 76. favorable, in terms of relieving the compressional stress, while still
iIFrom Ref. 55. maintaining a near-optimal ggCqo van der Waals bond length.

. S . ics of G adsorption at the boundary of&4x4) domain.
when one considers the ionization potential gh,@nd the Figure 14 illustrates the possible adsorption positiéhs.

observed behaw_or for the @10) and Culll) cases. We Apart from the continuation of the(4x4) phase, the next
have no conclusive explanation for these results, but note L ) .
most favorable position in terms of producing bond distances
only that G, adsorbed on a metal surface appears to have &s close to the solidggNND as possible is one in which the
work function close to 5 eV in all cases studied thus far. This asp . .
. ; . . . ; adsorbed molecule has shifted one atomic row with respect
is a pattern that is consistent with a three-dimensional over,[—0 the originalc(4x4) domain. As soon as one molecule has
layer, such that the nature of the chemical bond at the inter-do ted guch a shifted ositi'on additional fullerenes adsorb-
face contributes at most a correction term to the fundamentaﬁ]g ground it will take onF;(4><4) E)ositions in a new domain
dielectric response of theggoverlayer. The next issue to consider is the domain width. LEED
does not give information about positions within the surface
C. Further aspects of the Gg-Al interaction unit cell, so that it is quite possible and even likely that the
Cgo molecules have rearranged themselves to relax from the
c(4X4) structure. Such a relaxation would manifest itself in
Here we propose explanations for the structures adoptea progressive displacement from the hypothetical site indi-
by the overlayers on the two substrates studied here. In theated in Fig. 14, until the last molecule in such a displaced
absence of detailed structural determinatigg., x-ray dif- chain makes the jump up or down one row to start a new
fraction), we attempt to reach sensible models based on thdomain. Thus we speculate that the domain width is inher-
available data. We start with the casec6dx4) Cso/Al(110,  ently limited by the importance of the bonding site fqj;©n
using the LEED and Al p PES data, and then develop the this substrate. This implies also that the largest separation

discussion of thé€6x6) that was begun in Ref. 26, and thus indicated for this phase at the stripe boundaries is likely to be

1. Energetics of equilibrium monolayer structures

obtain a consistent picture. an overestimate; it should in any case be taken as an upper
In order to justify the structure proposed in Sec. Il A 2 limit.
for the equilibrium ML on A[110, the following simple In the case of Al111), the NND for all molecules in the

arguments based on energetics appear to be useful. Consigtetastable (23 2./3)R30° Gy, overlayer is 9.91 A, iden-
ering the equivalent structure and the almost exactly equalcal to the shortest bond distance on(210). Hence, one
bond distances for AG10 and AK110), it is interesting to  explanation of why thé6x6) structure represents an energy
note thatc(4x4) domains were observed in STM studies of minimum can be obtained by considering the ways in which
Ceo monolayers on the former surfa#®® Within a c(4x4)  a hexagonal overlayer can reconstruct in the direction per-
overlayer of Gy/Al(110) there would be two NND’s, 9.91 A pendicular to the surface in order to increase thig-GCy,

and 11.44 A as shown in Fig. 5. Since 9.91 A is somewhaseparatiori” Figure 15 is a comparison between three pos-
shorter than the van der Waals bonding distance for solidible reconstructions(a) alternate raised row(b) zig-zag
Ceo @ stress would be inherent in the overlayer for the truealternate raised rows, an@) (6xX6). Common to all three
c(4x4) structure”’ Thus we are led to consider the energet-reconstructions is that the ratio of the number of sli@r®1
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FIG. 15. Three possible vertical reconstructions of a horizontal 2g5 o
two-dimensional hexagonal ¢ lattice, occurring in order to in- Sé’"d AMI1J10 AIN1";/0 2%!‘;'('543 ";'('-
crease the averagegCgqy Separation. The thick arrows indicate €0 u(11o) (110) (/A|(111)) ,ﬂ,%

shorter bonds, and the thin arrows indicate longer, bylkh&e

bonds. The(6X6) structure is distinguished as requiring the least  FIG. 16. The energy levels of the;g@monolayer systems and of
number of molecules to be displaced vertically, and for no nearessolid Gy, from XAS and PES measurements. See the discussion in
neighbors to be displaced. The ratio of long to short bonds in althe text.

three cases is 2:1.

2. Electronic structure of theCgg-Al covalent bond
A) to long (~10.09 A based on.S.TM measurements; €€ In Fig. 16 we summarize the energies of the occupied and
belo.vv) bond Iengths IS always 1.2, "?‘" other structures In'unoccupied valence levels obtained from PES and XAS, for
volving such_ vertical dlsplacements.yleld ala_\rg.er, and thereg | Cso the three monolayer phases on Al, and 1 ML
fore energetically less favorable:-, ratio. The d|§t|nct feature 0 o/AU(110). For the monolayer systems, the positionEgf
the (6x6) structure, however, is that it requires a vertical to the unoccupied valence band in the XAS spectra is taken
displacement of only 1/3 of the molecules, instead of 1/2, agy pe equal to the C < binding energy? In the case of
for the other two structures. If displacement of the m0|eCU|e$nultilayered Go the insulating nature of the film means that
away from the surface requires a net energy input in order tgjinding energies referenced E of a metal substrate vary
partially break the Al-Al bonds, the number of such displace-gepending on film thickness and substrate work function.
ments will tend to be minimized. This energy would clearly Thus the alignment used in Fig. 16 is arbitrary for this case.
be smaller for th€6x6) structure than for any other recon- However, in order to more clearly illustrate the effects of
struction, and this structure would therefore represent an ercharge transfer, we align the-like solid Gy, levels (near 5
ergy minimum. However, it is not at all clear that a netand 7 eV binding energywith those of(6X6)CgyAl(111),
energy input is required for this reconstruction to occur,for which the bonding is predominantly covalent. This is also
since STS shows that, in forming tli6x6) overlayer, G, justifiable because for the occupied states we find that for the
molecules are able to strengthen their bonding to Al specifivalence levels below the HOMO-1, and for the € lgvel,
cally in the raised positior€. This must lead to an energy the binding energies shift rigidly between these different sys-
gain, partially or totally offseting the cost of breaking the tems. That the C 4 level shifts rigidly with theo-like levels
Al-Al bonds. We therefore speculate that the primary reasoran be attributed to the uniform screening of a core Ffole,
that the(66) structure is favored over the alternative struc-which results in a similar charge distribution as in valence
tures may be due to the fact that no adjacent molecules agghotoionization. Similar considerations apply for the levels
displaced in such an overlayer. If thg Al bond has polar seen in XAS above 286 eV. Charge transfer has been ob-
character, as is the case for, e.g., Al covalently-bonded teerved for Gy/Au(110) with both PES and HREEL®:*and
carbon polymerS—2' a dipole would be induced on each the shift seen in Fig. 16 between monolayers ori140) and
Cso-Al complex, energetically disfavoring structures whereon Al can perhaps be related to the charge state, so that the
adjacent molecules are elevated. The apparent displacemdilling of the LUMO produces a downward shift in all other
of one third of the molecules by1.9 A obtained from STM levels. We note that such a shift has recently been observed
(Ref. 26 suggests a bond distance ¢0.91+1.9)Y2  for the surface layer of graphite upon adsorption dfRhe
~10.09 A, some 0.5% larger than the van der Waals NNDsituation here is clearly different from K on graphite, since,
for solid G, and this increase in equilibrium bond distancee.g., the DOS at the LUMO is significantly larger than for
is consistent with the present proposition of repulsion bethe m-derived states immediately abot in graphite, and
tween dipolar complexes. within a simple rigid band model smaller shifts would there-
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fore be expected here. Cslinding energies f&P K 3Cso If one thinks again in terms of energy balance, small differ-
and a conducting superfulleritfe(where thet,, level is  €NCes in the charge state, not observable here, could result in
partly filled and ~11 electrons are transfgred to the @ New term that could increase the total bond strength. In

fullerene are both close to 284.6 eV, implying that the final- addition, the _reversal of the AI11) _surface r_eqonstructlon

state screening effects are also important. upon _desorptlon of .55 would result in an addmon_al energy
When atoms and molecules are adsorbed on simple met§Put In the desprp'uon process, effectively lowering the bar-

surfaces, the valence levels shift to lower endiigy, higher rier for desorption on AlL11). LEED shows th_at the surface

binding energy for the occupied states the strength of the retumns to the(_1><1) symmetry upon desorpt_lon of @x6)

adsorbate-substrate bonding interaction incre¥s8& The ~ OVerlayer, giving credence to this hypothesis. .

size of this energy shift should be related to the magnitude of "€ GoAl interaction is therefore an interesting and

the interaction matrix element, and will therefore be greatef‘orme‘l’vhat Speﬁ'al case. First of all, Al'is a simple metal with
for the more delocalized-like frontier levels. This is clearly [T€€ €lectron character and a work function that is lower than

the case here forggmonolayers on Al, and is reminiscent of thos_e of low-index surfaces of Au, Ag and &'Of‘e madel .
the behavior of benzene on a series of metal surfces predicts that charge transfer should increase with decreasing

: 89
However such a model involving interaction of the fuIIereneWOrk function.™ However, Al adsorbed on polymer surfaces

molecular orbitals with delocalized bands may not be suffi-S f?“?;’_B{%O bond 'covalently with the C atoms of the
cient for a correct description of more localized bonding be-ChamS’ " changing the s;rqcture of the_ molecule as C
havior in the present case. We noted above in Secs. Il B ptoms form po_Iar-covaIem;p “like bonds with Al atoms;
and IIl B 3 that the structure above the ionization potential inSiMilar calculations suggest a comparable pattern for bond-
XAS, and degeneracy lifting observed in the HOMO, reflect"d between & and isolated Al atom$, and for Al and C in
changes in the physical structure of the molecules. If the Cgeneraﬁ We also note that the cohesive energy of Al lies
atoms become morep*-bonded as &, bonds covalently to etween that Qf alkali metalor which, €g., for G, depos-

Al atoms, we may expect this character to be mixed in withit€d on K multilayers, the K moves extensively to engulf the
the wave functions of the mainlyr-derived HOMO, fullerene$§?) and all of the other metals discussed in associa-

HOMO-1, and LUMO. In the case of photopolymerized tip.n. with Tablle . The present wqu makgs clear the possi-
Ceo® this has the effect of increasing the LUMO energy, b|I|_t|es and p!tfalls in the production of tailored g-Al ar-

and this is probably the reason for the increase in energy dfitectures, in that, e.g., transport propefiiesould be

the LUMO resonance with interaction strength observed?fongly dependent on the interface structures adopted, as
here, suggesting that this more local description is the moézyell as the manner in which the interface is construéfed.
appropriate. The presence offtlerived DOS extending to

Er in the PES data for all three monolayer systems on Al IV. CONCLUSIONS

implies that the HOMO-derived states may become partly

: : - : We have characterized two new orderegh @onolayer
unoccupied. Since the highest lying parts of the HOMO reso- -
nance a?re likely to be thg mosé@g gntibonding, this will structures. In addition to th@x6) structure formed at 620 K

increase the strength of the bond. on Al(111),>>? we find that G, forms a metastable phase
when adsorbed at room temperature consisting of a3(2
_ % 2,/3)R30° overlayer. On AL10), a pseuda(4x4) or-
3. Comparison of Al(110) and Al(111) dered monolayer can be formed at 620 K. However, no new,
It may at first glance seem surprising that the interactiorreconstruction-induced peak is observed in the pAlRES
with Cgg is weaker for A(110) than A111). Al(110) is the  Spectrum as was observed for t<6) phase on AlL11).
more open surface, and generally considered to be the mofuperstructure occuring in tle#4x4) overlayer can instead
reactive. However, it has recently been shown using photode understood in terms of relieving of the inherent intralayer
electron diffractiofi® and STM/STSRef. 27 that G, is ad- ~ compression, causing relaxation parallel to the surface and
sorbed on Al111) with a six-membered ring towards the resulting in a series of stripelike domains. The formation of
surface. Figures 2 and 15 show a possible adsorption georiie (6x6) structure, on the other hand, can be partly under-
etry in which six C atoms are able to some extent to coordistood in terms of repulsion between surface dipoles adding to
nate to six Al atoms. Since there are three double bondte relatively small compression energy, in addition to an
around each hexagon, we speculate that these can be brokeending geometry particularly favorable for a strong cova-
(or modified andsp® bonds can be thereby formed with the lent bond. No evidence for charge transfer is observed on
Al atoms in a manner similar to what is calculated to occur agither surface at 300 K, and the interaction with the substrate
Al-polymer interfaceg®~8%In the case of Al110), however, is predominantly covalent for all phases oAl studied
no such high-symmetry coordinated site exists, due to th&ere. Measurements of the work function for these and other
rectangular structure of the surface. Cso monolayer films are not well described within a simple
We find that G, monolayers are desorbed from both sur-dipole model, suggesting that the fundamental dielectric re-
faces at temperatures close to 730 K, and this may appear &ponse of the metal-chemisorbed,ayer is defining the
contradict our results showing different interaction strengthgesults obtained.
on the two surfaces. However, the evidence presented here Symmetry-breaking-induced splitting is observed in the
from spectroscopy data relate to the strength of the perturbaalence PES data in all three systems, and the broadening of
tion of the electronic and physical structure of the moleculegthe spectra becomes stronger in the series pse@#t4)
due to the substrate-adsorbate bond, and this cannot gené&sy/Al(110), (21/3%2\/3)R30°/AI(111), (6x6)/AI(111). C
ally be expected to correspond to the overall bond strengthls XAS and shakeup show that the perturbation on the elec-
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tronic and geometric structure of the fullerene moleculeanetals including Au, Ag, and Cu, which bond ionically to
due to the bonding interaction with the surface increases witlCg,. The evidence for covalent bonding therefore puts Al in
the same trend. However, the desorption temperature &f new category of intermediate covalent bonding as far as its
monolayers on both substrates are approximately 730 K, ang@teraction with G, is concerned.
the difference between information about the relative bond
strengths from these varying methods may be due to extra
terms in the energy balance governing the desorption pro-
cess, e.g., resulting from small differences in charge state
and the reversal of the Al11) reconstruction. We acknowledge useful and stimulating discussions
We suggest that the bonding ofs{to surfaces can be with J. N. Andersen, S. M. Gray, A. Santaniello, R. Fasel,
divided into four categories, three of which correspond toS. Modesti, E. Tosatti, E. L. Bullock, L. Patthey, and
previously studied cases: weak, predominantly van deP. Rudolf, and the able technical assistance of J.-O. Forsell
Waals; intermediate, predominantly ionic, where charge isand L. Bolkegad. This work was funded in part by the
observed in the LUMO and o= 700-850 K; and strong Swedish National Science Research Coufl§fFR) and the
bonding where Jesoi> 1000 K or Gy decomposes, and the Swedish Materials Research Consortium on Clusters and
bonding has mainly covalent character. In terms of mobilityUltrafine Particles, which is funded by NFR and NUTEK,
on the surface and desorption temperature, theACsys- the Swedish National Board for Industrial and Technical
tems studied here share many characteristics of the group &fevelopment.
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