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The interaction betweengg and the Rtl11) surface has been studied by high-resolution electron-energy-
loss spectroscopy, photoemission and Auger spectroscopy, and low-energy electron diffraction from 100 to
1150 K. G, forms strong covalent bonds with Pt with very small charge transfed.8 electrons/molecule
from Gy, to the substrade has a low surface mobility, and decomposes at about 1050 K, leaving a multidomain
graphitic surface layer. § decomposes also on (4iL0) at about 760 K, forming a carbidic carbon layer, which
transforms into graphitic carbon at higher temperatures. Both surfaces act as a catalyst for the fragmentation
process.

[. INTRODUCTION experiment no contamination of the sample was detected by
AES within our experimental accurac$%).

The electronic and vibrational spectra were collected by
means of a Leybold Heraeus ELS 22 spectrometer. The spec-
ffa were measured in specular geometry and about 15° off
the specular geometry, the incidence angle was 28°. The
experimental resolution was about 20 meV for the electronic
excitations and 5—7 meV for the vibrational excitations. The

hotoemission spectra were obtained using He | radiation
21.1 eV} and collecting the photoelectrons with a hemi-
spherical analyzeiacceptance angle 5°) and an energy reso-

Au(111),® Ag,*® Ni(110,° Ti, Cr, La, In® Yb,” Rh(111),2 . ;
- lution of 80 meV. The surface geometry and ordering have
Ta(110) (Ref. 9 and alkali-metal covered surfaceS: The o ' ooy by low-energy electron diffractidrEED).

charge transferred to the molecule has been found to_var_}zhe sample temperature was measured with an accuracy of
from about one electron/molecule to about eight

electron/molecul&® In order to bring out the correlations 10 K by a chromel-alumel thermocouple inserted in a smal

between the substrate characteristics and the nature of trh]é) le in the side of the substra}te. .
The G coverage was estimated using the Auger spec-

Ceormetal bond, we extend the investigation to the Surfacefrum of 1 ML of Cgg as the calibration point. It is well known

with the highest work function, i.e., @fl1), and we report . ) . X
: ; ' ! that the interaction between the molecules is mainly van der
on the geometric and electronic structure of thg/Pt(111) :i als in solid G, while the first layer of G, is chemi-

interface. The Pt surfaces are quite reactive towards absorb SAtbed on metallic substrat®s? Consequently the first &

molecules, therefore, the bonding t@(ds expected to be layer on these substrates has a sublimation temperature sub-

particularly strong. . ) .
Isolated G, molecules are observed to fragment aboveStant'a”y higher than that of theggmolecules in the bulk

about 1700 K while solid Gy, has been found to decom- (—450 K). The coverage of the one monolayer has, there-
pose above 900 K It is interesting to investigate whether fore, .obtame(il _Pi%tc')%gKa thick film of¢f-at T>600 K or
the fragmentation process is catalyzed by the substrate and gowing Go @ )

determine the maximum temperature at whiglg €an inter-
act with a solid surface without decomposition. Therefore, in

The interaction between g and metal substrates is of
great interest for the epitaxial growth ofgand Go-based
compounds and for the understanding and the control of th
charge-transfer mechanism betweey @nd its environment.
The charge state of thegg molecule determines the elec-
tronic properties of the fullerene compounds, including
superconductivity.

The charge transfer and the interaction between metalli
substrates and & has been measured on @Ad0),>

Ill. RESULTS AND DISCUSSION

this paper, we also report on .the thermf’il stability gf C A. Adsorption on Pt(111)
monolayer adsorbed on reactive transition-metal surfaces _.
like P{(111) and Ni110) up to about 1200 K. Figure Xa) shows the LEED pattern of 1 ML of &

grown on top of Rtl11) maintaining the substrate tempera-
ture at 100 K. Only weak rings around thgRtl) spots are
visible, the diameter of which corresponds to g-Cgg dis-
tance of about 10 A. This value has been obtained measuring
Thin films of Gy, have been grown in an ultrahigh the distances of thé00) LEED spot and the nearest Pt and
vacuum chambetbase pressure>610 ! mbap on top of  Cg, Spots, the ratio of which results 3.5, and considering
Ni(110) and P¢111) surfaces by sublimation of put®9% that the Pt-Pt distance is 2.77*ANo change occurs upon
Cso powder from a Ta crucible. The g powder was de- heating the sample up to 770 K. Above this temperature,
gassed for several hours at about 500 K before growing theome weak spots become visible and a well-ordered LEED
sample. Sample cleanness and film thickness was determinsttucture appears at 900 KFig. 1(b)]. The well-ordered
by Auger electron spectroscodAES). During the whole structure of the g, ML is also reached growing theggfilm

II. EXPERIMENT
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FIG. 2. (a) Proposed structures of the ordered, ®IL on
Pt(111) and(b) computed LEED pattern. The filled squares indicate
the G adsorbed molecules, the open circles the Pt substrate atoms.

distance of 10.6:0.3 A [in the fcc solid G-Cg distance is
10.03 A (Ref. 14]. This pattern can be explained by the
model shown in Fig. 2. In this model, commensurate struc-
tures are obtained placing thgnolecules in two hexago-
nal domains rotated by 27.8°, with lattice vectors:

b1:3a1+a2, C1:4a1_a2,

b,=—a;+4a,, c,=a;+3a,,

FIG. 1. (a) Diffuse ring observed in the LEED pattern of 1 ML wherea; are the RtlL11) surface lattice vectors arig,c; are
of Cgp0n P{111) at T<770 K. The spot at the center of the ring is the vectors of the two overlayer domains qfy®@nolecules.
the (00) beam and the primary enerdy, is 20 eV. (b) LEED The Gy-Cqo distance is 10.0 A and the simulated LEED

pattern of the well-ordered & monolayer obtained after annealing pattern[Fig. 2(b)] is in very good agreement with our experi-
atT>900 K atE,=26 eV. mental data.

on a Pf{111) substrate maintained at 900 K. This ordered The stability of the G monolayer up to 1050 K indicates

structure is observed below1050 K and it disappears when & strong interaction between theGOCrnqlecules anq the
the sample is annealed at 1050 K ferl min.ppAfter this Pt(111) substrate. The molecules of the first ML sublimate at

treatment, the carbakVV Auger signal decreases to a value fmperatures lower than 800 K osrl16less reactive surfaces like
corresponding to a & coverage of 0.9 ML. At a higher AU(110 (Refs. 2 and 1pand GeS.” The disordered struc-
temperaturd1050< T< 1150 K), the LEED patterns consist fure observed at temperature lower than 900 K indicates a
of the P{111) spots and weak rings, which correspond to aloW Cgo mobility on P{111) surface and it is a further evi-
lattice parameter of 2:20.5 A, similar to that of graphite dence of the strong interaction of the molecules with the
(2.4 A). In this temperature range, the carbKiV Auger substrate. Another indication of this strong interaction comes
signal is still significant, and at 1150 K the C coverage isfrom the intensity of the LEED spots of the{ML, which is
about 60% of the low-temperature value. sensibly stronger than those of the ordered ML @f Gn

The overlayer LEED pattern of Fig.() corresponds to  Au(110 (Ref. 2 and Ni{110.> This points to a smaller De-
two hexagonal domains rotated by 293°, with a GyCgq  bye Waller factor, caused by a larger stiffness of the substrate
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FIG. 3. Vibrational spectra of a monolayer ofdn P{111) Energy Loss (meV)
(dotg and of a thick G, ordered film(solid ling) in the specular
geometry. The dashed lines indicate the energies of {henodes. FIG. 4. Vibrational spectra of a monolayer ofddon P(111)

(dot9 and of a thick G, ordered film(solid line) in the off-specular

Cgo bond, or to a substantial displacement of the Pt atoms igeometry. The inset shows the determination of the high-energy
contact with G, from their equilibrium positions on the cutoff in the G, multilayer.
clean surface.

Figure 3 compares the vibrational spectra of an orderedf the molecule:*® The Hy(4) mode shifts by-0.25 meV/
ML of Cg grown on Pt111) with that of ordered multilayer electron and théi,(8) mode by—1.85 meV/electror® The
of Cgo. The spectra have been taken in specular geometry (4) mode contributes to the spectral structure at about 94
with a primary electron energy of 5 eV. The folig, dipole  meV, since its energy is 94.8 meV. It is impossible to deter-
active modes are indicated by dashed lines. Thgl) and  mine the exact position of this peak in our high-resolution
T1,(4) modes at 66 and 178 meV are known to be sensitivelectron-energy-loséHREEL) spectrum, because of the su-
to the G charge staté’ It has been shown that these modesperposition of about five modes around this enéfg§tudies
shift roughly linearly with the number of electrons trans- of thin films of G, doped with alkali metals have shown that
ferred to the Gy molecule, in particular, thd;,(1) mode the structure at about 94 meV shifts linearly with the charge
shifts of —1.25 meV/electron and thd&,,(4) mode of state. The measured shift is of 8.3 meV for the electron
—1.8 meV/electrort! A first analysis of the spectra of 1 ML transferred® Therefore, we expect a shift of this structure if
of Cgo On P(111) indicates that there is a decrease of thethe Pt to Gy charge transfer occurs. A Gaussian fit of the data
intensity of these modes, with respect to thg @ultilayer, in the region between 80 and 110 meV shows that, even in
but no shift is observed. A more quantitative analysis hashis case, no appreciable shift takes place. The result for the
been obtained by fitting the spectrum using the least-square;, multilayer is 93.6:0.6 meV, while for the g, ML on
method. The spectrum has been fitted with two GaussiaR(111) it is 94.1+0.6 meV. The shift of thé4,(8) mode at
peaks, plus a linear background in the energy range from 5094.5 meV affects the position of the higher-energy dipole
to 80 meV and by 6 Gaussian peaks plus a linear backgrounfdrbidden peak in the off specular spectrum and, conse-
in the energy range from 125 to 220 meV. The number of theyuently, the high-energy cutoff of the spectral structure at
Gaussian peaks has been determined by fitting the spectruabout 200 meV. Also, in this case, no significant shift is
of the Gy multilayer. In this case, the spectrum is well re- observed in the position of the high-energy cutoff within the
solved and the energy of each single mode is well knowrexperimental errof1 meV) (Ref. 21 (see inset of Fig. #
from the literature. The resulting energies of the fdyy,  The result for the g multilayer is 200.4 meV and for one
modes of the g ML are 65.6-0.6 meV, 73.6:0.6 meV, Cgz, ML on Pt(11]) is 201.1 meV.
145.3+0.6 meV, and 177%0.6 meV, respectively. These Although the structural analysis evidences a strong inter-
values are equal within our experimental error to those obaction between the g molecules and the Bitll) surface,
served for the g multilayer (65.5-0.6 meV, 72.6:0.6  the observed shifts of the vibrational modes are within our
meV, 146.4-0.6 meV, and 176:80.6 me\j. experimental error. All the shifts are positive, and therefore,

Figure 4 compares the vibrational spectra of the orderethey indicate a charge transfer from thg,@olecules to the
ML of Cgy on Pt111) with that of the Gy multilayer re- substrate. The upper limit is about 0.8 electron/molecule.
corded in off specular geometry. These spectra have be€Fherefore, we conclude that the bond betwegp &hd the
used to determine the dipole active modes and to verify th@t(111) surface is mainly covaleft.
possible charge transfer. It has been observed that many di- A possible reason for the negligible or negative charge
pole forbidden modes, like thély(4) at 94.8 meV and transfer between this substrate and thg @verlayer is the
Hq(8) at 194.5 meV, are strongly affected by the charge statéarge work function of this surfacgs.7 eV (Ref. 22]. This
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FIG. 5. EEL spectra of the electronic excitations of a thick film 8 6 4 2 0
of Cgo. 0f 1 ML of Cgy0n P{111) and of the clean Pt11) surface. Binding Energy (eV)

Also shown is the EEL spectrum of 1 ML ofggon Pt computed

using the two-layer moddkee text FIG. 6. Valence-band photoemission spectra of cledd1®t

(@, 1 ML of Cgy on P{111) (b), and an ordered 10-ML film of
Cso0n P{111) (d). The spectrunfc) is the difference between spec-
value is substantially higher than that of other surfaces likarum (b) and that of clean Pt11) attenuated by a fact@=>5, and
Au(110 (5.3 eV), Ag (4.5 eV), and N{110 (5.0 eW),®®  emphasizes the contribution of thg L.
where charge transfers between one and two electrons/
molecule from the metal to & have been measured. between the molecular orbitals and the metal states is
The strength of the bond betweeg,@nd the substrate is present, causing large broadening of the molecular density of
also supported by the EEL spectrum of the electronic excitastates. This effect is substantially stronger ofiEl) than on
tions. Figure 5 compares the electronic excitation spectra oAu(110 or Ni(110). Cq, derived structures are still visible in
a Cgo multilayer, 1 ML of G, grown on Pt111) and the clean the EEL spectra of 1 ML of g on these substrates, even if
P(111) surface, in the energy range from 0.1-7.5 eV. Thesubstantially broadené.
spectra have been measured in specular geometry with a pri- Additional evidence for substantial broadening of the
mary electron energy of 12 eV. Theg@dnultilayer spectrum  Cgg €lectronic states and negligible charge transfer is given
is a semiconductorlike spectrum, with an energy gap of aboudy the photoemission spectra reported in Fig. 6. The spectra
2 eV and well-defined electronic transitions at about 2.2, 2.8pf the clean RiL11) surface(curvea), of one ordered ML of
3.7, and 4.4 e¥:?* The Pt111) spectrum is characterized by Cgo 0n P{111) (curveb), and of an ordered 10-ML 4 film
a “surface-plasmon” peak at about 0.5 eV related to strongcurve d) have been angle integrated by summing spectra
interband electronic transitions at 0.7 ®V.In the taken at different emission angle in order to avoid band-
Cgo ON P{111) ML spectrum the typical features of thefC  structure effects. The spectrumnhas been obtained by sub-
multilayer are lost, the only feature present is a peak at aboutacting the spectrum of the clean Pt surface, attenuated by a
0.5 eV. The G, compounds where the molecules have afactorZ=5, to that of the 1-ML film and represents the over-
charge state lower than 6 have an EEL spectrum characteayer contribution. The comparison of this spectrum with that
ized by the plasmon of the partially filled lowest unoccupiedof the multilayer film shows that the highest energy filled
molecular-orbitalLUMO) band at about 0.5 eV, and a sharp states of G at about 2 eV and 3 eV of binding energy are
peak at about 1.3 eV caused by electronic transitions beB0% broader in the monolayer filf@about 0.9-eV full width
tween the LUMO and LUMG-1 bands’ at half height. This broadening does not depend on the at-
The calculated EEL spectrum ofg&ML grown on the tenuation factorZ, for 3<Z<7 and indicates appreciable
P(111) surface obtained from the two layer motfeis  hybridization between the substrate states and the highest
shown in Fig. 5. We have used the measured dielectric funceccupied molecular-orbita(HOMO). The width of the
tion of bulk Pt(Ref. 25 and Gy.?" a primary beam energy of HOMO is comparable to that ofgon Al(111), another case
12 eV, a scattering angle of 18° relative to the surface, anih which strong Gg-substrate interaction is observed without
an analyzer acceptance angle of 2°. In this model, the inteevidence for charge transfétlt is substantially larger than
action between g and the substrate is neglected. The simu-that of Gy on Au(110 (Ref. 20 and RK111),° which are
lated spectrum shows a strong peak at about 0.5 eV, causethout 0.5 eV.
by the Pt surface plasmon and the typicg$ &tructure at 2.2, Moreover, the narrow peak at about 6.7 eV in the photo-
2.8, 3.7, and 4.4 eV. Therefore, it is not necessary to invokemission spectrum of 1 ML of & on P(111) is well re-
the partial filling of the LUMO band to explain the 0.5-eV solved as in the case of theg{multilayer (indicated by
peak. The fact that the (g features are not visible in the arrows in Fig. 8. In the photoemission spectra of 1 ML of
experimental spectrum indicates that a strong hybridizatiof€s, on metal§?%2° or overlayers of metals on 4g 202930
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FIG. 7. Vibrational spectra of 1 ML of & on P(111) after Energy (eV)
annealing at different temperatures.

1ML Cgo/Ni(110)

where a charge transfer occurs, the same peak broadens and

reduces its intensity becoming visible as a shoulder of the

main peak at about 8 eV. This may be a further evidence that T

in the case of 1 ML of g, on P{111), the charge transfer to J,
Cgo is negligible. s wea R 850 K

B. Cgo fragmentation on Pt(111)

800 K
A\/}go_i(’

Since LEED evidences high-temperature structural
changes of the absorbed ML of{ we have analyzed the
electronic and vibrational spectra oML on Pt(111) as a

dN/dE (arb. units)

function of temperature. Figure 7 shows the evolution with 600 X
the temperature of the vibrational HREEL spectrum of 1 ML

grown at 100 K on top of P111). Below 900 K no specu- b

larly reflected beam is present and the spectral structures are

quite broad, similar to that of the off specular spectra, con- 2'415 '2('30‘28'61

firming the overlayer disorder observed by LEED. After fur-

ther annealing for some minutes at about 900 K, the HREEL

spectrum becomes similar to that of a well-orderegl C FIG. 8. Dependence of the Auger spectrum of 1 ML gf 6n

mg%ﬂiﬂe;ﬁénc;%r?,\?trgreg&;beﬁ%:;ﬁﬁ;?g;giﬁ%y rePt(lll) (@), and on N{110 (b), on the annealing temperature. The
. inset in(b) shows theKVV Auger spectra of graphitic carbon on a

ter heating the sample at 1050 K for a few seconds, a drastﬁi(llo) surface(Ref. 31

change occurs in the spectrum. All of theyGstructures e

strongly decrease in intensity, broaden, and most of them

almost disappear. At 1050 K, the carbVV Auger spec- C. Cgo fragmentation on Ni(110)

trum begins to decrease in intensity to a value that corre- ) )
sponds to a § coverage of 0.9 ML, but no substantial ~The Gy growth and interaction on Ki10) has already

change in line shape is observigelg. 8@)]. It is worth not-  been studied, showing a strong interaction and a charge
ing that this is the same temperature at which the orderetfansfer of 2-1 electrons/molecule. We have observed the
LEED pattern disappeaf&050 K). After heating the sample same LEED patterns reported and discussed in Ref. 5 as a
for few minutes at higher temperatufeL50 K), only a weak function of temperature up to 700 K. We focus our attention
feature at about 150 meV is visible over a broad backgroundyn the study of a well-orderedggML on Ni(110 surface
while the Auger signal is still significantabout 0.6 ML). grown at 700 K. Upon heating this sample up to 760 K for a
This indicates that the g molecules fragment and a chaotic few minutes, the intensity of th&KVV carbon Auger peak
mixture of carbon materials are present on top of the surfac#emains constant, while above this temperature, it decreases
Part of the carbon atoms form disordered graphitic multido-and changes shapgig. 8b)]. The shape becomes very simi-
mains, as suggested by the presence of graphitelike rings lar to that of graphitic carbon on Mi10 [inset of Fig.

the LEED pattern. 8(b)],3* with the growth and shift of the structure at about

Energy (eV)
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FIG. 10. Vibrational spectra of a monolayer of@n Ni(110)
after annealing at different temperatures.

close to that of graphité2.4 A). At 850 K, only the LEED
pattern of a well-ordered Ki10) is observed.

From these results, we deduce that thg @olecules on
Ni(110 begin to fragment above 760 K, spreading atomic
carbon on the surface. At about 800 K, graphitic domains are
formed.

Further evidence of the &g fragmentation and the forma-
tion of graphitic domains is provided by the HREEL vibra-
tional spectra. After annealing the well-ordered, QML
above 760 K, the spectrum changes in shape as shown in Fig.
10. In particular, after heating the sample at 800 K, the
HREEL spectrum becomes very similar to that observed for
the G on P{111) at 1050 K(i.e., when the LEED pattern
shows the graphitelike ringsAbove 850 K, no G, struc-
tures are visible, and the spectrum is similar to that of the
clean N{110) surface.

The decomposition rate in the gas phasad in the solid
phase of G, (Ref. 12 can be described by a single Arrhenius
equation with an activation energy of about 2.3%\he
time constant of this decomposition process estimated from

FIG. 9. (a) LEED pattern of a monolayer ofggon Ni(110 after ~ the parameters of Ref. 12 is abouk20* s at 1050 K and
annealing at 760 K showing the carbidi@x5) structure at about 18 s at 760 K, i.e., several orders of magnitude longer
E,=70 eV. (b) After annealing at 800 K, graphitic rings superim- than the time constants that we observe oflB) and
posed to the (% 5) structure are visibleH,=64 e\V). Ni(110), which are of the order of 10—1G. This indicates

that the decomposition process is catalyzed by these sur-
280 eV. The intensity of th&KVV carbon peak decreases faces. Both Pt and Ni do not form stable bulk carbides and
continuously up to 850 K, the temperature at which its signathe solubility of C in these metals at the&lecomposition
completely disappears and the Auger spectrum of clean Ni iemperature is less than 1 at.®¥6The peak to peak ampli-
observed. tude of the Auger C signal changes by less than 25% during

The LEED pattern of the orderedg&CML grown on  the decomposition of £ on P{111) between 910 and 1080
Ni(110 at 700 K is hexagonal. After heating the sample atK, therefore, most of the carbon atoms remain on the surface
760 K for a few minutes, we obtain @x5) LEED struc- after the fragmentation. Significant diffusion into the bulk
ture, which is characteristic of atomic carbidic carbon on theoccurs at higher temperatures. On the contrary, the C Auger
Ni(110 surface[Fig. 9a)].>? The appearance of this pattern intensity decreases by more than 50% during thed8com-
is connected to the decrease of the C coverage. When ttposition on Ni(720—800 K. Carbon diffusion into the bulk
sample is heated at 800 K, graphitelike rings appears supeand G, fragmentation occur simultaneously, since the tem-
imposed to the (X5) LEED pattern[see Fig. ®)]. These perature at which atomic C readily diffuses into(Ni0) is
rings correspond to a lattice vector of 2.R.2 A, which is  lower than the decomposition temperatyibout 650 K
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(Ref. 39]. The temperature at whichggdecomposes on faces, particularly those of carbides forming metals, show a
Ni(110 is close to that observed on RH11) (Ref. § and  similar behavior.
substantially lower than that observed ori180 (Ref. 39
(about 1000 K and S{111) (about 1250 K (Ref. 36.

In conclusion, our data indicate that a strong covalent ACKNOWLEDGMENTS
bond with negligible charge transfer forms betweeg &hd This work was supported by Istituto Nazionale per la Fi-
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